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Abstract

The class of tripartite ATP-independent periplasmic (TRAP) transporter proteins are wide-
spread in the kingdoms of prokaryotes and archaea, where they are responsible for translo-
cation of substrates across the cell membrane. The three components are a periplasmic sub-
strate-binding protein (SBP), also referred as P-domain, and two integral membrane pro-
teins, a smaller Q-domain and a larger M-domain. The two most extensively studied TRAP
transporters HiSiaPQM and VcSiaPQM from the pathogens Haemophilus influenzae and
Vibrio cholerae are known as the sole pathway for the uptake of the sugar sialic acid into
these bacteria. For both organisms, sialic acid is of key importance for their virulence and
helps the bacteria to circumvent the immune response of the host. Since neither of the two
bacteria can produce sialic acid by itself, the uptake mechanism is essential. Therefore,
TRAP transporters are potential targets for antibiotics, especially because they are absent
from eukaryotic cells. However, the entire structure and function of TRAP transporter pro-
teins are still unknown, which hampers the efficient development of compounds that inhibit

the uptake of sialic acid.

In this work, it was attempted to investigate structural and functional aspects of TRAP trans-
porters with an integrative structural biology approach. In the beginning, two integrative
methods, namely PELDOR (pulsed electron electron double resonance) and SmFRET (sin-
gle molecule Forster resonance energy transfer) spectroscopy, were compared using three
protein model systems. The cross-validation revealed an overall good agreement between
these two methods and demonstrated the distinct experimental strengths and advantages of
each method. In a next step, both methods were employed to address functional aspects of
the uptake mechanism from TRAP transporters. In addition to other findings, SmFRET con-
firmed the substrate-induced conformational change of TRAP SBPs upon substrate binding.
Furthermore, the substrate bound crystal structure of VVcSiaP was successfully solved for
the first time, which subsequently allowed a comprehensive analysis of the protein-substrate
interaction. A complex water network between protein and substrate was described and
binding studies as well as additional crystal structures containing selected residue mutations

revealed a high impact of the water network onto the substrate binding process.



For the membrane proteins of TRAP transporters, an efficient expression and purification
protocol was developed by using various membrane mimetic systems. The proteins were
reconstituted into different kinds of nanodiscs which for the first time allowed their handling
in aqueous solution in a native-like lipid environment. Next, the membrane proteins were
prepared and selectively labelled for functional studies by PELDOR spectroscopy. How-
ever, due to the yet unknown structures of the transmembrane Q- and M-domains, the
PELDOR spectroscopy yielded only limited insight into the structure-function correlation
of the studied transporter protein. Thus, the subsequent experiments were focused on the
structural elucidation of the TRAP transporter membrane proteins using a two-pronged me-
thodical approach, consisting of X-ray crystallography and cryo-electron microscopy. To
cope with the difficulties, which still currently exist for the structure determination of mem-
brane proteins, TRAP transporter specific and high affinity nanobodies were successfully
generated. Even though the protein structure could still not be solved on an atomic scale,
this work for the first time visualized TRAP transporter membrane domains at low resolu-
tions with cryo-EM. Major necessary steps have been accomplished through this work and

pave the way for a full structural description of TRAP transporters in subsequent studies.

In addition, in vivo studies were performed to investigate the effect of nanobody binding on
the function of the TRAP transporter HiSiaPQM. The presence of several different types of
nanobodies showed an inhibiting effect on uptake of sialic acid into the cells. This sets the
path for a new class of TRAP transporter inhibitors which represent a promising starting
point for the development of therapeutic strategies against the pathogenic bacteria Hae-

mophilus influenzae.
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Chapter 1

Introduction

1.1 Bacterial pathogens

In the course of writing this thesis in 2020, the world is challenged by the COVID-19 pan-
demic and is facing with unprecedented challenges whose end and consequences are not
foreseeable. The global spread of the virus within several weeks showed how fast such an
infectious disease can grow to a worldwide threat and change everyday life of almost eve-
ryone. This includes not only infected people, deceased patients and their relatives, but in
the form of restrictions and containments also a change in public and social life and an

accompanying economic slowdown.

Even if the current pandemic is caused by a virus, several further kinds of pathogens can
cause human infection diseases, such as fungi, parasites or bacteria. Considering all patho-
gens together, the World Health Organization (WHO) assigns infection diseases to one of
the major causes for death, all over the world. In 2004, the world health report attributed
more than 25% of all deaths to infection diseases, which represented more than 14 million
deaths worldwide (World Health Organization, 2004). Even if death owing to infections
have declined during the last 15 years, 5 of the top 10 death reasons in low-incoming coun-
tries are still infection diseases, such as diarrhoeal, malaria or tuberculosis (World Health
Organization, 2020d). In high-income countries, the causes of death are significantly differ-
ent but, as shown by the COVID-19 pandemic, also these countries are far from immune

against the impact of infection diseases (World Health Organization, 2020d).
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The investigations in this work are related to bacterial pathogens. Nowadays, bacterial in-
fections are mostly treated with an antibiotic drug. Since their first description in the late
18" and early 19" century, including the famous work of Alexander Fleming on penicillin,
a large range and diversity of antibiotics have become available (Nicolaou and Rigol, 2018).
The development of these drugs can be seen as one of the most important progresses in
medicine because they lower the mortality of a bacterial infection immensely. This is espe-
cially apparent in history, where some of the most fatal pandemics are ascribed to patho-
genic bacteria. For example, the plague outbreak in Europe in the middle ages, also known
as the black death, was caused by the bacterium Yersinia pestis and killed more than 200
million people (Haensch et al., 2010). Today, this bacterium, especially its mechanism of
pathogenicity and the reaction of the human immune system is well known and various
antibiotics are developed that help to prevent a spread and can be used for the treatment of
infected patients (DelLeo and Hinnebusch, 2005; Perry and Fetherston, 1997).

Even if important goals in the fight against pathogenic bacteria have been accomplished
today, current developments and observations in combination with the experiences from the
pre-antibiotic era hint at a possible bad scenario for the future. The introduction and wide-
spread use of antibiotics led to an adaption of several bacteria in developing a resistance
against the antibiotics and can no longer be treated with such a substance (Ventola, 2015).
Corresponding to the WHO, the increasing antibiotic resistance is one of the biggest threats,
not only to the health systems but also for general developments, as shown by the economics
consequences of the current COVID-19 pandemic (World Health Organization, 2020a). A
few years ago in 2015, the organization started the global antimicrobial resistance surveil-
lance system (GLASS), to monitor and describe the current developments of antibiotic re-
sistances (World Health Organization, 2020b). On the basis of this report, an already high

level of antibiotic resistance can be found all over the world.

An important and famous example of antibiotic resistant bacteria are methicillin-resistant
Staphylococcus aureus, also known as MRSA. The first case of these resistant bacteria could
be observed only two years after the introduction of methicillin as antibiotic drug in 1960
(Ventola, 2015). Since then, the infections with MRSA have greatly increased, as for exam-
ple indicated by the doubled number of infections in the US between 1999 and 2005 (Klein
et al., 2007). Overall, the spread and growth of MRSA infections lead to a high stress on
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health systems with higher treatment costs, more serious progression of the disease and
higher risk of deadly infections (Klein et al., 2013, Lambert et al., 2011).

Another infamous pathogenic bacterium is Mycobacterium tuberculosis, responsible for the
respiratory disease tuberculosis (pulmonary tuberculosis). Due to the annually, latest global
tuberculosis report in 2020, more than 10 million people got sick of tuberculosis and 1.4
million of these illnesses ended fatally in 2019 (World Health Organization, 2020c). As a
result, the WHO report classifies this infectious disease as the most dangerous one (prior to
the COVID-19 pandemic arises). A medical treatment as well as full recovery from a tuber-
culosis disease is possible, but especially low-income countries cannot medicate many pa-
tients and are therefore affected with a higher number of serious cases and higher death rates
(World Health Organization, 2020c). Another, very worrying fact for M. tuberculosis is an
increase in its antibiotic resistance: In 2007, only for 7% of all tuberculosis cases a rifam-
picin resistance was obtained, while in 2019, already 61% of the patients showed such a

resistance (World Health Organization, 2020c).

The development of growing antibiotic resistance, the potential danger that results from
pathogenic bacteria without a usable drug and the nowadays fast outbreak of a pandemic in
the globalized world, underscore the importance of continuous research on pathogenic bac-
teria and useful drugs. To avoid drastic developments towards a dangerous post-antibiotic
era, the WHO analysed the resistances of several pathogenic bacteria in 2017 and published
a list of twelve pathogens, for which new antibiotics are urgently needed (World Health
Organization, 2017a, World Health Organization, 2017c).

1.1.1 Virulence of Haemophilus influenzae

One representative of the above mentioned WHO list and one of the two pathogenic bacteria
that are related to this work is Haemophilus influenzae, a Gram-negative pathogen. This
bacterium was first described at the end of 18" century and was mistakenly classified as the
causative agent for the viral influenza (Turk, 1984). From this pathogen, bacterial strains in
the encapsulated and nonencapsulated forms are known and the latter ones are further di-
vided up into six serotypes a-f, depending on the composition of the capsule-forming poly-
saccharides (Pittman, 1931, World Health Organization, 2007). The H. influenzae type b
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(Hib) is the best known and also the most virulent serotype and responsible for around 95%
of all H. influenzae diseases (World Health Organization, 2007). An infection with H. in-
fluenzae can cause many serious diseases, for example pneumonia, pericarditis, septic ar-
thritis, meningitis or epiglottitis (World Health Organization, 2007). Especially the two lat-
ter diseases are known to be caused by a H. influenzae type b infection and if left untreated,

usually end fatally (Barbour, 1996).

W5-15%
‘W 16-30%
31-50% L -

Figure 1-1: Worldwide spread of ampicillin resistance of H. influenzae. The ampicillin resistance of the
pathogen bacterium H. influenzae in different regions of the world are shown in percentage. The figure was
adapted from (World Health Organization, 2017a) (map created with: www.mapchart.net).

Even though people of every age can be infected, children are particularly at risk and over
90% of all infections are observed in children under 5 years (World Health Organization,
2013). From year 2000 to 2008, the number of WHO member countries using antibiotics
against Hib infections have more than doubled from 62 to 136 but still in 2008, 203000
deaths of children under 5 years are reported in relation with a Hib infection (371000 in the
year 2000) (World Health Organization, 2013). Even in the case of a successful treatment,
affected children are faced with serious and permanent impairments such as blindness or
learning disabilities (Edmond et al., 2010, World Health Organization, 2007). Unfortu-
nately, H. influenzae is one of the pathogens with an increasing occurrence of antibiotic
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resistance. The weekly epidemiological record of the WHO in 2013 about Hib describes a
detected resistance of this pathogen to the standardly used antibiotic ampicillin of around
20%-30%, spread in many regions of the world (Figure 1-1) (World Health Organization,
2013, World Health Organization 2017a). The reported high fatality and infection rates de-
spite vaccines and drugs, as well as the serious diseases that are caused by an infection in
combination with the increasing antibiotic resistance are responsible for the WHO’s classi-
fication of H. influenzae type b as pathogen, for which new antibiotics are urgently needed.

Considering the pathogenicity of Hib and its impact on and response of the human immune
system after infection, an analysis of the cellular surface of the pathogen is helpful. Logi-
cally, the outer surface of the pathogen is the first point for an interaction between the bac-
terium and the host cells immune system. In addition to the mentioned capsule, the outer
membrane of the encapsulated H. influenzae strains includes lipopolysaccharides (LPS)
(Hood et al., 2004). In a general view, the LPSs of H. influenzae consist of an oligosaccha-
ride chain that is linked to a membrane-anchored lipid A moiety in the outer membrane of
the bacterium (Hood et al., 2004). A more detailed introduction about the composition and
synthesis of the LPSs, as well as the impact of the LPS composition to the virulence of H.

influenzae, is given in Chapter 1.2.

In general, bacterial LPSs are strong stimulators of the innate immune system (Alexander
and Rietschel, 2001, Rosadini and Kagan, 2017). However, in H. influenzae the LPSs in
combination with the polysaccharide capsule are assigned to be mainly responsible for the
resistance of the pathogen against the humane immune system and nonencapsulated mutants
showed a reduced virulence (Kimura and Hansen, 1986, Moxon et al., 1984, Zwahlen et al.,
1983). Today, it is known that these components inhibit processes in the complement sys-
tem, especially the “alternative pathway” of C3b, and by this, avoid initial destruction of
the pathogen through phagocytosis or bacteriolysis and the formation of an inflammatory
response (Hetherington et al., 1993, Severi et al., 2007, Sukupolvi-Petty et al., 2006, World
Health Organization, 2007). Thus, several classes of anticapsular antibodies, 19gG, IgM and
IgA are mainly involved in the host immune reaction, while subclasses of the 1gG antibody
are assigned to the key role to defend from the bacterial infection (Jennings, 1983, Ramadas
et al., 1986). The detection and opsonization of the H. influenzae capsule fragments by
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antibodies promote bactericidal activity and phagocytosis, that result in a destruction of the
bacteria (Granoff, 2001, World Health Organization, 2007).

The described bacterial pathogenicity and the host immune response give an explanation
for the high numbers of H. influenzae infections with serious diseases and fatal outcome in
children. The polysaccharide capsule directly stimulates the antibody producing B cells of
the adaptive immune system without helper T cells (T independent antigen) and this kind
of antigens are poorly immunogenic in the first years of life (World Health Organization,
2007). Thus, the immune response through generation and production of specific antibodies
is decreased and the distribution of bacteria are less effectively detected by the defence

mechanism.

1.1.2 Virulence of Vibrio cholerae

A second bacterium that relates to this work is Vibrio cholerae, the causative agent of the
infamous cholera. Hints of the bacterial infection through description of typical symptoms
go back to the 5™ century BC and in the last 200 years since 1817, seven worldwide cholera
pandemics have been recorded (Harris et al., 2012). The origin of the seventh pandemic is
located in the year 1961 in the city Makassar (Sulawesi, Indonesia), distributed over large
parts of the world and is still ongoing nowadays (Hu et al., 2016). During the last years,
mostly local outbreaks that are assigned to this pandemic are observed, as for example in
Zimbabwe, Dominican Republic or Haiti (Islam et al.,, 2011, Pan American Healt
Organization, 2018). In Haiti, the endemic outbreak is correlated with the strong and de-
structive earthquake in 2010 and in the 7 years after the natural disaster, more than 800000
infections with V. cholerae were reported with more than 9 000 fatal cases (Pan American
Healt Organization, 2018). For 2016, the official record of the WHO quantifies 132121 re-
ported cases of infections of V. cholerae with 2 420 deaths worldwide (World Health
Organization, 2017b). According to estimates, the real infection number is significant higher
with around 2.86 million cases and 95 000 deaths (Ali et al., 2015). Furthermore, an esti-
mated 1.3 billion people are affected and under risk of an V. cholerae infection, underlying
the importance for continuous research on this pathogen and development of cheap, fast and
effective drugs, under consideration of a grow of antibiotic resistance (Ali et al., 2015).
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Until today, more than 200 serogroups of V. cholerae are known and classified, depending
on the composition of the LPSs on the bacterial surface (Chatterjee and Chaudhuri, 2003,
Shimanda et al., 1994). Only two variants of these serogroups, O1 and 0139 (named after
the O antigen of the LPS), are pathogenic and can cause the disease cholera, while the other
ones are none pathogenic strains for humans (Harris et al., 2012). The virulence is on the
one hand traced back to the cholera toxin, which causes the diarrheal symptoms of a disease
and on the other hand a toxin-corregulated pilus (TCP), which allows the colonization of
the pathogen in the human intestinal tract (Li et al., 2003, Tacket et al., 1998). The cholera
toxin disrupts the adenylate cyclase system of the host cells, which results in a secretion of
chloride ions, followed by water and further electrolytes into the intestinal tract, leading to
strong diarrhoea (Cassel and Pfeuffer, 1978, Gill, 1976, Harris et al., 2012). The genes of
the toxin and TCP are located in the genome of a bacteriophage derived CTX¢p DNA frag-
ment and a Vibrio pathogenicity island (VPI), also proposed as filamentous phage (VPI)
(Karaolis et al., 1999, Li et al., 2003).

An infection with the pathogen V. cholerae is mostly caused by a direct contact with con-
taminated water or food. The contamination of water is often correlated with warm temper-
atures and poor sanitary facilities, whereby both factors increase the number of V. cholerae
bacteria (Chowdhury etal., 2017). After infection with the pathogen, the innate and adaptive
immune systems are involved in a host cell response. For the innate immune system, an
upregulation of genes that are correlated to the innate defence mechanism are observed in
patients (Flach et al., 2007). Following this, a complex response of the adaptive immune
system is formed and antibodies from the 1gG, IgM and IgA classes are observed in corre-
lation to an infection (Flach et al., 2007).

One dangerous consequence of a serious V. cholerae infection is a massive water loss with
up to 1 L per hour, which, if untreated, results in a strong dehydration and 70% fatality after
only a few hours (Harris et al., 2012). For a treatment of a cholera disease, the patients are
in general initially supported with an oral or intravenous rehydration therapy of liquid, nu-
trients and electrolytes to replace the large loss of water (Harris et al., 2012, Morris, 2003).
Supportively, if possible, a patient can be treated with antibiotics to decrease the time and
impact of the diarrhoea (Morris, 2003). Unfortunately, also for this pathogenic bacterium,

the large scale application of antibiotics during the last decades led to an increased
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resistance, which was firstly observed 40 years ago in 1979-1980 in Bangladesh in 21% of
investigated isolates (Glass et al., 1980). Since then, several other local studies on charac-
terization of V. cholerae detected a multiple-drug resistance of this pathogen, indicating a
problem that is spread in many affected regions (Dalsgaard et al., 2001, Dromigny et al.,
2002). Importantly, not only developing countries are affected, also in the United Stated in
the 1990s, an increase of antibiotic resistance from 8% in the first five years up to 31% in
the last five years of the decade were observed (Steinberg et al., 2001).

Cholera is a good example of a bacterial disease that on the one hand can be treated effec-
tively with comparably easy interventions but on the other hand is still present all over the
world with partially large local outbreaks and a high number of deaths. Especially the fur-
ther development of the antibiotic resistance of V. cholerae poses a great danger for serious
diseases and can strongly increase the number of fatal infections. Therefore, in analogy to
the previously presented H. influenzae, new strategies for antibiotic compounds to these

pathogens are of high interest.

1.2 Sialic acid plays an important role in bacterial pathogenicity

One important component for the two pathogens H. influenzae and V. cholerae is the sugar
sialic acid. The term sialic acid describes a group of a-keto acids with a nine-carbon sugar
backbone and from this basic structure, more than 50 modifications are known with a wide-
spread presence in eukaryotes and prokaryotes (Angata and Varki, 2002). In many publica-
tions and also in this work, the term sialic acid is not used for the whole group of molecules,
but for the main representant N-acetylneuraminic acid (NeuSAc, NAN, 2-keto-3-deoxy-5-
acetamido-D-glycero-D-galacto-nonulosonic acid). The chemical structure of Neu5Ac is

shown in Figure 1-2.

Sialic acid and its derivates are involved in many important metabolic processes within in
prokaryotes and in eukaryotes. In eukaryotic cells, including humans, the sialic acid is often
positioned on the surface of the cells and is thereby responsible for a cell-cell interaction,
interaction with small molecules such as ligands or antibodies or an overall stabilization of

the membrane (Sillanaukee et al., 1999, Vimr et al., 2004). In prokaryotes, sialic acid is
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often observed in pathogens and regarded as an important factor for bacterial virulence
(Vimr et al., 2004). Figure 1-2 illustrates a general overview of the sialic acid pathways
from pathogenic bacteria H. influenzae and V. cholerae. Here, the use of sialic acid can be
divided into two pathways: The coverage and modification of the bacterial surface and the

use of the sugar as source for generation of energy (Figure 1-2) (Severi et al., 2007).
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Figure 1-2: Sialic acid metabolism in pathogenic bacteria. Schematic of the known metabolism pathways
of sialic acid in the two pathogens H. influenzae and V. cholerae, adapted from (Severi et al., 2007). The
nutrient pathway is indicated in red, the LPS sialylation pathway in green.

1.2.1 Sialic acid metabolism in H. influenzae

In the pathogen H. influenzae type b, both of these sialic acid pathways are present, while
the coordination between them is not known (Vimr et al., 2000). The first description of the
sialic acid pathway for the usage as nutrient was for Escherichia coli K-12 bacteria
(Plumbridge and Vimr, 1999, Vimr and Troy, 1985). During the analysis of the pathway in
H. influenzae, a high similarity between both bacteria were observed (Vimr et al., 2000).

The central key point for this nutrient pathway is the nan operon (for Hib more specific the
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nan-nag operon), which encodes at least the three proteins NanA (aldolase), NanE (epi-
merase) and NanK (kinase) and in Hib additionally the two proteins NagA (deaminase) and
NagB (deacetylase) (Figure 1-3) (Vimr et al., 2000, Vimr et al., 2004). As illustrated in
Figure 1-2, NanA initially catalyses the conversion from sialic acid to pyruvate and Man-
NAc and the latter product is processed by phosphorylation and epimerization through the
enzymes NanK and NankE. In the final step, GIcN-6-P is converted by NagA and NagB with
detachment of acetate and ammonia to receive Fru-6-P, which can be used as an educt for

generation of energy in the glycolysis.

E. coli

— O - ' !

1 kbp

nanR nanA nanT nanE  nanK
H. influenzae
HI0148 HI0147 HI0146 HI0145 HI0144 HI0143 HI0142 HI0141 HI0140

B S Pammmt Y Tmmel S S
nanM siagm siap  nanE  nankK nanA  nagB nagA
V. cholerae
VC1774 VC1776 VCI1777 VC1778 VC1779 VC1781 VC1782 VC1783 VC1784 VC1785
nanM nanA siam  siag siap  nanE nanK  nagA nanH

Figure 1-3: Schematic from nan-nag gene regions in selected bacteria. The nan region from E. coli (top)
or the linked nan-nag gene regions from H. influenzae (middle) and V. cholerae (bottom) are shown. The nan-
nag region of V. cholerae is located on the VPI-2 (Almagro-Moreno and Boyd, 2009). The indicated genes
are on the same size-scale. Similar genes are illustrated by colour as follows: transcriptional regulators (ma-
genta), aldolases (light red), transporter proteins (yellow), epimerases (dark and bright green), kinases (dark
blue), deaminases (blue), deacetylases (bright blue) and sialidase (brown) (figure was modified after (Vimr et
al., 2004) and (Severi et al., 2005) and gene information were received from UniProtKB (The UniProt
Consortium, 2019) (access date: 08.01.2021)).

The second sialic acid pathway in H. influenzae, the modification and decoration of the
bacterial cellular surface with sialic acid, is presumably very important for their virulence,
as the LPSs were predicted to be involved in the resistance of Hib against the hosts immune
system (Kimura and Hansen, 1986, Moxon et al., 1984, Zwahlen et al., 1983). The first
evidence for the incorporation of sialic acid into the surface-fixed LPSs were described in
the early 1990s during the analysis of the LPS composition of H. influenzae (Mandrell et
al., 1992, Phillips et al., 1993). As described above, sialic acid is often presented on the

10
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cellular surface of eukaryotes. The isolation of sialic acid from the LPS of this pathogen
provided the first clue, that Hib uses the sialic acid to imitate the hosts cell surface as a kind

of invisibility cloak to prevent the detection by the hosts immune system.

Importantly, the synthesis of the LPS fragments that are ultimately fixed on the outer surface
is performed in the cytoplasm (Sukupolvi-Petty et al., 2006). The LPS pathway for sialic
acid starts with the attachment of CMP to Neu5Ac by the synthetase SiaB, which was de-
termined as an essential step for the sialylation of LPSs (Figure 1-2) (Hood et al., 1999).
For the attachment of sialic acid to a LPS basic structure, four sialyltransferases were de-
scribed in several strains of H. influenzae, Lic3A, Lic3B, LsgB and SiaA (Fox et al., 2006,
Hood et al., 2001, Jones et al., 2002). Today, the two closely related enzymes Lic3A and
Lic3B are considered as the main pathways for sialylation of LPSs in H. influenzae, whereas
Lic3A is responsible for a monosialylation and Lic3B can attach mono- and disialic acid to
the LPSs (Fox et al., 2006).

At about the same time of the discovery and description of the LPS sialylation mechanism,
the exact composition and structure of H. influenzae LPSs, especially regarding the presence
of sialic acid, were analysed. The first LPSs were described for two different strains, the
common pathogenic strain type b (RM153) (Masoud et al., 1997, Schweda et al., 2000) and
strain type d (RM118) (Risberg et al., 1999). The initially observed compositions are shown
in Figure 1-4 A. The inner-core or basic structure of both LPSs consists of a trisaccharide
of heptose, attached to a lipid A moiety that fixes the LPS in the outer membrane of the
bacterium. Each of the three heptoses serves as an anchor point for the binding of further
hexose residues, that are elongated in different ways for the two mentioned H. influenzae
strains. In the first description, for none of the LPSs from the two strains, the attachment of
sialic acid as nine-carbon sugar was observed (Masoud et al., 1997, Schweda et al., 2000,
Risberg et al., 1999).

In further studies on H. influenzae type d (RM118), the bacteria were cultured in the pres-
ence of supplemented sialic acid in the environment and the LPS analysis of these bacteria
revealed a significant alteration of the composition and containment of sialic acid (Figure
1-4 B) (Cox et al., 2002, Hood et al., 2001). Following these results, the LPSs from the
pathogenic strain type b were also investigated under colonization with sialic acid supple-

mented environment and also for this strain, an alternation of the LPSs was observed (Figure

11
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1-4 B) (Hood et al., 2004). Under these conditions, both strains indicated not only single
sialic acid sugars in their LPS, but furthermore the attachment of a tetrasaccharide, consist-
ing of three hexose and one sialic acid residue at the terminal position. In a comparable
study, the pathogenic H. influenzae strain type b showed a higher tendency of the attachment
of the tetrasaccharide motif to the LPS than the H. influenzae strain type d (Hood et al.,
2004).

A -Neu5Ac
H. influenzae type d (RM118) H. influenzae type b (RM153)
P...TEtn P(iho P...iTErn
LipA — Kdo —Hep — Glc LipA — Kdo —Hep — Glc
|
PEtn—Hep PEtn—Hep —Glc —Glc —Gal —Gal
| |
Hep —Glc —Gal —Gal —GalNAc P —Hep —Glal
PCho
B +NeubSAc
H. influenzae type d (RM118) H. influenzae type b (RM153)
P..PEtn PCho P..PEtn

| | I
LipA — Kdo — HTp — Glc — Gal — GlcNAc — Gal —Neu5Ac LipA — Kdo — Hiap — Glc — Gal — GlcNAc — Gal —Neu5Ac

PEtn—Hep PEtn—Hep —Glc —Glc —Gal —Gal
| |
Hep —Glc —GaI\—GaI —GalNAc P —Hep — Glal
Neu5Ac PCho

Figure 1-4: Composition of LPSs from H. influenzae. A) Schematic of the LPS composition from H. influ-
enzae type d (left, strain RM118) and type b (right, strain RM153) after colonization without sialic acid in the
environment. B) Same as A) but after colonization with sialic acid in the environment. The figure is modified
after (Hood et al., 2004) (abbreviations: LipA, lipid A; Kdo, 2-keto-3-deoxyoctulosonic acid; Hep, L-glycerol-
D-manno-heptose; Glc, D-Glucose; Gal, D-galactose; GaINAc, N-acetylgalactosamine; GIcCNAc, N-acetylglu-
cosamine; PEtn, phospoethanolamine; P, phosphate; PCho, phosphocholine).

As mentioned before, the LPSs from H. influenzae were predicted to be important for the
virulence and involved in the resistance of Hib against the immune response of the host
(Kimura and Hansen, 1986, Moxon et al., 1984, Zwahlen et al., 1983). The influence of the
presence of sialic acid on the composition and structure of the LPS suggests a direct corre-
lation between the sialic acid and the virulence of the pathogenic bacterium. This hypothesis
was experimentally confirmed by several studies with knock-out variations of different

12



Sialic acid plays an important role in bacterial pathogenicity

enzymes that are involved in the LPS sialylation pathway (Figure 1-2). For example, the
knock-out of the CMP-Neu5Ac SiaB synthetase gene and an accompanying disrupted at-
tachment of sialic acid into the LPSs revealed a decreased resistance of the bacteria against
human serum (Fox et al., 2006, Hood et al., 1999). Another study investigated an infection
of chinchillas with H. influenzae to cause an otitis media and for bacteria with knock-out
SiaB, as well as Lic3A sialyltransferase, a strongly weakened course of disease was obtained
(Bouchet et al., 2003). These studies, as well as the described LPS sialylation, are all in
agreement with the hypothesis that pathogens such as H. influenzae use sialic acid to imitate

the cell surface of the host and by this, hide from an immune response.

1.2.1.1 Source of sialic acid

One question that is important regarding the impact of sialic acid on the virulence of H.
influenzae is the origin of sialic acid. For bacteria in general, sialic acid can originate from
a de novo synthesis, such as in E. coli with the sialic acid synthase NeuB from ManNAc
and pyruvate (Vimr et al., 1989, Vimr et al., 2004). Additionally, bacteria were observed to
be able to uptake sialic acid from their environment and transport it into their cytoplasm for
further metabolism. This was for the first time described for E. coli with the sialic acid
transporter NanT (Vimr and Troy, 1985). For the pathogen H. influenzae, the way of a de
novo synthesis is unlikely as the bacteria lack a gene for the NeuB synthase and only sialic
acid free LPSs could be isolated if no exogenous sialic acid source was available (Hood et
al., 2001, Hood et al., 2004, Vimr et al., 2004). However, many years after description of
the NanT sialic acid transporter from E. coli, a transporter for this substrate in H. influenzae
was described by several groups, suggesting that this pathogen gains the sialic acid only
from an exogenous source (Allen et al., 2005, Severi et al., 2005). The transporter was as-
signed to the class of TRAP transporters (tripartite ATP-independent periplasmic trans-
porter), a bacterial transporter system that is investigated intensively in this work and is
described in detail in Chapter 1.4. In addition to these transporters, many further sialic acid
transporters in other pathogenic bacteria are known nowadays, for example in Streptococcus

pneumoniae or Staphylococcus aureus (North et al., 2018).
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The exogenous source for the sialic acid is the direct environment of the pathogen, repre-
sented in case of an infection by human cells and serum. The sugar is commonly presented
in human serum with around 1.5 to 2.2 mM, but only small amounts are free (around 2 pM)
and the main part (around 99.9%) is in a bound state, e.g. in oligosaccharides (Sillanaukee
et al., 1999). Due to this, some bacteria, such as V. cholerae, feature a sialidase enzyme
(neuraminidase) that removes sialic acid from the oligosaccharides and allows the subse-
quent import into the bacterium (Ada and French, 1959, Corfield, 1992). However, H. in-
fluenzae bacteria have no sialidase genes in their genome but the previously mentioned
study with infection of chinchillas strongly suggested the host-derived sialic acid in their
LPS (Bouchet et al., 2003). Therefore, H. influenzae is possibly using the minimal amounts
of natively, free sialic acid. Alternatively, the H. influenzae is involved in an interbacterial
competition on the sialic acid, where other bacteria release sialidase to also receive sialic

acid, such as Streptococcus pneumoniae (Shakhnovich et al., 2002).

Due to the impact to the virulence of H. influenzae, the pathways that are involved in LPS
sialylation, the uptake of sialic acid and attachment to the LPSs, are interesting and potential
targets for attempts to reduce the pathogens virulence. Mutational inactivation of involved
proteins already showed a reduced virulence of the pathogen (Bouchet et al., 2003, Fox et
al., 2006). However, the LPS synthesis and attachment of sialic acid are performed in the
cytoplasm and a potential inhibitor, which blocks the function of a protein during LPS syn-
thesis, depends on its specific and efficient transporter over the cell membrane. Even if
methods and ways for this purpose are available, the membrane transport for drug targets is
still often a challenging task (Yang and Hinner, 2015). To avoid this, the focus of this work
is not on the cytoplasmic LPS sialylation but on the specific transport of sialic acid into H.
influenzae and the involved transporter proteins. Until today, the function of this system is
still not well understood. The known characteristics and a comparison with other transporter

systems is described in detail in Chapter 1.3 and Chapter 1.4.

1.2.2 Sialic acid metabolism in V. cholerae

Similar to H. influenzae, the pathogen V. cholerae also uses a TRAP transporter for sialic
acid uptake (Severi etal., 2005, Vimr et al., 2004). Due to the high similarity of the predicted
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structures and function of the TRAP transporter from both organisms, this work includes
investigations on both transporters, while the focus is mainly on the transporter from H.
influenzae (Mulligan et al., 2011).

In contrast to H. influenzae, V. cholerae were described to use the sialic acid only as source
for energy and carbon (Almagro-Moreno and Boyd, 2009). The incorporation of sialic acid
into surface exposed LPSs as for H. influenzae were not observed during studies of the
chemical composition of LPSs from V. cholerae (Chatterjee and Chaudhuri, 2003). Further-
more, a genomic analysis revealed no genes that encode relevant enzymes for the LPS si-
alylation, such as SiaB or NeuA CMP-Neu5Ac synthetases (Almagro-Moreno and Boyd,
2009). In contrast, genes that are responsible for the nutrient pathway as indicated in Figure
1-2, such as NanA (Neu5Ac aldolase), NanK (ManNAc kinase) and NanE (ManNAc-6P
epimerase) were detected (Figure 1-3) (Jermyn and Boyd, 2002). Even if the use of sialic
acid as nutrient is not directly correlated to the virulence of the pathogen, NanA, NanK and
NanE knock-out mutant strains were identified with a significant disadvantage in coloniza-
tion-competition assays compared to the wildtype strain (Almagro-Moreno and Boyd,
2009). This study suggests that the pathogenicity and virulence of V. cholerae also corre-
lates with sialic acid metabolism, but until today there is no direct evidence about the mech-

anism.

Analogous to H. influenzae, V. cholera bacteria cannot use a de novo synthesis route as
source of sialic acid, a gene for the essential NeuB sialic acid synthetase or related enzymes
was not detected in a genomic analysis (Almagro-Moreno and Boyd, 2009). Consequently,
this pathogen also relies on an exogenous source of sialic acid and a transport of this mole-
cule across the cell membrane into the cytoplasm. As mentioned above, the transport in this
bacterium is also carried out by a specific translocation with a TRAP transporter system that
is studied and investigated in detail in this thesis (Severi et al., 2005). As the TRAP trans-
porters from both organisms have the same target substrate, they are quite similar and the
known details about the function are comparable (Chapter 1.3) (Mulligan et al., 2011, Severi
et al., 2005).

One important feature in the sialic acid metabolism of V. cholerae that is not present in H.
influenzae, is the sialidase NanH (neuraminidase), which is used for cleavage of sialic acid

from oligosaccharides from other cells and subsequent uptake into the pathogen (Figure 1-3)
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(Ada and French, 1959, Vimr et al., 1988). Importantly, in V. cholerae the neuraminidase is
not only responsible for the metabolism of sialic acid from oligosaccharides but is also in-
volved in the binding and uptake of the cholera toxin of targeted cell and in this way, influ-
ence the virulence of the pathogen (Galen et al., 1992). One particularity of V. cholerae with
respect to sialic acid metabolism is that the corresponding genes for metabolism (NanA,
NanK and NanE), the TRAP transporter proteins and the sialidase (NanH) are located on
the genetic fragment Vibrio pathogenicity island-2 (VPI-2) (Figure 1-3) (Jermyn and Boyd,
2002). This fragment was described to exclusively exist in pathogenic strains of V. cholerae
and therefore again highlights a presumably high importance of sialic acid metabolism for

the pathogenicity and virulence of this bacterium (Almagro-Moreno and Boyd, 2009).

1.3 Translocation of sialic acid across the cellular membrane

Every living cell is surrounded by a membrane that builds up an outer shell and by this,
separates the interior of the cell from the environment. A biological membrane is mainly
composed of amphipathic lipids such as phospholipids and glycolipids (Lodish et al., 2000).
The composition of a cell membrane defines which molecules can cross the membrane by
diffusion and for which molecules the membrane is impermeable and another way for trans-
location is needed (Cooper, 2000). Some bacterial organisms are not only surrounded by
just one membrane (Gram-positive), but also from a second bilayer (Gram-negative) (Figure
1-2). The pathogens H. influenzae and V. cholerae, as well as the mentioned E. coli bacte-
rium, belong to the group of the Gram-negative bacteria and therefore feature an outer and
an inner membrane with the periplasmic volume between them (Vimr et al., 2004).

Overall, the membrane and its components are not only a barrier between the cytoplasm of
a cell and the environment but also involved in many essential processes, for example cell-
cell interactions, anchor points for the cytoskeleton or even as virulence factors for patho-
gens, as presented above (Lodish et al., 2000). Furthermore, every cell membrane contains
a large variety of membrane proteins, which constitute between 25-75% of the total mem-
brane mass (Cooper, 2000). One important task of several membrane proteins is the uptake
and extrusion of molecules to cross the impermeable membrane or to transport against an

energy gradient. The overall importance of membrane transporters becomes clear with the
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presumption that around 20-30% of the genomes open reading frames (ORFs) of eukaryotes
and prokaryotes are encoding for membrane proteins (Wallin and Heijne, 1998). The essen-
tial impact is also underlined with the estimation that around 50-60% of FDA-approved
(food and drug administration of the US) pharmaceutical drugs have a membrane protein as

their target (Overington et al., 2006, Cellular gatekeepers, 2016).

Just as the molecules which are translocated over the membrane have a large diversity, the
class of membrane transporter proteins are vary in structure and function (Saier, 2000). The
following chapters introduce into structural and functional mechanisms of bacterial mem-
brane transporters and finally, the responsible TRAP transporters for sialic acid import into

H. influenzae and V. cholerae are presented.

1.3.1 Overview of bacterial active membrane transporters

Until today, membrane proteins from the two major groups of primary active and electro-
chemical potential-driven (secondary active) transporters are assigned to be responsible for
sialic acid uptake in bacteria (North et al., 2018). Until today, only the structure for one
sialic acid transporter from the secondary active group is known, while the other transport-
ers, including those from H. influenzae, V. cholerae or E. coli, remain unknown (Wahlgren
et al., 2018). To get an idea about the general process and mechanistic of membrane trans-
porters in bacteria, the groups of primary and secondary active transporters are firstly de-
scribed in the following chapters. The presented information about the two major groups
might be helpful for the interpretation and comparison of the (sub-)group of sialic acid

TRAP transporters from H. influenzae and V. cholerae.

1.3.1.1 Structure and function of primary active transporters

One class of transporters that is responsible for sialic acid transport in bacteria are the ATP-
binding cassette transporters (ABC transporters), the most prominent representatives of the
primary active transporter group which represent one of the largest superfamily of proteins
(Davidson et al., 2008, Saurin et al., 1999, North et al., 2018). In general, this group can be
divided into the two main functional classes of importers and exporters with common struc-

ture and function (Licht and Schneider, 2011). Until today, several bacterial sialic acid ABC
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importers were identified, e.g. for Haemophilus ducreyi and Streptococcus pneumoniae, but
their structures are still unknown (Marion et al., 2011, Post et al., 2005). Therefore, an over-
view about the general class of bacterial ABC importers is presented in the following para-

graph, regarding their structure and function.

As illustrated in Figure 1-5, the structure of bacterial ABC importers consists of five func-
tional domains, two transmembrane domains (TMD, blue), two nucleotide binding domains
(NBD, green) and one optional substrate binding protein (SBP, red) (Licht and Schneider,
2011). ABC importers are mainly assigned to type | and type Il classes, for example MalE-
FGKzand BtuCD-F in Figure 1-5, with variations in the number of transmembrane helices
(TMH) (Korkhov et al., 2012, Oldham et al., 2007, Thomas and Tampé, 2020). Nonetheless
in both types, the TMHs form the general translocation pathway for the substrates. In gen-
eral, the TMDs have a low degree of conservation between different ABC transporters and
are therefore presumed as an important determinant for substrate specificity (Licht and
Schneider, 2011). In contrast to the TMDs, the NBDs of ABC transporters are more con-
served and certain functional motifs, for example the Walker A and Walker B motifs, can
be found in canonical ABC transporter (Figure 1-5, green) (Schneider and Hunke, 1998,
Thomas and Tampé, 2020). These motifs correlate with the general function of the NBDs,
to generate the necessary energy for substrate transport. In a nutshell, the conserved motifs
of the NBDs bind ATP (adenosine triphosphate) from the cytoplasm and thereupon induce
a short dimerization of the NBDs, which is again weakened and separated after hydrolysis
of ATP (Thomas and Tampé, 2020). This process is accompanied by changes of the con-
formation of the TMDs.

Additional to the four essential components, some ABC transporters have a substrate-bind-
ing protein (SBP) as further functional domain (Figure 1-5, red) (Thomas and Tampé, 2020).
This protein often occurs in prokaryotic ABC importers and only a few exceptions of im-
porters without an SBP are known (Licht and Schneider, 2011, Rodionov et al., 2006,
Rodionov et al., 2009). Because SBPs are the subject for a methodical comparison in result
Chapter 2, they are introduced with more detail. In Gram-negative bacteria, the SBPs often
exist as individual proteins that freely roam in the periplasmic space, as the MalE SBP from
the E. coli MalE-FGK: transporter in Figure 1-5 (Oldham et al., 2007). Alternatively, for
Gram-positive bacteria and archaea without a periplasm, SBPs are known that are attached

to the cell membrane in the near of the transmembrane proteins via a lipid motif or a
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transmembrane segment in their structure (Albers et al., 1999, Sutcliffe and Russell, 1995).
Further, SBPs can be also directly attached to the N- or C-terminus of the transmembrane

domains (van der Heide and Poolman, 2002).

MalE-FGK» BtuCD-F

extracellular/
periplasm

cytoplasm

Figure 1-5: Structures of bacterial ABC transporters. A) Bacterial primary ABC importers type | MalE-
FGK; (left, PDB-1D: 2R6G (Oldham et al., 2007)) and type Il BtuCD-F (right, PDB-1D: 4FI3 (Korkhov et al.,
2012)). The SBPs are indicated in red, the TMDs in blue and the NBDs in green. The membrane region is
represented in grey. B) Views from the extracellular space through the transporter into the cytoplasm. Same
proteins and colours as in A), for a better overview the SBPs are not shown.

The overall structure of SBPs is conserved with two domains which are connected by a
hinge region (Berntsson et al., 2010). This creates a binding pocket in which the SBPs can
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bind the target substrate with typically affinities of around 0.01-10 uM (Berntsson et al.,
2010). As implied by their name, the main task of SBPs is the binding of the substrate of
the transporter and a following transfer of the substrate to the transmembrane domains
through formation of an SBP-TMD complex (Hollenstein et al., 2007, Hvorup et al., 2007,
Oldham et al., 2007). Due to the reason that the bacteria with such ABC transporters do
often occur in substrate-limited environment, the SBPs are presumed to be responsible for
a higher substrate accumulation and by this, for a higher substrate translocation rate (Licht
and Schneider, 2011). This is also supported by the fact that the SBPs are often present in a
higher concentration than the membrane transporter, which concentration in the membrane
is limited (Shilton, 2008). In addition to these aspects, binding of SBPs to the membrane
domains are postulated to have an important role in different steps of the transport process,
for example an activating effect on ATP hydrolysis or stabilization of transition states
(Davidson et al., 1992, Shilton, 2008).

For the overall ABC transporter function, some parts of the translocation process are already
described in detail and transport cycles of type | and type Il transporter classes have been
postulated (Locher, 2016, Thomas and Tampé, 2020). In a nutshell, the SBP scavenges the
substrate from the environment or periplasm and forms a complex with the TMDs. A crystal
structure of a MalE-FGK2complex revealed a loop of a TMD bound in the substrate binding
cleft of the SBP, suggesting a “scoop loop”” mechanism in which the loop helps to dislocate
the substrate from the SBP and deliver it to the translocation pathway in the TMDs (Oldham
et al., 2007). Afterwards, through hydrolysis of ATP in the NBDs, the TMDs presumably
change their conformations from at least an outward-faced open to an inward-faced open
conformation (Thomas and Tampé, 2020). This conformational change allows the substrate

to enter the cytoplasm and the ABC transporter can readapt the initial states.

1.3.1.2 Structure and function of secondary active transporters

The electrochemical potential-driven (secondary active) transporters form the second group
of membrane transporters that are responsible for sialic acid transport in bacteria (North et
al., 2018). As for the ABC transporter, the proteins of this group can be further divided into
subclasses. Today, the common structural fold of the transporters is used for classification

and by this, the two large main groups of major facilitator superfamily (MFS) fold and
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sodium-coupled leucine transporter (LeuT) fold are specified (Boudker and VVerdon, 2010).
Importantly, while the proteins in the MFS fold are also mostly functional assigned as one
family, the sequence of LeuT fold proteins are classified to different functional families,
e. g. neurotransmitter solute symporter (NSS), sodium solute symporter (SSS) and nucleo-
base cation symport 1 (NCS1) (Forrest et al., 2011). Additional to these fold types, some
other structures of secondary transporters are known that are not assigned to these two main
folds and summarized in small classes or as single structures, for example the Na*/H* anti-
porter NhaA or the glutamate transporter Glten (Boudker and Verdon, 2010, Hunte et al.,
2005, Yernool et al., 2004). Sometimes, the MFS and LeuT folds are classified regarding
their function as proton and sodium transporter classes, respectively. However, this is not
strictly valid as sodium MFS fold and proton LeuT fold transporters are also known
(Ethayathulla et al., 2014, Shaffer et al., 2009). For sialic acid import into bacteria, repre-
sentatives from both fold-types are known. Exemplary, the already mentioned NanT trans-
porter from E. coli is assigned to the group of MFS fold and the only structurally known
sialic acid transporter SiaT from Proteus mirabilis to the LeuT fold (sodium solute sym-
porter (SSS) family) (North et al., 2018, Wahlgren et al., 2018). The sialic acid transporters
from H. influenzae and V. cholerae could not be assigned to one of the main fold types and
known structural and functional information recommend an own class or subclass of these

transporters (Chapter 1.4).

In general, the known structures of secondary transporters differ from the presented ABC
transporters and at a first glance, seem to be less complex (Figure 1-6). Both, the MFS and
LeuT fold, consist of a transmembrane part without extra-membrane domains. Analogous
to the ABC transporters, the TMHSs of the secondary transporters form the translocation
pathway for the substrate through the membrane (Figure 1-6). The transporters from the
MFS fold group are built up from 12 TMHs that can be divided into an N- and C-domain
(Figure 1-6, blue and cyan) (Shi, 2013). Based on several available structures, such as the
lactose permease LacY (Figure 1-6), the MFS fold transporters are proposed as monomeric
functional unit and no dimeric of trimeric MFS fold transporters have been described to date
(Abramson et al., 2003, Shi, 2013). The transporters of the LeuT fold consist of two motifs
with 5 TMHSs, resulting in 10 TMHs that build the structure of the transporter (Figure 1-6)
(Shi, 2013). In contrast to the MFS fold, transporters from the LeuT fold group are described

in a monomeric, dimeric and trimeric state (Gao et al., 2009, Ressl et al., 2009, Yamashita
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et al., 2005). Further, also secondary transporters that are not assigned to these two major
folds, for example the Na*/H" antiporter NhaA, can be structurally described with two mo-
tifs (Figure 1-6) (Hunte et al., 2005). Despite structural differences, the protein structure
from the most secondary transporters is based on structural motifs with 10-14 TMHSs
(Boudker and Verdon, 2010).

A

MFS fold LeuT fold other fold

extracellular/
periplasm

cytoplasm i

Figure 1-6: Structures of secondary transporters. A) Bacterial secondary transporters LacY from the MFS
fold class (left, PDB-ID: 1PV6, (Abramson et al., 2003)), SiaT from the LeuT fold class with bound sialic acid
in green (middle, PDB-ID: 5SNVA (Wahlgren et al., 2018)) and NhaA (right, PDB-ID: 1ZCD (Hunte et al.,
2005)). The TMDs are indicated in blue colours and the membrane area is represented in grey. B) Views from
the extracellular space through the transporter into the cytoplasm. Same proteins and colours as in A).

The translocation mechanism of a substrate with secondary transporters through a cell mem-
brane is probably accomplished with changes between different conformational states of the
TMDs (Shi, 2013). Secondary transporters were postulated several years ago with changes
between an outward-facing open, an outward-facing occluded, an inward-facing occluded
and an inward-facing open conformation, also known as alternating-access mechanism
(Krishnamurthy et al., 2009, Reyes et al., 2009, Weyand et al., 2008). Subsequent from
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these postulations, all states were successfully observed in structural investigations of sec-
ondary transporters and used to confirm and further refine the transport mechanism
(Boudker and Verdon, 2010, Forrest et al., 2011, Shi, 2013).

Another important point concerning the transport mechanism is the way of gaining the en-
ergy that is needed for substrate translocation. In general, secondary transporters use an
electrochemical potential difference that exists across the membrane and do not directly
depend on the use of ATP. For this, the secondary transporters use a coupling mechanism
whereby not only the substrate is translocated through the membrane but also one or more
ions, in most cases a proton or sodium-ion (Forrest et al., 2011). In spite of different ions,
the functional mechanism of proton or sodium-ion coupling transporters are postulated to
be quite similar (Shi, 2013). Noticeable, also secondary transporters are known which de-
pend on the additional presence of a chloride anion or on the presence of potassium cations
(Forrest et al., 2007, Zomot et al., 2007). On the basis of coupling mechanisms, the second-
ary transporters are separated into symporters, in which the substrate and ion cross the mem-
brane in the same direction, and antiporters, in which both cross the membrane in opposing
direction (Forrest et al., 2011).

Even if many details about the coupling mechanism are still unknown today, several crystal
structures of sodium-coupling transporters revealed bound cations between the transmem-
brane helices, for example the sialic acid SiaT transporter, and through this, allowed the
identification of conserved sodium binding sites (Krishnamurthy et al., 2009, Wahlgren et
al., 2018, Watanabe et al., 2010, Weyand et al., 2008). An integrative study on the coupling
mechanism of a sodium-dependent transporter revealed a conformational change of a TMH
upon release of the ion, which opens the translocation pathway in direction of the cytoplasm
and allows the substrate to enter the cell (Watanabe et al., 2010). The analysis of proton
coupling transporters are more difficult because the protons are not visible in crystal struc-
tures. However, amino acids that should be involved in proton binding were described in

mutational studies on lactose permease symporter LacY (Sahin-T6th et al., 2000).

The sialic acid transporter in H. influenzae and V. cholerae are functionally assigned to the
group of secondary transporters. They are not mentioned until this point, because they have
features and motifs that are unique and not observed for any of the described transporter

classes. Further, there are currently no structures available for TRAP transporters and the
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knowledge about their function is rather small. In the following chapter, the transporters are
introduced in detail and compared with the presented structural and functional knowledge

from primary ABC and classical secondary active transporters.

1.4 Sialic acid TRAP transporter in H. influenzae and V. cholerae

During the characterization of a transport system for C4-dicarboxylates malate and succin-
ate for the bacterium Rhodobacter capsulatus in the early 1990s, the group of David J. Kelly
(University of Sheffield) described the existence and need of an SBP for uptake of this sub-
strate (Shaw and Kelly, 1991). Further studies on this SBP, called DctP, confirmed a high
binding affinity to the substrates and binding characteristics that were previously observed
for SBPs from ABC transporters (Quiocho, 1990, Walmsley et al., 1992). However, a se-
quence analysis indicated only two corresponding genes which encode for integral mem-
brane proteins (DctQ and DctM) and no characteristic genes for NBDs of ABC transporter
were observed (Forward et al., 1997). Functional studies with transporter class specific in-
hibitors showed a high sensitivity of this tripartite DctPQM system to secondary transporter
inhibitors (Forward et al., 1997). This observation suggested a membrane potential-depend-
ent, ATP-independent transport mechanism. Further, all three genes were identified as es-
sential for the substrate transport and homologous genes were identified for other Gram-
negative bacteria (Forward et al., 1997). This description of a secondary transporter system,
which functionally depended on the presence of an SBP, led to the formation of the new

class of tripartite ATP-independent periplasmic (TRAP) transporters (Forward et al., 1997).

After the initial description and classification, several following genome sequence analyses
confirmed the existence of this transporter class in many bacteria and archaea and showed
that the transporters are commonly used by these organisms (Kelly and Thomas, 2001,
Mulligan et al., 2007, Rabus et al., 1999). Simultaneously, the results revealed the fact that
these SBP-dependent secondary transporters are absent from eukaryotes, similar to the SBP-
dependent ABC importers (Davidson et al., 2008, Kelly and Thomas, 2001). After the de-
scription of TRAP transporters, a second group of SBP-dependent secondary transporters,
the tripartite tricarboxylate transporter (TTT), was described and due to no sequence simi-
larity to TRAP transporters, it was defined as an individual class (Winnen et al., 2003). The

functional units of these TTTs are similarly postulated to be one SBP and two TMDs but
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the current knowledge about this group is even more sparse than for the TRAP transporters
(Winnen et al., 2003).

Considering only the class of TRAP transporter, the gene analyses also revealed significant
variance in the SBP, which lead to a further distinction and formation of subclasses. In ad-
dition to classical TRAP transporters, which have a high sequence identity with the initially
described DctP from R. capsulatus, a second group of TAXI proteins (TRAP-associated
extracytoplasmic immunogenic) with low identity to DctP was defined (Kelly and Thomas,
2001, Rabus et al., 1999). A decade after definition of these two groups, an additional type
of TRAP transporters was identified during the analysis of a TRAP-related transporter sys-
tem from the pathogenic bacterium Treponema pallidum (Deka et al., 2012). Additional to
the classical SBP and TMDs, a further correlated gene was observed and the corresponding
protein was identified with similarities to a tetratricopeptide repeat (TPR) motif, which is
also responsible for the new name TPAT transporter (TPR-protein-associated TRAP) (Deka
etal., 2012). Functional studies on TPAT transporters revealed a certain interaction between
the TPR and SBP and suggest a mechanism, in which especially hydrophobic substrates are
bound and translocated through the membrane (Brautigam et al., 2012). However, until to-
day both identified TRAP transporter subclasses, the TAXI TRAP and TPAT transporters,
are less studied than the DctP TRAP transporters and also the present work and following

paragraphs are focused on the classical TRAP transporters.

1.4.1 Substrates of TRAP transporters

The widespread utilization of TRAP transporters in bacteria and archaea suggests that the
systems are not only responsible for the initially described transport of C4-dicarboxylates
or derivates, but also for many other molecules. Indeed, until today, several molecules that
are translocated by TRAP transporters have been identified (Mulligan et al., 2011, Rosa et
al., 2018). Examples for substrates are ectoine and 5-hydroxyectoine, both translocated from
the bacterial TeaABC and UehABC TRAP transporters and are used by the bacteria as com-
patible solute against osmotic stress or as nitrogen and carbon source (Grammann et al.,
2002, Kuhlmann et al., 2008, Lecher et al., 2009). Further identified example substrates of
TRAP transporters are monocarboxylic 2-oxo-acids (a-Keto acids) such as pyruvate
(RRCO01191 (Thomas et al., 2006)), the amino acid glutamate (GtrABC (Quintero et al.,
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2001)) and recently discovered five different sugar acids (dctPQMam (Meinert et al., 2017,
Thomas, 2017)). Furthermore, a study analysed in a high throughput approach several hun-
dred TRAP transporter SBPs and identified more than 40 new SBP ligands, immensely in-
creasing the number of identified TRAP transporter substrates (Vetting et al., 2015).

Among these substrates, the best studied TRAP transporter systems are specific for the sub-
strate sialic acid (N-acetylneuraminic acid). During investigations of genes for sialic acid
metabolism from H. influenzae and V. cholerae, the observation of correlated TRAP trans-
porter encoding genes suggested a first connection between this substrate and TRAP trans-
porters (Figure 1-3) (Kolker et al., 2004, Vimr et al., 2004). Shortly after this hypothesis,
further studies proved the uptake of sialic acid in H. influenzae by a SiaPQM TRAP trans-
porter (Allen et al., 2005, Severi et al., 2005). As mentioned before, H. influenzae has no
genes for a de novo synthesis of NeuSAc and investigations of SiaPQM in H. influenzae
(named HiSiaPQM) identified the TRAP transporter as the sole route for sialic acid uptake
in this pathogen (Severi et al., 2005). During investigations of sialic acid metabolism from
V. cholerae, also in this pathogen a SiaPQM transporter (named VcSiaPQM) could be iden-
tified as the only uptake pathway of sialic acid in these bacteria (Almagro-Moreno and
Boyd, 2009, Chowdhury et al., 2012, Mulligan et al., 2009). The genes for this transporter
are localized in the VIP-2, similar to the other genes that are involved in the sialic acid
metabolism and by this, support the suggested importance of the sialic acid for the virulence
of this pathogen (Figure 1-3) (Almagro-Moreno and Boyd, 2009, Jermyn and Boyd, 2002).
Even though the sialic acid transporters HiSiaPQM and VcSiaPQM are the best described
TRAP transporters, the following chapters about structural and functional aspects reveal a

large number of unknown details.

1.4.2 Structural and functional aspects of TRAP transporters

1.4.2.1 Substrate binding proteins of TRAP transporters

Until today, only TRAP SBPs from Gram-negative bacteria have been structurally described
(Mdller et al., 2006). Similar to several ABC transporters, they are postulated to freely move
in the periplasm (Shaw and Kelly, 1991). For Gram-positive bacteria, genes that correspond
to TRAP transporter proteins are also detected and a similar behaviour as for anchored ABC
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transporter SBPs via a fusion protein or lipid anchor is presumed (Chapter 1.3.1.1) (Albers
et al., 1999, Fischer et al., 2010, Sutcliffe and Russell, 1995). Also, TRAP transporters are
known in which the SBP is either fused to the Q-domain, as in a TRAP transporter from
Rhizobium (sp. strain NGR234, YAMM transporter), or to the M-domain, as predicted for
a C4-dicarboxylate related TRAP transporter in Acidaminococcus intestini (strain RyC-
MR95) (Rabus et al., 1999).

A breakthrough in the mechanistic understanding of TRAP transporter SBPs was the first
crystal structure of the SBP HiSiaP from HiSiaPQM (Mdiller et al., 2006). In this study, the
protein was observed in two states, a substrate-free and substrate-bound state. The structure
revealed an overall fold that is similar to SBPs from ABC transporters, consisting of two
domains that are connected by a hinge region and forming a cleft between them (Figure 1-7,
A) (Berntsson et al., 2010). The comparison of apo and substrate-bound structure of HiSiaP
showed that one molecule sialic acid binds in this cleft and triggers a large conformational
change (Figure 1-7, A) (Muller et al., 2006). Until today, several other protein structures of
TRAP transporter SBPs have been described, including sialic acid SBPs from several other
organisms such as Vibrio cholerae (\VcSiaP), Pasteurella multocida (PmSiaP) and Fuso-
bacterium nucleatum (FnSiaP) (Gangi Setty et al., 2014, Rosa et al., 2018). In contrast to
HiSiaP, these three SBPs are either described in the substrate-free or substrate-bound con-
formation. Overall, the structures of the known TRAP transporter SBPs are quite similar
and assigned to the Cluster E of the SBP classification, which includes nowadays more than
70 individual structures (including SBPs from the TTT class) (Berntsson et al., 2010,
Scheepers et al., 2016).

While the presented sialic acid SBPs are all observed and presumed to be functionally active
in a monomeric state, three SBP crystal structures from different TRAP transporters were
observed with a tendency to form dimeric or tetrameric assemblies (Akiyama et al., 2009,
Cuneo et al., 2008, Gonin et al., 2007). Some of these studies proposed a possible functional
impact of this oligomerization that was also observed in solution, even if the consequences

for the transport process remained elusive.

On the basis of several described TRAP SBP structures, the binding interactions of the SBP
with its substrate can be analysed on an atomic scale. In general, the overall location of the

substrates is conserved. Due to the variability of substrates, the interacting amino acids
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change for different SBPs (Rosa et al., 2018). One exception is an arginine side chain at
position 147 in HiSiaP, which is highly conserved for TRAP SBPs (96.8% in 6142 se-
quences (Rosa et al., 2018)). This residue has a crucial role in substrate binding and by this,
is presumed to act as a selectivity filter for substrates with a carboxylate group (Figure 1-7,
B and C) (Fischer et al., 2015, Johnston et al., 2008). The substrate-bound structures of the
sialic acid SBPs HiSiaP, FnSiaP and PmSiaP show a high similarity of the substrate inter-
acting amino acids (Gangi Setty et al., 2014). The characterization of substrate binding re-
vealed high affinities and similar binding characteristics of these three SBPs with binding
strengths around 16-120 nM (Gangi Setty et al., 2014, Johnston et al., 2008, Mulligan et al.,
2009, Severi et al., 2005). For sialic acid TRAP transporter SBP from V. cholerae, VcSiaP,
only a substrate-unbound protein structure is known and the binding strength was deter-

mined in a previous study to 306 nM (Gangi Setty et al., 2014).

Additional to the native ligand, an interaction study of HiSiaP with derivates of sialic acid
sugar group revealed a high specificity of the protein and only for the similar Neu5Gc (N-
glycolylneuraminic acid), a comparable binding affinity was observed (Severi et al., 2005).
The mutational characterization of amino acids which were postulated to be important for
substrate binding gives nowadays a detailed characterization about the protein-substrate in-
teraction in sialic acid SBPs (Gangi Setty et al., 2014, Glaenzer et al., 2017, Johnston et al.,
2008). Recently, it was shown that also the highly ordered water network in the binding
cleft has a huge impact on the substrate affinity, which is therefore postulated to contribute
to the affinity and specificity of the protein (Darby et al., 2019). Based on the work of our
group, a crystal structure and binding studies showed that VVcSiaP is also able to bind short
peptides and by this, occupies the substrate binding cleft (Peter et al., 2021). Even if binding
studies resulted in a low affinity for the peptide of around 30 UM, this structure was the first
evidence of an artificial bound substrate to a sialic acid SBP and allowed to postulate further
details about the closing mechanism.

Furthermore, the dynamic behaviour of the closing mechanism upon substrate binding in
VcSiaP was studied previously (Glaenzer et al., 2017). Detection of structural changes with
distance measurements in frozen solution confirmed the existence of only two confor-
mations, the open state in the absence of substrate and the closed state upon substrate addi-

tion (Glaenzer et al., 2017). No intermediate states were observed in this study, which
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supported the “Venus flytrap” mechanism for sialic acid TRAP SBPs, as postulated for the
first TRAP transporter SBP DctP (Mao et al., 1982, Walmsley et al., 1992, Glaenzer et al.,
2017).
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Figure 1-7: Structure of sialic acid TRAP transporter SBP. A) Protein structures of HiSiaP in cartoon
representation with transparent surface in a substrate free (left, PDB-ID: 2CEY (Mdller et al., 2006)) and
substrate bound (right, PDB-ID: 3B50 (Johnston et al., 2008)) conformational state (N-lobe in orange, C-lobe
in yellow, backbone helix in brown and remaining motifs in grey). The substrate sialic acid is illustrated as a
ball-and-stick model (coloured cyan) and an outline of the primary structure of HiSiaP with structural motifs,
rigid bodies and positions of selected amino acids are given. B) Representation of the binding cleft from sub-
strate bound HiSiaP with sialic acid and interacting amino acids, same colours as in A). C) Analysis of the
substrate-protein interaction (LigPlot (Laskowski and Swindells, 2011)), the amino acids are shown in green,
the substrate in cyan and the water molecules in magenta.
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1.4.2.2 Transmembrane domains of TRAP transporters

The transmembrane domains of TRAP transporters are much less well understood than the
SBPs, which is caused by the generally higher requirements of membrane proteins in terms
of the experimental handling in functional and structural studies (Chapter 4.1). Until today,
no experimentally determined protein structures of TRAP transporter transmembrane do-
mains are known. However, theoretically models, based on the topology or evolutionary
coupling predictions, are available (Mulligan et al., 2012, Ovchinnikov et al., 2014).

During the first description of TRAP transporters, two transmembrane domains, a smaller
(DctQ) and a larger one (DctM), were identified (Forward et al., 1997). Additionally, the
amino acid sequence of the two transmembrane domains were analysed regarding their hy-
drophobic character and the domains were postulated to consist of 4 and 12 transmembrane
helices for DctQ and DctM, respectively (Forward et al., 1997, Kelly and Thomas, 2001).
This is a common feature of TRAP transporters and the sialic acid transporters from H.
influenzae and V. cholerae also have this canonical architecture (Figure 1-8) (Mulligan et
al., 2012). A comprehensive gene analysis of TRAP transporters from several organisms
revealed that the two membrane domains are sometimes fused into one peptide chain, as for
example in HiSiaPQM (Figure 1-8 A) (Kelly and Thomas, 2001). However, even though
the proteins are not covalently fused and expressed as single domains, as for VcSiaPQM
(Figure 1-8 B), a stable complex between the two domains was observed (Mulligan et al.,
2012).

Due to the lack of high-resolution structures, the knowledge about the function and mecha-
nistic relevance of the two TMDs in the transport process is sparse. Based on the prediction
of 12 TMHs, the larger M-domain is presumed to be comparable to the MFS group of sec-
ondary transporters and due to this, postulated to be responsible for the translocation path-
way of the substrate through the membrane (Forward et al., 1997, Shi, 2013). In contrast,
the function of the smaller Q-domain is totally unknown. Gene analysis of TRAP transport-
ers revealed a lower sequence identity of this domain to other homologues as for the M-
domain (Rabus et al., 1999). Nevertheless, functional studies of the DctPQM TRAP trans-
porter showed that the presence of the Q-domain is essential for substrate transport and that
the TRAP transporter without this domain was not functional (Forward et al., 1997). One

hypothetical task is that the Q-domain in the membrane serves as an anchor and recognition
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site for the corresponding SBP, which might explain the combined and unique presence of
the Q- and SBP domains in TRAP transporters (Kelly and Thomas, 2001, Rabus et al.,
1999). The observation of TRAP transporters with covalently fused PQ-domains, as well as
the described fusion of QM-domains, support the idea that the Q-domain mediates the in-
teraction between the SBP and M-domain (Rabus et al., 1999). Another possibility that is
not directly linked to the transport process is a regulatory or chaperone-like function of the
Q-domain (Kelly and Thomas, 2001, Rabus et al., 1999). Finally, the Q-domain might co-
ordinate the coupling of an ion gradient to the substrate translocation, as similar domains

were never observed in SBP-dependent ABC transporters (Kelly and Thomas, 2001).
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Figure 1-8: Topology models of TRAP transporter TMDs. A) Prediction of the TMHSs from the sialic acid
TRAP transporter membrane domains from H. influenzae. The Q-domain is illustrated in yellow, the M-do-
main in blue and connecting TMH in white. The TMH prediction was taken from the corresponding Uni-
ProtKB entry P44543 (access 17.11.2020) (The UniProt Consortium, 2019) and the illustration was prepared
with Protter (Omasits et al., 2014), modified after (Mulligan et al., 2012). B) Same as A) but for sialic acid
TRAP transporter membrane domains form V. cholerae, UniProtKB entry Q9KR65 and Q9KR66 (access
17.11.2020) (The UniProt Consortium, 2019).
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1.4.3 Proposed transport mechanism of TRAP transporters

Regarding the transport pathway for sialic acid uptake in H. influenzae and V. cholerae, the
first barrier is not the inner membrane (IM) with the specific TRAP transporter, but the
crossing of the outer membrane (OM) into the periplasm (Figure 1-2). In general, small
molecules such as sialic acid can enter the periplasm by diffusion through specific or un-
specific porins or with an active transport system (North et al., 2018). For E. coli, a specific
sialic acid outer membrane porin, NanC, was described and identified as essential for sialic
acid uptake into the bacterium in the absent of unspecific porins (Condemine et al., 2005,
Wirth et al., 2009). However, for sialic acid uptake in H. influenzae and V. cholerae, no
NanC homologs or other sialic acid specific porins were described and the translocation of
sialic acid over the OM are therefore presumably occurs with unspecific porins, such as the

OmpP2 porin from H. influenzae (Coulton et al., 1992, Severi et al., 2005).

As mentioned before, the TRAP transporters HiSiaPQM and VcSiaPQM from H. influenzae
and V. cholerae are the only routes for uptake of the sialic acid across the IM into the cyto-
plasm (Figure 1-2) (Chowdhury et al., 2012, Severi et al., 2005). Following the postulated
transport cycle for TRAP transporters from Mulligan et al. (Mulligan et al., 2011), the sub-
strate in the periplasm is initially recognized by a freely moving SBP, which tightly binds
the substrate with high affinity and specificity and thereby adopts the closed conformation
(Figure 1-9) (Gangi Setty et al., 2014, Glaenzer et al., 2017, Johnston et al., 2008, Miiller et
al., 2006). This state is presumably recognized with high specificity by the membrane do-
mains, that rest in an outward-faced closed conformation as expected for classical secondary
transporters (Boudker and Verdon, 2010). The presumed high specificity of the interaction
between the SBP and the membrane domains is based on the experimental observation that
the exchange of HiSiaP to the similar VVcSiaP in a functional assay was not able to transport
the substrate, probably due to no interaction between VcSiaP and HiSiaQM (Mulligan et
al., 2009).

After formation of the tripartite PQM complex, which was never experimentally observed
until today, the SBP presumably again adopts an open-like state and by this, releases the
substrate to the TMD, similar as described for SBP dependent ABC transporter (Figure 1-9)
(Thomas and Tampé, 2020). One possible mechanism for this process is a scoop loop mech-

anism, previously observed for MalE-FKGg, in which a loop of the TMD interacts with the
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substrate binding cleft of the SBP and by this, supports the detachment of the substrate and
enables the entering to the translocation pathway in the TMDs (Oldham et al., 2007). Either
during formation of the tripartite complex, the substrate releasing of the SBP or shortly after
these events, the TMDs adopt an outward-faced open state and incorporate the substrate
from the SBP. After this step, the TMDs presumably undergo a conformational shift to an
inward-faced open state (Figure 1-9). The conformational changes of the TMDs rely on an
electrochemical potential of sodium ions over the membrane and a co-translocation of most
likely two sodium ions during substrate transport (Mulligan et al., 2009). After the confor-
mational change, the sialic acid is released from the TMDs into the cytoplasm and can be
used for further metabolism (Chapter 1.2). Finally, the transporter domains adopt the start-
ing conformations for a new transport cycle. This means that the tripartite complex dissoci-
ates, the SBP adopts the open conformation and the TMDs change back to the outward-

faced closed state.
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Figure 1-9: Hypothetical transport mechanism of TRAP transporters. The illustrated transport mecha-
nism is based on current knowledge about TRAP transporters in combination with the function of classical
secondary transporters, adapted and modified from (Mulligan et al., 2011). The SBP is indicated in red in the
two described states, substrate unbound (PDB-1D: 2CEY (Mdiller et al., 2006)) and substrate bound (PDB-ID:
3B50 (Johnston et al., 2008)). The TMDs are located in the inner membrane (grey) and the Q- (yellow) and
M-domain (blue) are schematically indicated, as well as the substrate sialic acid as ball-and-stick model in
cyan and the co-translocated sodium ions as purple squares.
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Overall, even if the transport process of TRAP and classical secondary transporters are pre-
sumably quite similar, there are important differences. TRAP transporters catalyse only a
unidirectional translocation and are not bidirectional, as observed for secondary transporters
(Mulligan et al., 2011). This fact is likely due to the essential presence of the SBP for
transport. Another important fact about TRAP transporters reveals the inspection of the en-
ergy balance. If only indeed two sodium ions are needed for substrate translocation, the
overall energy balance for TRAP transporter is lower than for ATP-consuming ABC trans-
porters (Mulligan et al., 2009). At the same time, due to the SBP, the TRAP transporters
possibly have the similar advantages as SBP-dependent ABC transporters, in which the
SBPs for example enable an efficient substrate accumulation or a stabilization of transition
states of the TMDs (Chapter 1.3.1.1).

1.5 Research Aim

The aim of this thesis is to gain knowledge about the class of the sialic acid TRAP trans-
porters from the pathogens H. influenzae and V. cholerae. As presented above, the sialic
acid transport by the TRAP transporters HiSiaPQM and VcSiaPQM are the only uptake
routes for these pathogens and strongly correlate with their virulence, as proven for H. in-
fluenzae (Allen et al., 2005, Severi et al., 2005). Through combination of several orthogonal
bioanalytical methods, this work should achieve new insights into structural and functional

parts, as well as essential interactions in the TRAP transporter system.

Among other methods, two integrative methods that should be used in this work for the
characterization of the TRAP transporters are SMFRET (single molecule Forster resonance
energy transfer) and PELDOR (pulsed electron electron double resonance) spectroscopy.
Due to a comparable outcome of these distance measuring methods in integrative structural
biology experiments, a comprehensive comparison should reveal the advantages and
strengths of each method. Further, the comparison should show in which way the results of

both methods can be combined to overcome complementary limitations.

Because the structure of the SBPs from the two sialic acid TRAP transporters HiSiaPQM
and VcSiaPQM are only partially described, the focus on the SBPs in the present work is

set on the missing crystal structure of \VcSiaP in a substrate-bound conformation. The new
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substrate-bound protein structure will allow a comparison of the protein-substrate interac-
tions between sialic acid SBPs. Differences that are observed should be investigated with
mutational analyses to further characterize the protein-substrate interaction. Additional to
these studies, SMFRET measurements should be used to analyse the closing mechanism of

sialic acid SBPs in solution.

A further aim of this work was to gain structural and functional insights into the TMDs of
TRAP transporters. In the beginning, working procedures for expression, extraction and
purification of the membrane proteins HiSiaQM and VcSiaQM must be developed and es-
tablished. While doing this, the reconstruction of TRAP transporters in different membrane
mimetic systems should be tested, as membrane proteins are natively embedded in and in-
teracting with a lipidic environment. Afterwards, the TRAP transporters should be analysed
in structural and functional studies. Prior to functional PELDOR spectroscopic studies, a
procedure towards specifically labelled constructs of the membrane proteins should be de-
veloped. Then, PELDOR spectroscopy distance measurements should be used to detect con-
formational states in the membrane proteins and analyse interactions with various additives,
such as the substrate sialic acid, the corresponding SBP or the membrane mimetic system.

Ideally, the results should experimentally validate current theoretical models of the proteins.

For further studies, TRAP transporter nanobodies should be generated through immuniza-
tion of a camelid, as these specific binders are helpful tools for many bioanalytical studies,
especially for membrane proteins. For the case of strong binding nanobodies, an influence
of the binding on the function of the transporter system can be analysed in functional studies.
Further, they can be combined with structural studies. In this work, the two major methods
for structure elucidation of membrane proteins, X-ray crystallography and cryo-EM (elec-
tron microscopy) should be used to analyse the TRAP transporter membrane domains. This
two-pronged approach should enhance the chance of the successful description of the mem-
brane proteins structure. New functional aspects and especially the description of the first
structure of the membrane protein of TRAP transporters can be possibly used to develop
specific inhibiting strategies against the uptake of sialic acid and by this, open avenues to-
wards reduction of the virulence of the two pathogens H. influenzae and V. cholerae.
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Chapter 2

Comparison of methods for distance

measurements in proteins

Preamble:

The work in this chapter was accomplished in cooperation with Christian Gebhardt and
Thorben Cordes (University of Munich). They supplied the purified MalE and SBD2 cys-

teine mutants and performed SmFRET measurements and analysis.

The content of this chapter is published in: Peter, M. F., Gebhardt, C.; Machtel, R.; Glaen-
zer, J.; Thomas, G. H.; Cordes, T.; Hagelueken, G.; Cross-validation of distance measure-
ments in proteins by PELDOR/DEER and single-molecule FRET. BioRxiv, 2020,
https://doi.org/10.1101/2020.11.23.394080.
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2.1 PELDOR and smFRET spectroscopy in integrative structural biology

As presented in Chapter 1.3, nearly all proteins and especially membrane proteins are dy-
namic molecules and rely on conformational changes to fulfil their biological task, such as
the transport of a substrate across a membrane. While often difficult, the dynamical charac-
teristics can be studied using structural methods as presented in Chapter 7.1. But, in two of
the three major methods for structure determination, X-ray crystallography and cryo-EM,
the proteins are not in their native state (crystallized or frozen) and the resulting structures

are snapshots of the dynamic behaviour.

Overall, the determination of a dynamic process with X-ray crystallography and cryo-EM
can result in a time-consuming and expensive approach and therefore, several alternative
methods have been developed to gain such insights, for example hydrogen-exchange mass
spectrometry (HDX-MS, (Wales and Engen, 2006)), small-angle X-ray scattering (SAXS
(Tuukkanen et al., 2017)) pulsed electron electron double resonance spectroscopy
(PELDOR, also known as double electron electron resonance (DEER) (Jeschke, 2018c))
and Forster resonance energy transfer (FRET, (Kapanidis et al., 2004)). These methods are
often described as orthogonal and integrative methods, meaning that the results can be com-
bined with available protein structures. Thereby, the methods are not only helpful for inter-
pretation of dynamical processes in the protein but also useful to cross-validate protein
structures. Even if the initial sample preparation often needs time-consuming optimization
of the protein sample, a suitable set-up can be used with a higher throughput of functional
studies than with the structure determining methods. However, it should be noted that while
these methods are often helpful and rich on functional information, the determination or
availability of a protein structure is most of the time a prerequisite and without a structure,

the results from all orthogonal methods are often difficult to interpret.

The present work is focused on the two integrative methods PELDOR and smFRET spec-
troscopy (Figure 2-1). Both techniques are commonly used for functional studies of proteins
and both methods are suitable to measure distances between spectroscopically active centres
on a nanometer scale. If these centres are located at certain positions, a variation of experi-
mental conditions that triggers or stabilizes different conformational states, for example ad-
dition of a substrate, can be detected as a change in the measured distance. The combination
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of several PELDOR or smFRET measurements at different conditions can lead to a detailed

insight into the dynamic and function of a protein.
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Figure 2-1: Distance measurements of proteins with PELDOR and smFRET spectroscopy. Sample
preparation: A) The PELDOR experiment is performed in frozen solution in a glass tube inside a magnetic
field B. O and P labels represent observer and pump spins, which are often chemically the same type of label.
B) The sSmFRET experiment is performed in liquid solution on free diffusion (left) or surface-coupled proteins
(right). D and A represent the donor and acceptor fluorophores of the FRET pair. Data acquisition & pro-
cessing: C & E) Field-sweep spectrum of a double spin labelled protein sample. By using two microwave
frequencies va and vg, subpopulations of the spin centres serve as pump or observer spin. Application of a
PELDOR 4-pulse sequence (top) leads to a signal that is integrated by using different times of the pulse se-
quence T and result in the PELDOR time trace (bottom). The oscillation frequency in the time trace contains
the distance information of the sample. D) Typical raw ES histogram of a solution-based SmFRET experiment
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with low and high FRET efficiency populations. The populations in the corner and at the bottom represent
donor- and acceptor-only labelling protein, respectively. F) Removing of the single-type labelled populations
and applying correction procedures lead to the device-independent FRET efficiency distribution. Distance
information: G) The PELDOR time trace in E) can be converted after background correction (red dashed line
in E) via Tikhonov regularization to a PELDOR distance distribution. H) The theoretical relation between the
measured FRET efficiency E and the Forster radius of the dye pair are used to calculate the experimental
distance between the fluorophores. The figure is modified from (Peter et al., 2020).

Even if the result of PELDOR and smFRET experiments is quite similar at first glance, the
comparison of the experimental parameters and conditions reveals some important differ-
ences. The standard SmFRET experiment has a time-resolution in the sub-millisecond range
and can be performed at low concentrations (single molecules) in liquid solution at room
temperature and at physiological conditions (Kapanidis et al., 2004, Oikawa et al., 2018,
Okamoto et al., 2020). In contrast, the standard PELDOR experiment on biomolecules is
performed at 50 K in a frozen solution and for this, the samples are snap-frozen in liquid
nitrogen (Glaenzer et al., 2017, Jeschke and Polyhach, 2007, Peter et al., 2019). Standardly
80 pL of 10-30 uM labelled protein are used for PELDOR spectroscopy, while a recent
study revealed a significantly lower concentration of around 100 nM (Ackermann et al.,
2020). For time-resolved experiments, the sample can be prepared with rapid freeze-quench
(RFQ), where the samples are frozen after a defined time (Aitha et al., 2015, Schmidt et al.,
2020). Additionally, PELDOR distance measurements or related EPR pulse experiments
can be performed in cells but this application is nowadays not a standard experiment, espe-
cially in functionally interesting cell lines (Fleck et al., 2020, Igarashi et al., 2010, Jassoy et
al., 2017).

A schematic of the general procedure for PELDOR and smFRET experiments is shown in
Figure 2-1. The PELDOR experiment is the most commonly used EPR (electron paramag-
netic resonance) pulse sequence for the determination of distances in biomolecules and al-
lows to determine distances by measuring the dipolar coupling between two or more un-
paired electrons (spin centres) (Jeschke and Polyhach, 2007). For other applications with
other kinds of spin centres, for example metal ions, other pulsed EPR experiments, such as
DQC (double-quantum coherence EPR), SIFTER (single frequency technique for refocus-
ing dipolar couplings) or RIDME (relaxation induced dipolar modulation enhancement)
have been developed (Abdullin and Schiemann, 2020, Schiemann and Prisner, 2007). The

distance measurements with smFRET rely on the detection of the non-radiative energy
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transfer between two dipolar-coupled fluorophores (Roy et al., 2008). The measurement
requires two kinds of fluorophores (donor and acceptor) with distinct, spectral properties,
which allow the non-radiative energy transfer from the donor to the acceptor fluorophore
(Roy et al., 2008). The detected energy transfer efficiency depends on overlapping of donor
emission and acceptor absorption spectral areas, their relative orientation and the distance
between the fluorophores, which can be calculated if the other parameters are known or
experimentally determined (Lakowicz, 2006).

The present work focuses on an experimental comparison of the nowadays standardly used
PELDOR and smFRET experiments for functional studies of proteins. It should be men-
tioned that many further developments and special variations for both methods exist that
can be helpful for specific applications and questions. For a full description of the theoretical
background for each method or developments, many detailed theoretical reviews and text-
books are available (Dimura et al., 2016, Goldfarb and Stoll, 2018, Jeschke, 2012,
Lakowicz, 2006, Roy et al., 2008, Schiemann and Prisner, 2007).

2.1.1 Protein labelling for PELDOR and smFRET spectroscopy

Because the most native proteins contain neither a spin centre nor fluorophores that could
be used for distance measurements, the artificial introduction of labels into proteins is nec-
essary for their investigation with PELDOR or SmFRET spectroscopy. A notable exception
are proteins that natively contain paramagnetic metal ions, which can be directly detected
with EPR spectroscopy as spin centre (Abdullin et al., 2015). Nevertheless, also for the
majority of these proteins, at least one other spin centre for distance measurements must be
introduced. One further exception is represented by dimeric or oligomeric proteins, in which
repeating single spin centres in each unit can be used for PELDOR distance measurements
(Ward et al., 2014). The introduction of fluorophores or spin labels is often accomplished
with site-directed labelling of cysteines with maleimide or thiosulfonate ester functionalized
labels (Hubbell et al., 1996, Klare and Steinhoff, 2009, Toseland, 2013) (Figure 2-2). As
label positions, native cysteines at suitable locations can be used or cysteines can be artifi-
cially introduced into the protein at desired positions. If labelling of native cysteines, intro-
duction of artificial cysteines or the removing of native cysteines to avoid random labelling
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are not feasible, alternative methods are available. For example, unnatural amino acids can
be incorporated into the protein and either already contain a spectroscopically active centre
or can be selectively labelled after incorporation (Fleissner et al., 2009, Lee et al., 2016b,
Roy et al., 2008, Schmidt et al., 2014). Further, specific binders such as nanobodies or lig-
ands can be selectively labelled and then added to the target protein to infiltrate the label
(Bordenave et al., 2016, Galazzo et al., 2020, Yin et al., 2018).

For smFRET, several fluorophore labels that can be used as FRET pair with compatible
spectral properties are known and commercially available, also with different linkers (Fig-
ure 2-2) (Gust et al., 2014, Roy et al., 2008). The distance measurements with PELDOR
spectroscopy on proteins are most of the time performed with the standard nitroxide spin
label methanethiosulfonate (MTSSL, attached to a cysteine referred as R1) (Berliner et al.,
1982). This label is small and minimally invasive during attachment to a protein, as the
overall size is comparable with the size of an arginine side chain (Figure 2-2). In contrast,
the spectroscopical properties of MTSSL are also responsible for several limitations of the
PELDOR experiment, for example that measurements have to be done at 50 K or an incom-
patibility with the reducing conditions that occur in living cells (Azarkh et al., 2011,
Jeschke, 2012). Therefore, promising alternative spin labels such as trityl-, Cu- or Gd-labels
are developed but have not yet been applied to a broad range of proteins (Cunningham et
al., 2015, Fleck et al., 2020, Potapov et al., 2010).

Independently from the method or kind of label, the requirements for suitable labelling po-
sitions in proteins are similar. Firstly, the positions should have a high solvent accessibility
to avoid steric hindrance during the labelling reaction. As mentioned before, the mutated or
labelled position should have no impact to the function of the protein and the functional
activity of the labelled proteins should be validated with additional experiments, for exam-
ple functional assays. Further, the two label positions should have a distance of around 2.0
to 8.0 nm for both methods (Jeschke, 2012, Roy et al., 2008). Larger distances are also
feasible, for example farFRET with fluorophore labelled samples or up to 16 nm with fully
deuterated spin labelled proteins in PELDOR experiments (Krainer et al., 2015, Schmidt et
al., 2016b). Further, the change of distance that occurs due to different states of the proteins
should be as large as possible to precisely detect this change. For this purpose, software

programs exist that help in the identification of suitable labelling positions (Beckers et al.,
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2015, Hagelueken et al., 2015, Jeschke, 2018b, Kalinin et al., 2012, Muschielok et al.,
2008). Importantly, to reliably calculate the expected distances and distance changes, the
structure of the protein or homologous proteins should be known.

After determination of distances in proteins with PELDOR or smFRET experiments, the
results can be compared with the protein structure. To consider label specific characteristics
such as linker length and mobility of the label, software tools are available that help to
compare the experimental measured distance with the protein structure, such as MMM or
mtsslWizard for PELDOR or FPS for smFRET (Hagelueken et al., 2015, Jeschke, 2018b,
Kalinin et al., 2012).

Figure 2-2: Chemical structures of exemplary fluorescence or spin labels. Maleimide-thiol adducts of the
fluorophores 1) AlexaFluor 555 (Gebhardt et al., 2020), 2) TMR (tetramethylrhodamin-5-maleimide) (Sauer
et al., 2010) and 3) AlexaFluor 647 (Gebhardt et al., 2020). Contrary, the 4) nitroxide MTSSL- (Berliner et
al., 1982), 5) DOTA-Gd- (Yagi et al., 2011) and 6) trityl-spin labels (Reginsson et al., 2012) are attached to a
cysteine residue via a disulfide bond. The peptide chain is represented as a grey a helix. Importantly, other
labels and variable functionalized-linkers are available and partially mentioned in the main text. The figure
was taken from (Peter et al., 2020).

PELDOR and smFRET spectroscopy are commonly used to measure distances in proteins
on a comparable size scale but a direct experimental comparison of both methods is still

missing today. In the following chapters, three proteins from the group of transporter SBPs
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were selected as model systems for such an experimental comparison (HiSiaP, MalE and
SBD2). As described above, the proteins have the advantage that large conformational
changes can be triggered easily by addition of a substrate. The same cysteine mutants of
each SBP were labelled with fluorophores and spin labels and measured with SmFRET or
PELDOR spectroscopy with the nowadays standard procedure for protein distance meas-
urements of both methods. The results are then compared and analysed to give an idea about
the strengths and advantages, as well as possible limitations of each method.

2.2 Comparison 1: Sialic acid binding protein HiSiaP
2.2.1 Choice of label positions and in silico predictions

The SBP of sialic acid TRAP transporter from H. influenzae was used as first model system.
The positions that are well suited for labelling and measurable distance changes upon a
conformational change of the protein were identified with a difference distance map from
the software program mtsslWizard (Hagelueken et al., 2015) (Figure 2-3 A). The positions
are also partially based on previous distance measurements in our group with the homolo-
gous protein VcSiaP, in which these positions were identified with the same software tool
(Glaenzer et al., 2017). The map was constructed with the two known conformations of the
protein, the open, substrate unbound (PDB-ID: 2CEY (Miiller et al., 2006)) and the closed,
substrate bound (PDB-ID: 3B50 (Johnston et al., 2008)). Large structural changes between
these conformations are visible as dark regions in the map and were used to select pairs of
labelling positions with unambiguous distance changes between the conformations, indi-
cated by coloured circles in the difference distance map (58/134, 55/175, 175/228 and
112/228, Figure 2-3 A).

After identification of labelling positions, the protein structures were firstly labelled and
investigated in silico. This procedure should verify the accessibility of the chosen labelling
positions by inspection of the protein structure and confirm the detectability of the confor-
mational change of the introduced labels. Additionally, the in silico distances for each dou-
ble mutant were used for a later comparison of the experimental results to the protein struc-
tures. The in silico labels were calculated with standard programs for both methods,
mtsslWizard (Hagelueken et al., 2015) for the used nitroxide spin label MTSSL and FPS
(Kalinin et al., 2012) for the used fluorophores AlexaFluor 555 and AlexaFluor 647
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(geometric parameters for the fluorophores are summarized in Table 9-8). The calculated
accessible volumes (AV) of both kind of labels at selected positions for both conformations
of HiSiaP are shown in Figure 2-3 B. For a better overview, only the AV of fluorophore
AlexaFluor 647 is presented, the second AlexaFluor 555 has a very similar AV, due to sim-
ilar geometric parameters (Table 9-8). As expected from the chemical structure of MTSSL
and the fluorophores (Figure 2-2), the calculated AV for the fluorophore labels are much
larger than for the spin labels (Figure 2-3 B). Despite this volume difference, the in silico
distances that were calculated with the AVs are quite similar for both types of labels, as
illustrated next to the experimental data in Figure 2-5 F. A clear change of the in silico
distances between the apo (without substrate) and holo (with substrate) conformations of

HiSiaP was observed for all mutants, confirming the useful labelling positions.
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Figure 2-3: Label positions and in silico labelling of HiSiaP. A) Difference distance map of open (PDB-
ID: 2CEY (Mdiller et al., 2006)) and closed (PDB-1D: 3B50 (Johnston et al., 2008)) conformation of HiSiaP
for identification of regions with high conformational changes, calculated with mtsslWizard (Hagelueken et
al., 2015). The positions that were used for construction of double mutants are indicated with coloured circles.
B) HiSiaP (grey) in the open, substrate free (left) and closed, substrate bound (right) conformation from A).
The AVs of spin label MTSSL (magenta) at labelling positions from A) were calculated with the mtssIWizard
(Hagelueken et al., 2015). AVs of FRET label AlexaFluor 647-maleimide (blue) at the same labelling positions
were calculated with FPS (Kalinin et al., 2012). The double mutants that were used for distance measurements
are indicated with coloured curves, corresponding to A). The figure was modified from (Peter et al., 2020).

2.2.2 Labelling of HiSiaP double mutants

Following the identification and classification of suitable labelling positions as described
above, cysteines were introduced at the desired positions to construct the four different dou-
ble cysteine mutants. The mutants were expressed in M9-minimal medium to avoid unin-

tended contaminations of the protein with their native substrate through standard LB
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medium (personal communication with Janin Glanzer, University of Bonn). By using the
standard purification procedure for sialic acid TRAP transporter SBPs from Chapter 9.1.4.1,
all mutants were produced with good yields and high purity, as illustrated by the final SEC
runs and SDS-PAGEs of all mutants in Figure SI-1.
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Figure 2-4: Labelling verification of HiSiaP double cysteine mutants. A) X-band RT cw-EPR spectrum of
nitroxide spin labelled HiSiaP double cysteine mutant 58R1/134R1 at 25 UM protein concentration (350
scans). The labelling efficiency was determined via integration of the signal. B) Absorption chromatogram of
fluorophore labelled HiSiaP double cysteine mutant 58C/134C (AlexaFluor 555 and AlexaFluor 647) after
elution of SEC column. The absorption was detected at three different wavelengths, for the protein (black)
and specific for the donor (blue) and acceptor (red) absorptions. The fraction that was used for SmMFRET ex-
periments is indicated with a grey bar. Labelling and SEC were performed by C. Gebhardt. C, E, G) Same as
A) but for other HiSiaP double mutants, as mentioned in the figure. D, F, H) Same as B) but for other HiSiaP
double mutants, as mentioned in the figure. The figure was modified from (Peter et al., 2020).
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For PELDOR experiments, all purified mutants were labelled with the nitroxide spin label
MTSSL, which is currently the most commonly used EPR spin label for PELDOR distance
measurements on proteins. The spin labelling was performed as described in Chapter
9.1.6.1. To confirm successful labelling, a X-band cw-EPR spectrum at room temperature
(RT) was recorded for each of the HiSiaP double mutants (Figure 2-4 A, C, E and G). All
spectra showed an anisotropic triplet signal that is typical for a nitroxide spin label bound
to a large biomolecule (NejatyJahromy and Schubert, 2014). Additionally, the cw-EPR
spectra revealed the successful separation of excess spin label from the labelling procedure,
which would otherwise cause a strong overlaying second, isotropic triplet signal. The label-
ling efficiencies for all mutants were determined by quantification of the signal with the
spectrometer software and are given next to each spectrum (Figure 2-4). The high labelling
efficiencies of more than 100% are presumably caused by an imprecise protein concentra-
tion determination via UV/Vis absorption, due to a low absorption coefficient of HiSiaP

through the absence of native tryptophan residues (Table 9-6).

Further, the cysteine mutants were stochastically labelled with a mixture of the commonly
used FRET pair fluorophores AlexaFluor 555 and AlexaFluor 647. The excess label was
separated with a SEC run and the successful labelling was confirmed simultaneously
through detection of the fluorophore specific absorption of the eluted protein (around 555
nm for donor, 651 nm for acceptor) (Figure 2-4 B, D, F and H). The chromatograms for all
mutants indicated absorption of both fluorophore wavelengths at the elution volume of the
protein, which was itself detected at 280 nm absorption. The labelling efficiencies for all
mutants were determined to be higher than 90% and a good donor to acceptor ratio of around
50:50 was observed. Overall, the labelling procedures of the four HiSiaP mutants for both

distance determining methods were successfully accomplished.

2.2.3 Distance measurements with PELDOR and smFRET on HiSiaP

Each double spin labelled HiSiaP mutant was investigated with PELDOR spectroscopy in
the absence or presence of the substrate sialic acid as described in Chapter 9.2.3. The raw
PELDOR time traces and the processing to obtain the PELDOR distance distributions are
shown in Figure 2-5 A-C for one double mutant and for the other mutants in Figure SI-2.
All recorded PELDOR time traces had a high quality with good modulation depth of around
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30-40%, a clear visible oscillation of the signal and a high signal to noise ratio, similar to
the already published homologous protein VVcSiaP (Glaenzer et al., 2017). The distance dis-
tributions were calculated after background correction with DeerAnalysis (Jeschke et al.,
2006) and revealed a single, well-defined and sharp peak for all measurements (Figure 2-5
C and Figure SI-2). Due to the high quality of the detected PELDOR time trace signal, the

error margin of the distance distributions was quite low.
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Figure 2-5: Distance measurements of HiSiaP with PELDOR and smFRET. A) Raw PELDOR time traces
for spin labelled double mutant HiSiaP 55/175 at apo (-) and holo (+ = 1 mM substrate) conditions. The
backgrounds that were generated with DeerAnalysis (Jeschke et al., 2006) are shown as black line. B) Back-
ground-corrected time traces from A) with fit (red) for distance calculation. C) Distance distributions from B)
with validation of the distribution (red), both calculated with DeerAnalysis. D) ES-2D-histograms of fluoro-
phore labelled (AlexaFluor 555 and AlexaFluor 647) double mutant HiSiaP 55/175 for apo (-) and holo (+)
conditions. E) 1D-E-histograms from corresponding experiment in D) for apo (grey) and holo (green). The
histograms were fitted with a gaussian distribution, the mean energy values and standard deviations are men-
tioned in the figure. F) Summary of PELDOR and smFRET distance measurements for several HiSiaP double
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mutants for apo (-) and holo (+) conditions. The PELDOR distance distributions are shown above (simulations
as grey areas (Hagelueken et al., 2015), experiments as black curves, validation in red) and the FRET distances
below the distance-axis (simulation as grey bars (Kalinin et al., 2012), experiment as black bars). The raw
data, as well as the processing steps towards the distances are shown in A-E) exemplary for one mutant and
for all other mutant in Figure SI-2 and Figure SI-3. The SmFRET experiments were performed and analysed
by C. Gebhardt, the figure was modified from (Peter et al., 2020).

For each of the four double mutants, a shift of the distance peak towards a smaller distance
was observed in the substrate supplemented PELDOR measurement (Figure 2-5 F). Addi-
tionally, the experimental distance distributions were in good agreement with the in silico
determined distances from the crystal structure, considering the error of such predictions of
+ 3 A (Hagelueken et al., 2015) (Figure 2-5 F). Consequently, the experimental PELDOR
distance distributions for each mutant represent the open and closed state of HiSiaP from
the corresponding crystal structure and can be used to study the conformational change upon
substrate binding. Importantly, no intermediate states were observed in these experiments,
as well as no substrate-free closed or substrate-supplemented open conformations by using
a high excess of sialic acid. These observations were in agreement with other results that
are presented in Chapter 3 and findings from a previous study on the homologous protein
VcSiaP (Glaenzer et al., 2017).

The smFRET measurements were performed with freely diffusing proteins and the raw data
are shown in Figure 2-5 D for mutant 55/175 and for the other mutants in Figure SI-3. All
data revealed good quality ES-histograms with clearly defined SmFRET populations. How-
ever, some measurements revealed rather broad distributions that could result from an ad-
ditional conformational flexibility of the protein or fluorophores. Another reason might be
an unwanted effect, caused from the choice of labels and labelling positions. The popula-
tions were used to calculate the experimental SmFRET distances, the results are illustrated
in combination with the in silico predictions in Figure 2-5 F. Considering the different labels
with varying linker lengths and sizes, an overall good correlation between the PELDOR and
SMFRET determined distances was observed. The SmFRET measurements in the holo con-
ditions after addition of the substrate were all in good agreement with the expectation from
the simulation (Figure 2-5 F). However, all apo measurements, except mutant 58/134, indi-
cated significant differences between the experimental and predicted distances, partially
larger than the known experimental error of around + 5 A (Hellenkamp et al., 2018). For

mutant 58/134, the experimental and predicted distances were in good agreement and a
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conformational change towards a closed protein state upon substrate addition was repre-
sented by this mutant. For the other three mutants, the measured apo distances were 5-10 A
lower than the predicted ones from the crystal structure and due to this, the conformational
change from the open to a closed state could not be concluded with certainty (Figure 2-5 F).
For the two mutants 112/175 and 175/228, the measured distances from the apo experiments
were even smaller than for the holo experiments. The reasons for these deviations of the
SMFRET experiments from their predictions and the difference to the PELDOR experiments

that fit nicely to the crystal structures are examined in detail in the following chapters.

2.2.4 Investigations of unexpected distances in SMFRET experiments

Since previous studies strongly indicated a substrate-bound closed state for HiSiaP under
holo conditions, a totally new structural feature for these three SMFRET mutants is unlikely
to be responsible for the discrepancies (Fischer et al., 2015, Johnston et al., 2008, Miller et
al., 2006). However, from a structural perspective, mutational modifications or attachments
of labels to a protein can indeed trigger unexpected functional behaviours. To investigate if
the unexpected distances for the apo measurements are caused by the labelled mutants itself,
for example a stabilization of the closed conformation or an uncontrolled fluctuation be-
tween both states, a burst-variance analysis was performed (Figure 2-6). As for all SmFRET
measurements, this experiment was performed by Christian Gebhardt from the group of
Thorben Cordes (University of Munich). The result indicated that in the absence of Neu5Ac,
the three fluorophore labelled mutants 58/134, 175/228 and 55/175 all exist only in a single
conformation and no switching between two conformations was detected. Importantly, the
experiments were limited to a millisecond timescale and motions faster than 500 us cannot
be detected with this method.

Since none of the results pointed towards a disturbed structure or function, an unintended
interaction of the fluorophores with the proteins surface was investigated. Such interactions
can strongly immobilize the label at a certain position and the measured experimental dis-
tance would then not correlate to the in silico predictions, because the AV calculation is
based on a freely moving label (Kalinin et al., 2012). Both used fluorophore labels have
sulfonic acid groups which could in principle easily interact with positively charged areas

on the surface of the protein (Figure 2-2). The interaction will depend on the type of label
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and the labelling position, which allow the label to reach certain protein regions. Because
SmMFRET uses two different kind of dyes, it is possible that only one dye is immobilized at
one position, while the other dye at the same position cannot interact with the protein and is
not immobilized. The stochastic labelling procedure will therefore causes two SmFRET pop-
ulations or a broadening of the SmFRET population, as observed in the histograms for all
three HiSiaP apo measurements with deviations from the simulation (Figure 2-5 D and E,
Figure SI-3).
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Figure 2-6: Burst-variance analysis of HiSiaP data. A) Example burst-variance analysis of mutants 55/175
and 175/228 in their holo states (left) and control experiment with fluctuating DNA-hairpin (right) from (Tsu-
kanov et al., 2013). Standard errors from the recorded data are shown in black. B) Population mean and stand-
ard deviation of the burst variance analysis for three HiSiaP mutants in apo (solid) and holo conditions
(dashed) are shown. The analysis was performed by C. Gebhardt, the figure was taken from (Peter et al., 2020).

To prove that immobilized fluorophores are the reason for the unintended distances in the
apo measurements, the labels and labelling positions were investigated with determination
of the fluorescence anisotropy and lifetime. For an unambiguous result, single cysteine mu-
tants with only one labelling position were chosen. Because all mutants with deviations
contain the label site at residue 175, this position was postulated to be responsible or in-
volved in the unintended distances and was chosen as one single cysteine mutant. In con-
trast, the double mutant HiSiaP 58/134 was the only one for which both conditions, apo and
holo, correlated well with the corresponding simulations and PELDOR results. The single
cysteine mutant HiSiaP 58 was therefore chosen and should represent a control
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measurement with low or even no immobilization of the spin label. The two single cysteine
mutants 58C and 175C were constructed, expressed and purified and were received in high
yields with good purity, similar to the double mutants before (Figure SI-4). In contrast to
the smFRET measurements above, the single mutants were labelled separately with
AlexaFluor 555 and AlexaFluor 647. The anisotropy decay was subsequently analysed for
these mutants with both fluorophores in the apo and holo conditions (Figure 2-7 A and B).
For the label position 58, no change of the anisotropy between apo and holo condition was
observed for both fluorophores. However, the fluorophores at position 175 showed a slower
decay of the anisotropy for the apo condition compared to the holo measurements (Figure
2-7 A and B). Similar observations were detected for lifetime measurements of both mutants
(Figure 2-7 C and D). Position 58 revealed an equal result for apo and holo conditions, while
the lifetime for labels at position 175, especially for fluorophore AlexaFluor 555, was in-

creased at apo condition compared to the holo condition.
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Figure 2-7: Fluorescence anisotropy and lifetime measurements on HiSiaP single labelled mutants. A)
Anisotropy decay curves of HiSiaP single labelled mutants 175 (left) and 58 (right) labelled with AlexaFluor
555 for apo (dark green) and holo conditions (bright green). B) Same as A) but with fluorophore AlexaFluor
647 for apo (dark red) and holo conditions (bright red). C) Lifetime decay curves for same mutants, labelled
with AlexaFluor 555 and same conditions and mutants as in A). D) Same as C) but with fluorophore
AlexaFluor 647. The experiments were performed by C. Gebhardt, the figure was modified from (Peter et al.,
2020).
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The different lifetime increases for the two fluorophores at position 175 explained the ob-
served broadening of the FRET populations in the double mutant histograms. Due to a sto-
chastic labelling, half of the proteins were labelled with acceptor at position 175 and donor
at the other positions, while the second half was labelled the other way around (by just
considering the proteins with two different kind of labels). The changed lifetime of donor
AlexaFluor 555 at position 175 will therefore cause another FRET state compared to pro-
teins in which AlexaFluor 647 is attached to this position. Provided that the other labelling
positions have no impact onto the lifetime that will exactly counteract the effect on position
175, two distinct FRET states are detected which cause a broadening of the FRET popula-
tions. Further, a change in lifetime, orientation and/or fluorophore disposition have an ex-
perimental influence on the Forster radius and an impact on the FRET-efficiency, which are
both used to determine the fluorophore distance (Chapter 9.2.4). Taken together, the results
suggested that the unintended FRET distances in the apo measurements of three HiSiaP
double mutants with a not detectable closing mechanism and high experiment-simulation
discrepancy were caused by a fluorophore-protein interaction of the AlexaFluor dyes at po-
sition 175.

2.2.5 Use of an alternative FRET pair

To avoid such disrupting protein-fluorophore interactions and by this, further prove the un-
intended interaction between the AlexaFluor dyes and HiSiaP protein, alternative label po-
sitions or other FRET pairs can be used. Alternative labelling positions require the produc-
tion of a new mutant, whereas another FRET pair can directly be used for labelling of avail-
able double mutants. Therefore, the FRET pair with TMR and Cy5 dye was tested, which
have a completely different molecular structure and are not negatively charged as the
AlexaFluor dyes (Figure 2-2) (Gust et al., 2014, Sauer et al., 2010). To confirm a changed
behaviour of these alternative dyes, the fluorophores were attached to the single cysteine
mutant HiSiaP 175 and the anisotropy decay and lifetime were analysed (Figure 2-8). In-
deed, contrary to the AlexaFluor dyes at this position, the TMR and Cy5 fluorophores indi-
cated no significant change of the anisotropy decay between apo and holo conditions and

thereby revealed an almost ideal behaviour with high rotational freedom (Figure 2-8 A).
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Further, the detected lifetimes for TMR are also unchanged for both conditions, while the

Cy5 dye revealed a small increase for the apo sample (Figure 2-8 B).
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Figure 2-8: Alternative FRET pair characterization for HiSiaP mutants. A) Anisotropy decay curves of
HiSiaP single mutant 175 labelled with TMR (donor, left) and Cy5 (acceptor, right) for apo (dark colours) and
holo conditions (bright colours). B) Lifetime decay curves for same mutant, same fluorophores and conditions
as in A). C) 1D-E histograms of HiSiaP double mutant 175/228 labelled with FRET pairs AlexaFluor 555 —
AlexaFluor 647 (left) and TMR-Cy5 (right). For both label pairs, the apo (grey, above) and holo (green, below)
measurements are illustrated and the mean FRET efficiencies and standard deviations of the gaussian fits are
mentioned. D) Comparison of distances for HiSiaP 175/228 from smFRET experiments with FRET pair TMR-
Cy5 to simulations and PELDOR spectroscopy results, similar to Figure 2-5 F. The experiments were per-
formed by C. Gebhardt, the figure was modified from (Peter et al., 2020).

After this initial characterization, the SmFRET distance measurements on HiSiaP double
mutant 175/228 were repeated using the alternative FRET pair. In contrast to the AlexaFluor
dyes, the 1D-E-histograms for the alternative FRET pair revealed a clear shift towards a
higher FRET energy upon addition of the substrate (Figure 2-8 C). The resulting FRET
distances are illustrated in Figure 2-8 D in combination with the simulations and the
PELDOR spectroscopy distances. The sSmFRET distances with the TMR-Cy5 dyes for the
apo and holo conditions were in agreement with the predicted distances, considering the
known experimental error of around + 5 A (Hellenkamp et al., 2018). The conformational

54



Comparison 2: Maltose binding protein MalE

change from an open to a closed conformation was represented through the measurement
with this FRET pair, contrary for the comparable measurements with AlexaFluor dyes. In
summary, after optimization of the SmFRET conditions and presumable prevention of fluor-
ophore-protein interactions, an overall good agreement between the crystal structure and the

experimental PELDOR and smFRET distances were observed for HiSiaP.

2.3 Comparison 2: Maltose binding protein MalE

2.3.1 Choice of label positions and in silico labelling

The SBP MalE from ABC transporter MalE-FKG2 was used as further system for the com-
parison of PELDOR and smFRET. Previously, this protein was analysed with SmFRET to
investigate the conformational change and substrate binding mechanism of this protein (de
Boer et al., 2019b). For the present work, four double cysteine mutants of MalE were used
and distances between the label positions and the conformational changes upon substrate

binding were analysed (Figure 2-9 A and B).
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Figure 2-9: Label positions and in silico labelling of MalE. A) Difference distance map of open (PDB-ID:
10OMP (Sharff et al., 1992)) and closed (PDB-ID: 1ANF (Quiocho et al., 1997)) conformation of MalE to
identify regions with high conformational changes, calculated with mtsslWizard (Hagelueken et al., 2015).
The positions that were used for construction of double mutants are indicated. B) Representation of MalE
(grey) in the open, substrate free (left) and closed, substrate bound (right) conformation that were used in A).
The AVs of spin label MTSSL at seven different labelling positions were calculated with the mtssIWizard
(magenta) (Hagelueken et al., 2015). AVs of FRET label AlexaFluor 647-maleimide were calculated with FPS
(Kalinin et al., 2012) for the identical positions (blue). The double mutants that were used for distance meas-
urements are indicated with coloured curves, corresponding to A). The figure was modified from (Peter et al.,
2020).
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The cysteines of the two mutants 29/352 and 36/352 are located at the entrance site of the
binding cleft. Hence, a decrease of the distance between the two corresponding labels in the
closed conformation of the protein was predicted (Figure 2-9). In contrast, the cysteines of
double mutant 87/127 are located on the back of the binding cleft. This should lead to an
increased distance during the transition from the open to the closed state (Figure 2-9). For
the fourth mutant, the two cysteines are located in one rigid body of the protein without a
conformational change upon substrate binding. This mutant was used as a negative control
(Figure 2-9). All label positions were again initially analysed via in silico labelling as de-
scribed for HiSiaP with both types of labels, the spin label MTSSL and the fluorophore
AlexaFluor 647. The AV calculations are shown in Figure 2-9 B on the surface of the pro-
tein and indicated a similar result as for HiSiaP with large, homogenous AV predictions for
the fluorophore and smaller AVs for the spin label. Additionally, the simulated distances of
the double mutants indicated the changes upon substrate addition that were expected from

the calculated distance difference map (Figure 2-11 F).

2.3.2 Labelling of MalE double mutants

The MalE double cysteine mutants were provided by the group of Thorben Cordes. For
preparation of the mutants for sSmFRET and PELDOR spectroscopy, the purified proteins
were labelled with the same labels and labelling procedures as described for HiSiaP (Chap-
ter 9.1.6).

The successful spin labelling of the mutants with MTSSL was confirmed with cw-EPR
spectroscopy. For each sample, an anisotropic triplet signal was obtained, caused by a low
rotation correlation time through successful binding of the label to a large molecule (Figure
2-10). Low intensity features of an isotropic triplet signal were detected in the sample with
mutant 87/127 (Figure 2-10 A). This observation indicated a second species of spin label
with another rotation correlation time, which is presumably represented by unsuccessfully
separated, unbound label. This result might also explain the high labelling efficiency of
115% for this mutant. Due to the same labelling procedures for all mutants and the only
small amount of free label, the sample was used for PELDOR measurements without further
optimization. The other three mutants revealed high labelling efficiencies of around 79-94%

(Figure 2-10 C, E, G). For smFRET experiments, the fluorophore labelled proteins were
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separated from excess dye and detected with the specific wavelength with a SEC run. The
elution profiles of all four mutants indicated the successful binding of the fluorophores and
sufficient efficiencies of more than 70% (Figure 2-10).
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Figure 2-10: Labelling verification of MalE double cysteine mutants. A) X-band RT cw-EPR spectrum of
nitroxide spin labelled MalE double cysteine mutant 87R1/127R1 at 25 yuM protein concentration (350 scans).
The labelling efficiency that was determined via integration of the signal is mentioned. B) Absorption chro-
matogram of fluorophore labelled HiSiaP double cysteine mutant 87C/127C (AlexaFluor 555 as donor and
AlexaFluor 647 as acceptor) after elution of SEC column. The absorption was detected at three different wave-
lengths, for the protein (black) and specific for the donor (blue) and acceptor (red) absorptions. The fraction
that was used for smFRET experiments is indicated with a grey bar. Labelling and SEC were performed by C.
Gebhardt. C, E, G) Same as A) but for other MalE double mutants. D, F, H) Same as B) but for other MalE
double mutants. The figure was modified from (Peter et al., 2020).
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2.3.3 Distance measurements with PELDOR and smFRET on MalE

The distance measurements of the labelled MalE proteins were performed with the standard
set-ups, analogous to the HiSiaP comparison. For the three MalE mutants 29/352, 36/352
and 134/186, PELDOR time traces with a good modulation depth of around 20-30% and a
visible oscillation were obtained (Figure 2-11 A and Figure SI-5). Without an obvious rea-
son, the quality for the time trace of the fourth mutant 87/127 was noticeably lower than for
the other mutants (Figure SI-5). The raw data and processing steps for calculation of the
distance distribution are illustrated in Figure 2-11 A-C for mutant 36/352 and in Figure SI-5
for the other mutants. The SmFRET experiments for fluorophore labelled MalE mutants
revealed good quality populations in the 2D-ES-histograms and a single, gaussian-shaped
distribution for the FRET energy in the 1D-E-histogram (Figure 2-11 D and E and Figure
SI-6). The experimental distances obtained from both methods are shown in Figure 2-11 F

for the apo and holo condition of each mutant and in combination with the simulated data.

For the apo conditions, all experimental PELDOR and smFRET distances closely matched
the simulated predictions, except double mutant 29/352 (Figure 2-11 F). While for the
PELDOR experiment the measured distance was still in agreement with the prediction, the
experimental SmFRET distance was around 7 A smaller than the prediction and by this, not
in the range of the experimental error of FRET with around +5 A (Hellenkamp et al., 2018).
Since both methods showed a tendency of shorter experimental distances, the MalE protein
structure at position 29 was inspected, as position 352 was also present in mutant 36/352
which closely fits to the prediction (PDB-ID: 10MP (Sharff et al., 1992)). The residue is
located at a terminal position of a helix at the proteins surface and the analysis of the crystal
packing showed a direct contact of this region with the C-terminal helix of a neighbouring
protein. This observation suggested a possible local rearrangement of the protein chain in
the crystal structure, which possibly explains the deviation of the distance measurements
with both methods in a solution state of the protein. To experimentally confirm this hypoth-
esis, further double mutants with new labelling positions next to position 29 might be help-
ful.
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Figure 2-11: Distance measurements of MalE with PELDOR and smFRET. A) Raw PELDOR time trace
for spin labelled double mutant MalE 36/352 at apo (-) and holo (+ = 1 mM substrate) conditions. The back-
grounds that were generated with DeerAnalysis (Jeschke et al., 2006) are shown as black line. B) Background-
corrected time traces from A) with fit (red) for distance calculation. C) Distance distributions from B) with
validation (red), both calculated with DeerAnalysis. D) ES-2D-histograms of fluorophore labelled
(AlexaFluor 555 and AlexaFluor 647) double mutant MalE 36/352 for apo (-) and holo (+) conditions. E) 1D-
E-histograms from corresponding experiment in D) for apo (grey) and holo (green). The histograms were
fitted with a gaussian distribution, the mean energy values and standard deviations are mentioned in the figure.
F) Summary of PELDOR and smFRET distance measurements for several MalE double mutants for apo (-)
and holo (+) conditions. The PELDOR distance distributions are shown above (simulations as grey areas
(Hagelueken et al., 2015), experiments as black curves, validation in red) and the FRET distances below the
distance-axis (simulation as grey bars (Kalinin et al., 2012), experiment with black bars). The raw data, as
well as the processing steps towards the distances are shown in A-E) exemplary for one mutant and for all
other mutant in Figure SI-5 and Figure SI-6. The SmFRET experiments were performed and analysed by C.
Gebhardt, the figure was modified from (Peter et al., 2020).

The addition of the substrate maltose in high excess showed no effect for the control mutant
134/186, as the PELDOR and smFRET distances were nearly unchanged (Figure 2-11 F).
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Further, the mutant 87/127 on the back of the protein indicated a conformational change
towards the closed state by an expected increase of the distance (Figure 2-11 F). The exper-
imental distances of these two mutants for both methods were in good agreement with the
predicted distances. The other two double mutants 29/352 and 36/352 after addition of the
substrate revealed SmFRET distances that correlated well with the simulated data while the
PELDOR data showed unexpected distance distributions (Figure 2-11 F). For both mutants,
a clear double peak was observed in the distance distribution. The double peak was already
manifested in a slight multifrequency oscillation of the original PELDOR time trace (Figure
2-11 A and Figure SI-6).

The simulated distances allowed the assignment of the two experimental peaks to the open
and closed protein conformation and thereby indicated a mixture of the protein states in the
sample, despite a large excess of substrate with around 66 times higher molar concentration.
The deviation for mutant 29/352 that was described for the apo measurements was still de-
tectable for the holo measurements, albeit the difference was smaller. Contrary to the two
double mutants 29/352 and 36/352, the mixture of the two conformational states was not
represented in the distance distribution of mutant 87/127. For this mutant, only a broader
distance distribution at holo conditions was observed compared to the apo experiments. Due
to the lower quality of the PELDOR time traces for this mutant, it is possible that the mixture
of conformational states was just observed as single, broader peak and not as two distinctly

separated distance peaks.

2.3.4 Investigations of unexpected distances in PELDOR experiments

One important difference between standard PELDOR and smFRET spectroscopy measure-
ments is the experimental temperature which can influence a binding process, as previously
observed for the OppA ABC transporter SBP (Norcross et al., 2019). In PELDOR spectros-
copy, the samples are snap-frozen after preparation and incubation with the substrate and
measured for spectrophysical reasons at 50 K, whilst SmFRET is performed in liquid solu-
tion at room temperature. To analyse if the observed partial closure of the protein is derived
from a changed binding affinity between substrate and protein, the PELDOR experiments
for the two mutants 29/352 and 36/352 were repeated with a 10 times higher amount of

substrate (10 mM instead of 1ImM maltose). The PELDOR experiments revealed similar
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distance distributions for both substrate concentrations and still revealed a mixture of both
protein conformations (Figure 2-12 A). Although the closed state for mutant 36/352 was
minimally increased, the mixture of both states still dominated. Additional to these meas-
urements, a further analysis of the direct temperature influence onto the measurement is
hard to achieve. PELDOR experiments in the used set-up with nitroxide spin labels cannot
be performed at higher temperatures and contrary, SmFRET measurements in frozen solu-
tion are also not standard procedures. Alternative spin labels such as trityls give the option
for pulsed-EPR experiments at room temperature but are currently under development and

not used in standard set-ups (Fleck et al., 2020).

Another experimental condition that differs between both methods is the addition of high
amount of cryo-protectant to the PELDOR sample, prior to snap-freezing. Standardly the
spin labelled proteins were measured in 50% d-ethylene-glycol (deuterated) to receive an
amorphic, glass-like state of the frozen solution. Additionally, the deuterated cryo-protect-
ants lead to an increase of the T2 relaxation times and thereby allow the determination of
longer PELDOR distances (Georgieva et al., 2012, Jeschke, 2012, Schmidt et al., 2020). To
find out if the addition of cryo-protectant influenced the substrate binding or closure transi-
tion in the presented experiments, the PELDOR experiments of the double mutants 29/352
and 36/352 were repeated with differing amounts and another kind of cryo-protectant.

First, a sample of mutant 29/352 was prepared with a lower amount of 25% d-ethylene-
glycol (Figure 2-12 B). As visible from the distance distribution, the mixture of the two
states was unchanged, the single peaks for each distance are just less resolved due to the
lower quality of the PELDOR time trace (Figure SI-7). In a second measurement, the alter-
native cryo-protectant d-glycerol (25%) was used and the distance distribution of this meas-
urement indeed revealed a varied mixture of the two conformational states (Figure 2-12 B).
The amount of the closed state was clearly increased compared to the measurements with
the other cryo-protectant, but still a representative distance signal for the open conformation
was detectable (estimated to be around 30%). As consequence, the PELDOR measurements
for this mutant were repeated without any addition of a cryo-protectant. The intensity of the
echo signal for this measurement was very low and the time scale of the PELDOR time
trace had therefore been shortened, whereby the long distances are more error-prone than
for the other measurements (Figure SI-7) (Jeschke, 2012, Glaenzer et al., 2018). However,
an oscillation of the signal was detected on a short time scale and the calculated distance
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distribution for this measurement indicated only a monomodal distance peak. The same ef-
fect was obtained for the second mutant 36/352, the removal of cryo-protectant led to a
change of the PELDOR distribution to a single peak (Figure 2-12 B and Figure SI-7). No-
ticeably, the experimental holo PELDOR distances for both mutants without cryo-protectant
were smaller than the simulated distances, especially mutant 29/352 indicated a deviation

between the experimental and predicted distance.
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Figure 2-12: Variations in sample preparation of MalE for PELDOR. A) PELDOR distance distributions
for the two spin labelled MalE mutants 29/352 and 36/352 with standard substrate concentration (+) and a 10
times higher amount (++) (simulations as grey areas (Hagelueken et al., 2015), experiments as black curves,
validation in red). Data were analysed with DeerAnalysis (Jeschke et al., 2006), the raw PELDOR data are
shown in Figure SI-5. B) PELDOR distance measurements for same mutants as in A) with variations in the
amount and kind of supplemented cryo-protectant as mentioned in the figure. The raw data, as well as the
processing steps are shown in Figure SI-7. The figure was modified from (Peter et al., 2020).

The experiments above suggested a strong dependence of the conformational change from
MalE on the use of cryo-protectant. Through reducing or variation of the protectant, the
PELDOR distance distributions revealed different results. Hence, as the SmFRET distances
were in good agreement with the expectations and simulations, this method is more suitable
for functional studies of MalE by using standard conditions. Nevertheless, a further optimi-
zation or variation of the PELDOR experimental conditions can also presumably lead to a
full functional description. Therefore, general binding and interaction studies between MalE
and the cryo-protectants will be useful and cryo-protectants without interactions should be

used.
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2.4 Comparison 3: Glutamate/Glutamine binding protein SBD2

2.4.1 Choice of label positions and in silico labelling

As third model system, the substrate binding domain 2 (SBD2) of the ABC transporter
GInPQ was used, previously studied with SmFRET spectroscopy (Gouridis et al., 2015).
The regions with high conformational changes between the open and closed conformation
were confirmed by generating a difference distance matrix with the mtsslWizard software
(Hagelueken et al., 2015) (Figure 2-13 A). Two double mutants were used, which are
located on the opposite side of the protein and revealed a high change of the distance
between the cysteine positions upon substrate binding (319/392 and 369/451). The labels,
as well as the distances between the labels were again determined in silico. The AVs for the
spin label MTSSL and fluorophore AlexaFluor 647 are shown in Figure 2-13 B on the
surface of the two conformational states, indicating similar AVs for both types of labels as
before. The in silico distance predicitions of the two double mutants revealed the expected

behaviour of distance changes upon conformational change of the protein (Figure 2-15 F).
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Figure 2-13: Label positions and in silico labelling of SBD2. A) Difference distance map of open (PDB-ID:
4KRS5 (Fulyani et al., 2013)) and closed (PDB-ID: 4KQP (Fulyani et al., 2013)) conformation of SBD2 for
identification of regions with structural changes, calculated with mtssiWizard (Hagelueken et al., 2015). The
positions that were used for construction of double mutants are indicated. B) Representation of SBD2 (grey)
in the open, substrate free (left) and closed, substrate bound (right) conformation that were used in A). The
AVs of spin label MTSSL at four different labelling positions are calculated with mtsslWizard (magenta)
(Hagelueken et al., 2015). The AVs of FRET label AlexaFluor 647-maleimide were calculated with FPS (blue)
(Kalinin et al., 2012) for the identical positions. The double mutants that were used for distance measurements
are indicated with coloured curves, corresponding to A). The figure was modified from (Peter et al., 2020).
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2.4.2 Labelling of SBD2 double mutants

Following the procedure from the other two model systems, the two SBD2 mutants were
constructed, expressed and purified by the laboratory of Thorben Cordes (University of Mu-
nich). The mutants were subsequently labelled with either the spin label MTSSL or a mix-
ture of the two fluorophores AlexaFluor 555 and AlexaFluor 647 by using the standard
labelling procedures as described in Chapter 9.1.6. The spin labelling was again confirmed
by recording of cw-EPR spectra. For both mutants, an anisotropic triplet signal was meas-
ured, indicating the successful attachment of the label to the protein SBD2 (Figure 2-14 A
and C). Interestingly, the cw-EPR spectrum for mutant 319/392 revealed at least two spin
label species, one with a lower and one with a higher mobility. This second species might
be caused by an unsuccessful separation of the excess label that is still present unbound in
the sample or an attached label in a very flexible region of the protein. The high quantity of
determined labelling efficiency of around 111% suggested an unsuccessful separation.
However, as before for one MalE mutant, the sample was used for the distance measurement
to ensure a high level of comparability for all experiments. The spin labelling efficiency of

the other mutant was determined to a value of 91%.
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Figure 2-14: Labelling verification of SBD2 double cysteine mutants. A) X-band RT cw-EPR spectrum of
nitroxide spin labelled SBD2 double cysteine mutant 319R1/392R1 at 25 uM protein concentration (350
scans). The labelling efficiency that was determined via integration of the signal is mentioned in the figure.
B) Absorption chromatogram of fluorophore labelled HiSiaP double cysteine mutant 319C/392C (AlexaFluor

64



Comparison 3: Glutamate/Glutamine binding protein SBD2

555 as donor and AlexaFluor 647 as acceptor) after elution of SEC column. The absorption was detected at
three different wavelengths, for the protein (black) and specific for the donor (blue) and acceptor (red) absorp-
tions. The fraction that was used for sSmFRET experiments is indicated with a grey bar. Labelling and SEC
were performed by C. Gebhardt. C) Same as A) but for other SBD2 double mutants. D) Same as B) but for
other SBD2 double mutants. The figure was modified from (Peter et al., 2020).

The fluorophore labelling of SBD2 for smFRET experiments was performed and confirmed
with the specific detection of the elution from a SEC by the group of Thorben Cordes. Even
if the overall elution profile showed a low intensity for the protein-wavelength at 280 nm,
the two fluorophore absorptions were successfully identified (Figure 2-14 B and D). Again,
the labelling efficiency of both mutants was higher than 70% and the labelled mutants were

used for the SmMFRET measurements.

2.4.3 Distance measurements with PELDOR and smFRET on SBD2

The smFRET experiments on the labelled SBD2 mutants resulted in clear populations and
single distributions of FRET energy in a 1D-E-histogram (Figure 2-15 D, E and Figure
SI-9). The calculated smFRET distances indicated an overall good agreement with the sim-
ulated distances for both conditions (Figure 2-15 F). For the holo measurements, the exper-
imental distances closely matched to the simulated ones, whereby in the apo conditions the
predicted distances for both mutants were slightly larger. Nevertheless, the discrepancy is
still in agreement with the experimental error for the SmFRET experiments of around =5 A
and therefore, the SMFRET experiments for this protein successfully represented the ex-
pected conformational change (Hellenkamp et al., 2018).

The standard PELDOR experiments for both SBD2 mutants revealed time traces with good
modulation depth, good signal-to-noise ratio and a clear visible oscillation (Figure 2-15 A
and Figure SI-8). In contrast to the SmFRET experiments, the calculated PELDOR spec-
troscopy distance distributions showed a different behaviour than expected (Figure 2-15 F).
The apo measurements for both mutants resulted in a mixture of two distinct peaks, similar
to the MalE holo measurements of mutants 29/352 and 36/352 (Figure 2-11 F). The com-
parison with the simulated PELDOR distances assigned the two distance peaks to the open
and closed protein states and suggested thereby a mixture of the two conformations in the

PELDOR sample without substrate. Through addition of substrate, the ratio of the two peaks
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was clearly shifted to the shorter distance, albeit a small amount of the large distance was
still observable (Figure 2-15 F). Such closed states in the absence of the substrate were
described before for other SBPs but are not known for SBD2 and are not in agreement with
the SMFRET data (de Boer et al., 2019a, Tang et al., 2007).

To investigate the reason for the deviations, the experimental conditions were varied for the
SBD2 protein, similar as for the MalE model system. First, the holo measurement for mutant
369/451 was repeated with a higher excess of substrate to analyse if the remaining open
state protein can be triggered to adopt the closed state (Figure 2-15 F). Both PELDOR dis-
tance distributions, with standard and 10 times higher substrate concentration, showed the
same small amount of the open conformation, indicating no obvious change of the substrate
binding affinity due to the freezing of the sample. In the next step, the PELDOR samples
were analysed regarding contaminations. For this, the PELDOR experiment was repeated
with a significantly lower protein concentration of a factor 10 to see if a possible equilibrium
between open and closed states can be changed. However, the PELDOR distance distribu-
tion with low concentration of mutant 369/451 was unchanged compared to the standard
concentration experiment (Figure SI-8). Additionally, the protein sample after spin labelling
procedure was analysed with LCMS (liquid-chromatography mass spectrometry) to check
for the presence of the substrate in the apo sample. For this purpose, the protein was aggre-
gated by heat, pelleted by centrifugation and the supernatant investigated with LCMS. The
obtained mass spectrum revealed no signals in the supernatant of the solution that could be

assigned to the detected spectrum of a glutamine positive control run (Figure SI-10).

Because the previous model system MalE indicated a strong influence of the cryo-protectant
on the conformational states, the apo measurement of SBD2 mutant 369/451 was also per-
formed without cryo-protectant. However, this distance distribution still featured the similar
mixture of the two conformational states than the standard measurement (Figure 2-11 F).
Small changes towards the open conformation were observable in the cryo-protectant free
distribution, but this could also be the result of a lower quality of the time trace without
cryo-protectant, as visible from the validation of the distribution (Figure SI-7). In summary,
the reason for the mixture of two distances in the PELDOR distances distributions could not
be described. Possible further reasons that might cause such an effect will be discussed in
Chapter 2.6.
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Figure 2-15: Distance measurements of SBD2 with PELDOR and smFRET. A) Raw PELDOR time trace
for spin labelled double mutant SBD2 369/451 at apo (-) and holo (+ = 0.1 mM substrate) conditions. The
backgrounds that were generated with DeerAnalysis (Jeschke et al., 2006) are shown as black line. B) Back-
ground-corrected time traces from A) with fit (red) for distance calculation. C) Distance distributions from B)
with validation of the distribution (red), both determined with DeerAnalysis. D) ES-2D-histograms of fluoro-
phore labelled (AlexaFluor 555 and AlexaFluor 647) double mutant SBD2 369/451 for apo (-) and holo (+)
conditions. E) 1D-E-histograms from corresponding experiment in D) for apo (grey) and holo (green). The
histograms were fitted with a gaussian distribution, the mean energy values and standard deviations are men-
tioned in the Figure. F) Summary of PELDOR and SmFRET distance measurements for two SBD2 double
mutants at different conditions (++ = 1 mM substrate). The PELDOR distance distributions are shown above
(simulations as grey areas (Hagelueken et al., 2015), experiments as black curves, validation in red) and the
FRET distances below the distance-axis (simulation as grey bars (Kalinin et al., 2012), experiment with black
bars). The raw data, as well as the processing steps towards the distances are shown in A-E) exemplary for
one mutant and for all other mutant in Figure S1-8 and Figure S1-9. The PELDOR apo measurement for mutant
369/451 was repeated without cryo-protectant (magenta, raw data in Figure SI-7). The SmFRET experiments
were performed and analysed by C. Gebhardt, the figure was modified from (Peter et al., 2020).
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2.5 Influence of label parameters on the accuracy of distance predictions

As seen from the HiSiaP model system in comparison 1, a protein-label interaction can
cause large uncertainties in the determined distance and can lead to a deviation between
experimental and predicted distances. The consideration of such interactions into the calcu-
lation of the label conformers are still challenging and under development (Chapter 2.6)
(Spicher et al., 2020). The current standard methods are based on the prediction of AVs in
which sterically hindered conformations are deleted from the label rotamer ensembles and
no protein-label interactions are considered (Hagelueken et al., 2015, Jeschke, 2018b,
Kalinin et al., 2012). Due to the discrepancies in the SmMFRET results for HiSiaP, the impact
of neglected protein-label interactions, as well as the linker length of a label, on the predicted

distributions are analysed in the following chapter.

For this, a simulation was set-up with two spherical regions that are 50 A apart from each
other and whose sizes represent the linker length of the label and is varied in two simulations
approaches for a 10 A linker and a 20 A linker (Figure 2-16 A, simulation was performed
by Gregor Hagellken, University of Bonn). Each of the two regions for one simulation
contained 1000 individual atoms, representing the conformations of a label in an ensemble.
By default, the atoms were randomly distributed in the spherical regions to imitate a com-
pletely free label. To include label-protein interaction in the simulation, a defined percent-
age of atoms (10, 50 and 100%) from the randomly distributed atoms were fixed at a certain
position. These atoms represented an immobilized label that strongly interacts with the sur-
face of the protein and is not evenly distributed in the AV. After definition of the parameters,
the geometric average distance of all approaches with varying linker length and different
percentage of fixed atoms were determined and compared to the distance of 1000 randomly
distributed atoms. This algorithm was processed 1000 times to generate a statistical distri-

bution of interaction sites.

The distributions for two linker lengths and three percentages of immobilized labels are
illustrated in Figure 2-16 B. For the case of low immobilization (10% fixed atoms, magenta),
the distributions of the predicted error remained very sharp, even after the doubling of the
linker length to 20 A. The immobilization of 50% of the atoms led to a significant broaden-
ing of the distributions. For the simulation with a shorter linker, the error distribution was

still in an acceptable region of around + 10 A. In contrast, the error of the longer linker was
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broader with around + 20 A and will therefore presumably cause great differences between
the experimentally determined and simulated distances. The effect was even more dominant
in the case of a fully immobilized spin label (100%, cyan). In this case, the use of both linker
lengths caused a large error from theoretical distances of a free moving label and will gen-

erate a significant difference of the experimental distance to the predicted ones.
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Figure 2-16: Influence of the linker length and immobilization of labels on the correlation between ex-
perimental and predicted distances. A) Schematic of the simulation approach. Two spheres (50 A apart
from each other) were generated and filled with 1000 atoms (red balls, representing the labels). The size of
the spheres (representing the linker length) as well as the amounts of atoms that are fixed at one place (repre-
senting immobilized labels) are varied for the simulations. The averaged distance of all atoms (experimental
distance, red) is compared to the average distance for randomly distributed atoms (simulated distance, black),
representing the AV calculation (simulation was performed by Gregor Hageluken, University of Bonn). B)
Histograms of the error between the experimental and simulated distance from A). The simulations were per-
formed with a short (10 A) and long linker (20 A) as well as each linker with three different percentages of
immobilized labels (10%, 50% and 100%). For a distribution of the predicted errors, each simulation was run
1000 times and the results are combined in the histograms. The figure was taken from (Peter et al., 2020).

The crystal structure of the matrix metalloproteinase-12 (MMP-12) in complex with a fluor-
ophore Cy5.5 labelled inhibitor is a suitable example for a completely immobilized label
(PDB-ID: 5L79 (Bordenave et al., 2016)). The Cy5.5 and the AlexaFluor dyes from the
present work have a similar structure with negatively charged sulfonic acid groups (Figure

2-2 and (Bordenave et al., 2016)). In the crystal structure, the label is fixed in a certain
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position on the surface of the protein and one sulfonic acid group is bound in a small surface
pocket between positively charged lysine 233 and arginine 249 (Figure 2-17 A). As conse-
quence, the immobilized label is resolved and could be built into the electron density after
diffraction experiment, contrary to a potential free moving label. To compare the immobi-
lized label with simulated label ensembles, the AV of the label was calculated (Figure 2-17
B). The comparison of the AV with the immobilized label from the crystal structure indi-
cated that such a label position in SMFRET distance measurements presumably results in
significant deviations of the experimental and simulated distances, as observed for the

AlexaFluor pair in HiSiaP.

PDB-ID: 2XGA

Figure 2-17: Crystal structures with immobilized labels. A) Surface representation (grey) of MMP-12 crys-
tal structure in complex with Cy5.5 labelled (green) inhibitor (cyan) (PDB-ID: 5L79 (Bordenave et al., 2016)).
The interaction-area between label and protein is highlighted with the surface charge of the protein, calculated
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with PyMOL (Schrddinger LLC) (positive regions in blue, negative regions in red). B) Same protein and
representation as A) but with AV of the fluorophore (blue) at the labelling position, calculated with FPS
(Kalinin et al., 2012). C) Surface representation (grey) of dimeric chaperone Spal5 crystal structure with spin
label MTSSL at position 19 (green) (PDB-ID: 2XGA (Lillington et al., 2011)). The interaction-area between
label and protein is highlighted with the surface charge of the protein, calculated with PyMOL (Schrddinger
LLC) (negative regions in red). D) Same protein and representation as in C) but with AVs of the spin labels
(magenta) at same labelling positions, calculated with mtsslWizard (Hagelueken et al., 2015).

Importantly, also examples for PELDOR spin labels are known that interact with the protein
and are immobilized in one or a few conformations. The crystal structure of single spin
labelled, dimeric Spal5 chaperone from Shigella flexneri indicated a fixed conformation of
the nitroxide MTSSL in a surface pocket of the protein (Figure 2-17 C) (Lillington et al.,
2011). Similar to the fluorophores Cy5.5 from the example above, the AV prediction would
result in a large difference between experimental and simulated distances for such PELDOR

experiments (Figure 2-17 D).

2.6 Discussion and conclusion
2.6.1 Overall comparison of the results from PELDOR and smFRET experiments

In the last chapters, distance measurements with the two methods PELDOR and SmFRET
on three SBPs (HiSiaP, MalE and SBD2) were presented and analysed. In summary, the
experimental quality of the majority of measurements were quite good and allowed for the
calculation and interpretation of the label distances on the proteins with structural interpre-
tations. Despite some deviations, the resulting PELDOR and smFRET distances were also
in a good consistency with each other and with the in silico predictions from the crystal
structures. The experimental and simulated distances from both methods differed by 5 A for
the majority of experiments, while the overall difference distribution is spread in a range of
+10 A

However, the investigation of the difference between the experimental and simulated data
revealed significant deviations for some measurements. The simulations and examples from
Chapter 2.5 showed that even moderate protein-label interactions can cause such significant
deviations, as the in silico predictions are not consider such a behaviour. Additional to pro-
tein-label interactions, some measurements showed further special features, for example

biomodal PELDOR distance distributions, that were not observed by the other method and
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contradicted the expectations from the crystal structure. In the following paragraphs, the
different observations from the three model systems, as well as possible variations and mod-
ifications that could prevent such deviations, are discussed.

2.6.2 Preventing protein-label interactions

The first comparison on the HiSiaP protein is a good example to show the influence of
protein-label interactions on distance measurements. The commonly used AlexaFluor FRET
pair resulted in unexpected distances in the SmMFRET experiments. As shown in the simula-
tion from Chapter 2.5, the strong interaction of a label, either a spin or a fluorescence label,
with the protein will cause an error-prone measurement and thereby to a misleading inter-
pretation for the function of the protein. One point that is not significant for the proteins in
this comparison but for experiments with membrane proteins is an additional possible inter-
action of the label with the membrane mimetic system that would result in similar deviations
(Hughes et al., 2014).

Based on the experimental experiences, there are several possible ways to avoid such pro-
tein-label interactions. One solution can be the use of shorter linkers, whereby a possible
deviation will have less impact on the error as shown by the simulation in Chapter 2.5.
Regarding the used spin label MTSSL, the linker length, as well as the overall label size, is
already relatively small and has a similar size compared to an arginine residue. One alter-
native version of the commonly used MTSSL is a double-functionalized nitroxide spin label
(Rx), which is connected to two nearby located cysteines in a protein (Fleissner et al., 2011).
The label is more rigid, can reach fewer protein surface regions and the probability of a
protein-label interaction is reduced. However, the requirements to the label position are
higher than for a mono-functionalized label and already for the standard MTSSL, often only
a small number of labelling positions exists that are suitable for functional studies (Chapter
2.1). Furthermore, for distance measurements with the bi-functionalized Rx label, four mu-
tations are necessary, if no native cysteines can be labelled or other spin centres can be used.
Additionally, the connection of two protein regions with one label can cause steric problems
and can more easily disturb the structure of the protein. For SmFRET fluorophores, free
rotation of the labels is a requirement for predictions of the AVs and to exclude orientational
effects on the FRET efficiencies (Kalinin et al., 2012). The shortening of the label linker
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with a probably more rigid label will therefore cause further challenges for the simulation,

as well as for the experimental distance calculation.

The second way to avoid deviations between simulation and experiment is the prevention
of specific protein-label interactions, especially interactions that cause a 100% immobilized
label as presented for the matrix metalloproteinases MMP-12 (Figure 2-17). For proteins,
the charge distribution on the surface is often complex and negatively and positively charged
regions, as well as uncharged regions, are almost randomly distributed over the surface.
Therefore, if immobilized labels are detected or supposed, the use of labels with other func-
tional groups and variably charged regions are a possible alternative. For example, in the
SmFRET experiments with HiSiaP, the change to another FRET pair resulted in the expected
distances that were not obtained with the first used dyes. However, not every kind of label
is available with alternative charges or other functional groups. Also, a synthetical modifi-
cation of charged groups to construct new labels often goes hand in hand with a changed
water solubility and hydrophobicity. This effect can cause a strong variation of the labelling

procedure and can result in lower labelling efficiencies (Fleck et al., 2021, Qu et al., 2019).

A further alternative to prevent disruptive protein-label interactions in a certain labelled
protein is the use of other labelling positions in a different region of the protein. For these
new positions, the requirements are similar as for the initially used labelling positions: large
distance change between label positions upon conformational change of the protein, meas-
urable distances between the labels, no functional impact and high accessibility for the label
(Chapter 2.1). As mentioned before, many proteins do not have a lot of positions which
fulfil such requirements, and the number of suitable positions are often rather small. How-
ever, the sSmFRET results of HiSiaP showed that a change of the labelling positions, as for
the double mutant 58/134 compared to the other three mutants, can significantly change the
observation and result in the expected behaviour. Indeed, it is not to be ruled out that the
labels at new positions also interact with the surface of the protein. However, the distance
measurements with several double mutants can be used to identify mutants with immobi-
lized labels or to mutually confirm the measured distances and by this, strengthens the reli-
ability of the results.

Another way to prevent a large difference between experiment and simulation is the inclu-

sion of potential protein-label interactions into the simulation, which can increase the
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prediction accuracy of the label conformations. Consequently, the simulated data is in a
higher agreement with the experimental result and misleading interpretations or deviations
are less frequent. Further, such simulations can be used prior to the measurements to identify
regions with a potential high immobilization of the label. However, such a theoretical cal-
culation by MD simulations (molecular dynamics) is still time-consuming and a comparison
of the standard AV approaches with such MD simulations showed no significant increase
on the prediction accuracy (Alexander et al., 2013, Hagelueken et al., 2012, Jeschke, 2013).
Nevertheless, new algorithms and programs that try to solve these bottlenecks and give a
higher accuracy for the predicted distances are under constant development (Spicher et al.,
2020, Spicher and Grimme, 2020).

2.6.3 Influence of cryo-protectants on distance measurements

The second model system MalE indicated an unexpected behaviour in the standard
PELDOR experiments, which could be presumably ascribed to the supplementation of cryo-
protectant. As mentioned above, the addition of cryo-protectant is necessary to avoid protein
aggregation and increase the T2 relaxation time to receive higher quality time traces and
longer detectable distances (Georgieva et al., 2012, Jeschke, 2012, Schmidt et al., 2020).
While in the most PELDOR studies no effect from the cryo-protectant on the distance meas-
urement is mentioned, examples of proteins are known that can interact with a small cryo-
protectant molecule (Georgieva et al., 2012, Schmidt et al., 2020, Vagenende et al., 2009).
Particularly the chosen class of SBPs are prone to a changed structural or functional behav-
iour, as they have a native cavity in which the binding of a small molecule can trigger a

large conformational change.

The first step in analysing a possible impact of a cryo-protectant on the conformational state
of a protein is the use of a different type from a large arsenal of such compounds (Vera and
Stura, 2014). As seen for MalE, the distance distribution changed significantly by replacing
the d-ethylene glycol with d-glycerol and supplied a clue for an initially difficult to interpret
distance distribution. Despite the simple exchange of cryo-protectants, PELDOR sample
preparation with rapid-freeze quenched (RFQ) allows the use of a lower concentration or
even a complete absence of a cryo-protectant (Georgieva et al., 2012, Schmidt et al., 2020).

However, the production of RFQ samples requires further equipment and complicates the
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standard sample preparation of snap-freezing. Another conceivable alternative is a room
temperature PELDOR measurement in which no cryo-protectant is needed. As mentioned
before, room temperature PELDOR experiments are currently not standard experiments,
due to spectroscopical reasons (Jeschke, 2012). Alternatively, new spin labels are under
current development that may enable room temperature PELDOR experiments, such as
trityl radicals (Fleck et al., 2020, Reginsson et al., 2012). Nevertheless, a comprehensive
functional investigation of a protein with nowadays standard procedure for PELDOR spec-
troscopy should involve control measurements with varied or without cryo-protectants to
exclude an impact of these additives on the measured distances. For the proteins in the pre-
sented comparison, the two model systems MalE and SBD2 were analysed with alternative
or without cryo-protectant, while for HiSiaP, the homologous protein from V. cholerae,
VcSiaP, was previously studied without cryo-protectant and no functional change was ob-
served (Peter et al., 2020).

2.6.4 Deviations of PELDOR and smFRET distances with unknown reasons

The third SBP model system SBD2 resulted in an unexpected PELDOR distance distribu-
tion, for which no explanation could be experimentally found. Hypothetically, again the
freezing conditions of the PELDOR measurements could be the reason, which can have an
influence on the conformational state of the protein. Due to the freezing procedure, it is
possible that a conformational state is generated and stabilized that is not visible in the room
temperature SmMFRET measurements. Furthermore, it could be possible, that also the
SmFRET measurements do not represent the correct equilibrium between the two confor-
mational states. Nevertheless, to find out which method represents the real behaviour of the
protein in solution, more parameters need to be analysed, for example other labelling posi-
tions, alternative labels for PELDOR and smFRET or the mentioned RFQ sample prepara-
tion for PELDOR measurements. Additionally, a further cross-validation with another or-
thogonal method or structural analysis of the labelled proteins can help to analyse the con-

formational states that were observed in the PELDOR and sSmFRET experiments.
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2.6.5 Conclusion

For the first time, an experimental approach was performed in this work, which compared
the commonly used integrative structural biology methods PELDOR and smFRET spec-
troscopy in high detail. The three model systems from this cross-validation comparison
showed strengths and advantages, but also some limitations of the two methods. The unex-
pected results, caused by various reasons such as characteristics of the labels or addition of
supplements, give a good impression about the analysis and reliability of resulting distances.
Consequently, the comparison showed that it is important to keep in mind that also these
methods have restrictions, since they are often used to circumvent limitations of X-ray crys-
tallography or cryo-EM. The comparison also indicated that a cross-validation of the results,
especially if they are inconsistent with expectations from the protein models, is important

and essential to avoid misleading interpretation.
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Chapter 3

Sialic acid binding mechanism of TRAP
transporter SBP VcSiaP

Preamble:

Preliminary work on the SBPs of TRAP transporters, especially the expression and purifi-
cation routine, was done in cooperation with Janin Glanzer (University of Bonn). The first
sialic acid bound structure of VVcSiaP was solved with the help of Niels Schneberger during
his Master thesis. The SMFRET experiments were performed in cooperation with Christian
Gebhardt, Marijn de Boer and Thorben Cordes (University of Munich and University of

Groningen).

Parts of this chapter were published in: Peter, M. F.; Gebhardt, C.; Glaenzer, J.; Schne-
berger, N.; de Boer, M.; Thomas, G. H.; Cordes. T.; Hagelueken, G.; Triggering closure of
a sialic acid TRAP transporter substrate binding protein through binding of natural and ar-
tificial substrates, Journal of Molecular Biology, 2021, 433 (3), 166756.
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Sialic acid binding mechanism of TRAP transporter SBP VcSiaP

3.1 Structural elucidation of sialic acid bound VcSiaP

Previous studies on the function of the SBP VcSiaP from the sialic acid TRAP transporter
from V. cholerae revealed a factor 10 decreased binding affinity to the substrate compared
to the three related SBPs, HiSiaP, FnSiaP and PmSiaP from homologous transporters (Gangi
Setty et al., 2014). Further, even though the sequence identity between VcSiaP and HiSiaP
with 49% similar amino acids is quite high (67.3% similarity, calculated with EMBOSS
Needle Pairwise Alignment, (Madeira et al., 2019)), VcSiaP seems to not interact with the
membrane domains HiSiaQM from the H. influenzae sialic acid transporter (Mulligan et al.,
2009). In an attempt to find an explanation of these differences as well as thoroughly de-
scribe VcSiaP, this chapter is focused on structural studies that describe the missing sub-
strate bound conformation, analyse the substrate binding interactions and compare it to re-

lated structures.

For the crystallization experiments, the protein VVcSiaP was expressed and purified as de-
scribed in Chapter 9.1.4.1. The expression was performed in M9-minimal medium to pre-
vent contaminations with sialic acid during purification, as previous studies revealed a pro-
portion of around 20% substrate bound VcSiaP after expression in standard LB medium
(personal communication with Janin Glanzer, University of Bonn). In contrast, the M9-me-
dium expression showed no contamination and the substrate could thus be selectively added
to the protein in appropriate amounts before further usage or analysis. A typical result of
purification from VcSiaP for crystallization is shown in Figure 3-1. The SEC after Ni?*-AC
indicated an intense, single peak at around 70 mL elution volume which corresponds to a
protein mass of around 30 kDa (Figure 3-1 A). The SDS-gel of the SEC fractions showed a
high excess of the target VcSiaP with an intense protein band at around 35 kDa
(\VcSiaPragged: 37 040 Da) (Figure 3-1 B). Additionally, two other protein bands were visible
at smaller weights, from which the lowest one was previously identified as a zinc/cadmium-
binding protein (Master thesis (Peter, 2016)). After digestion of the N-terminal affinity Hise-
tag with TEV protease and an inverse Ni?*-AC, the VVcSiaP protein was obtained as a pure
solution with minimal amounts of impurities (Figure 3-1 C, flowthrough fraction). The
SDS-gel further indicated a successful cleavage of the tag by a shift of the VcSiaP band
towards smaller masses (VcSiaPuntagged: 33 755 Da). The digestion of the affinity tag should
avoid an interaction of amino acids from the tag with the binding cleft of the protein, as
observed in another VcSiaP structure (PDB-ID: 7A5C (Peter et al., 2021)).
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Figure 3-1: Purification of VVcSiaP for crystallization. A) SEC run on a HiLoad SD 75 16/600 column with
detection at 280 nm absorption (buffer: 50 mM Tris (pH 8), 50 mM NaCl). B) SDS-gel with samples from the
SEC eluted fractions in A). C) SDS-gel with samples from TEV-protease digestion of VVcSiaP and separation
of digested products with inverse Ni?*-AC. The flowthrough fraction was concentrated to around 30 mg/mL
and used for crystallization.

3.1.1 Protein structure of \VVcSiaP with sialic acid

The purified and cleaved VcSiaP protein was supplemented with sialic acid and crystalliza-
tion trials were prepared in sitting drop 96-well plates with commercially available screens
(Chapter 9.2.7). A single large crystal was detected after 55-135 days at 20 °C in the Mor-
pheus screen condition F4 (Figure 3-2, ingredients see figure description). The crystal had
a size of around 600 x 70 x 70 um and a rhombic prism-shaped morphology. The crystal
was collected, frozen with cryoprotectant (35% glycerol) and diffraction images were rec-
orded at the SLS (swiss light source) at the Paul Scherrer Institute (Switzerland). The dif-
fraction images revealed a high resolution of more than 2.0 A and well-defined diffraction
spots. The diffraction images were processed as described in Chapter 9.2.7, the phases were
obtained by molecular replacement using the homologous substrate bound structure of
HiSiaP (PDB-ID: 3B50 (Johnston et al., 2008)) and the structure was solved at a resolution
of 1.68 A.

The electron density after molecular replacement unambiguously revealed the substrate si-
alic acid in the binding pocket of the protein (Figure 3-3 A). The structure was refined as
described in Chapter 9.2.7, until good quality indicators such as R-factors and geometric
parameters were obtained. The final refinement parameters, as well as an overview of data
collection and crystallographic parameters, are listed in Table 3-1. The refined structure of
the protein is illustrated in Figure 3-3. As expected, the protein has the overall structure of

classical SBPs (Berntsson et al., 2010). The protein consists of two lobes, an N-terminal
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Sialic acid binding mechanism of TRAP transporter SBP VcSiaP

(orange) and C-terminal (yellow) lobe, connected by B-sheets and a long backbone-helix
(brown) (Figure 3-3 B and C). Sialic acid was embedded between these two lobes and al-
lowed for the observation of specific substrate-amino acid interactions, which have already
been proposed by binding studies and comparison with other sialic acid SBPs (Gangi Setty
et al., 2014, Johnston et al., 2008, Muller et al., 2006). For example, direct interactions be-
tween the substrate and two arginine residues at positions 125 and 145, as well as with
asparagine 185 were observed (Figure 3-3 A). Especially the interaction between the car-
boxy group of the substrate and the guanidino group of arginine 145 appears very strong, as
this interaction was already proposed as a substrate selection filter (Fischer et al., 2015). A
further classification of the binding interactions and comparison with other proteins is pre-

sented in Chapter 3.2.

—— 100 pm P2,242,

»
4/

Figure 3-2: Crystal of VVcSiaP with sialic acid. Protein crystal in sitting drop well of condition Morpheus F4
by using VcSiaP supplemented with sialic acid (condition from Molecular Dimension (UK): 0.12 M mono-
saccharide mix (0.2 M D-glucose, 0.2 M D-mannose, 0.2 M D-galactose, 0.2 M L-fucose, 0.2 M D-xylose,
0.2 M N-acetyl-D-glucosamine), 0.1 M buffer solution (pH 6.5, 1 M, imidazole, MES monohydrate) and
37.5% v/v precipitant mix (25% v/v MPD, 25% PEG 1000, 25% w/v PEG 3350)). The crystal grew between
55-135 days after preparation.

In the next step, the newly described substrate bound structure of VVcSiaP was compared to
the substrate free structure (PDB-1D: 4AMAG (Gangi Setty et al., 2014)). For this purpose,
the N-lobes of the proteins were superposed (Figure 3-3 D). As expected from various ex-
periments and the related protein HiSiaP, a clear conformational change from an open state
without substrate, to a closed state with bound substrate was observed (Glaenzer et al., 2017,

Muiller et al., 2006). An analysis of the conformational change by calculation of a difference
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distance map with the program mtsslWizard (Hagelueken et al., 2015) revealed the move-
ment of four rigid bodies and is in agreement with the map that was previously generated
with a model VcSiaP structure (Glaenzer et al., 2017) (Figure 3-3 E). Further, the VVcSiaP
difference distance matrix was compared with a similar map for HiSiaP (Figure 3-3 E).
Overall, the conformational changes of both structures upon substrate binding are very sim-
ilar and the same rigid body movements were identified for these two TRAP transporter
SBPs. Additional to these equal rigid bodies, the size of the conformational changes is also

on a similar scale of around 13.2 - 13.5 A.

Table 3-1: Data collection, cell parameters and refinement statistics of VcSiaP with sialic acid. Values
in the parentheses represent the shell of highest solution.

VcSiaP (sialic acid)

Space group P212121

Unit cell (A) 48.4,106.7, 134.5
Wavelength (A) 1.000009

Total reflections 572385 (40060)
Unique reflections 79908 (7732)
Completeness (%) 99.6 (97.8)
Multiplicity 7.2(5.2)
Resolution (A) 44.05-1.68 (1.74-1.68)
I/sigma (I) 9.74 (1.3)

CCu2 0.998 (0.779)
Wilson B-factor (A?) 23.74

B-factors (A2?) (protein/solvent/ligand) 30.9/47.3/18.6
Rmerge 0.089 (0.92)
Rwork 0.213 (0.386)
Rfree 0.247 (0371)
RMSD bonds (A) 0.019

RMSD angles (°) 1.8
Ramachandran favoured/allowed/forbidden ~ 98.0/2.0/0
Unfavourable rotamers (%) 1.69
Molprobity Score (Chen et al., 2010) 1.66

PDB-ID 7A5Q
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Figure 3-3: Structure of sialic acid bound VcSiaP. A) Substrate-binding site of the refined VcSiaP structure
with experimentally obtained electron density (2mFo-DF, sigma = 1.0) and ball-and-stick model of sialic acid
(cyan). The amino acids in the direct environment of the substrate are illustrated and the carbon atoms are
colour coded as in B-C), depending on the structural motifs. B) Overall structure of VVcSiaP with bound sub-
strate sialic acid as cyan spheres, the N-lobe in orange, C-lobe in yellow, backbone helix in brown and re-
maining motifs in grey. C) Outline of the primary sequence of VVcSiaP with structural motifs, rigid bodies for
conformational changes and positions of selected, substrate-binding involved amino acids. D) Comparison of
the sialic acid-bound conformation of VcSiaP (coloured cartoon) with the substrate-free conformation (white
cartoon). For comparison, the N-lobe domains (residues 1-113) were aligned with an RMSD of 0.483. E)
Difference distance matrix calculated with mtsslWizard (Hagelueken et al., 2015) between the substrate-bound
and substrate-free VcSiaP conformations (bottom right) (PDB-ID: 4AMAG (Gangi Setty et al., 2014)) and the
apo (PDB-ID: 2CEY (Muiller et al., 2006)) and holo structure (PDB-1D: 3B50 (Johnston et al., 2008)) of
HiSiaP (top left). The rigid bodies are highlighted as white squares.

3.1.2 Binding characterization and comparison with other SBPs

Four SBPs from sialic acid TRAP transporter from H. influenzae, V. cholerae, P. multocida
and F. nucleatum were already investigated intensively regarding their binding behaviour
towards sialic acid. In one study with all four SBPs, an overall 10 times lower binding af-
finity of VVcSiaP compared to the other three SBPs was observed (VcSiaP = 306 nM, FnSiaP
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= 45.5 nM, PmSiaP = 19.7, HiSiaP = 16.6 nM) (Gangi Setty et al., 2014). Since only the
substrate bound protein structures from the three stronger binding SBPs were available at
the time, the reason for this observation remained unknown. The first description of sialic
acid bound VcSiaP in the present work allowed a structural comparison between all four
SBPs, as well as an investigation of possible reasons for the lower binding affinity of
VcSiaP. The initial inspection of VVcSiaP in complex with sialic acid revealed no alteration
of amino acids that are obviously important for the direct substrate interaction (Figure 3-3
A and Figure 3-5 A). Because the two proteins VcSiaP and HiSiaP were available and al-
ready purified several times before (Figure 3-1 and Figure SI-11), the binding of sialic acid
to both proteins was reinvestigated to confirm the different binding strengths. Therefore,
both proteins were analysed with isothermal titration calorimetry (ITC), which allowed the
determination of the binding affinities as well as thermodynamic parameters such as reac-
tion enthalpy and entropy (Chapter 9.2.5). Figure 3-4 showed examples for detected ITC
thermograms and binding isotherms for the titration of sialic acid to VVcSiaP and HiSiaP.
For every protein, the ITC experiment was repeated four times to exclude faulty measure-

ments and minimize the experimental error (Table 3-2).

Overall, both proteins revealed high-quality differential power (DP) peaks for each injection
of sialic acid to the protein solution. The recorded data showed a high signal-to-noise ratio
(SNR) and a clear binding event, noticeable through the decrease and levelling out of the
detected DP. As described in Chapter 9.2.5, the reaction thermodynamics and binding af-
finities were determined through fitting of a “one set of sites” binding isotherm to the inte-
grated DP peaks with the manufacture’s software. As expected from the high SNR, a good
sigmoidal fit was obtained for both proteins (Figure 3-4 B and D). The averaged results
from repeated experiments are summarized in Table 3-2. The dissociation constant Kp and
the reaction enthalpy AH were obtained from the slope of the binding isotherm and the
integrated DP intensity, respectively. Overall, slight differences of the determined binding
parameters with the literature data were observed, especially for the dissociation constants.
(Gangi Setty et al., 2014). In the literature, the dissociation constant of VVcSiaP was de-
scribed by a factor 18 weaker than for HiSiaP, while the presented ITC experiments revealed
a factor of 3.6. Even if the tendency for a weaker binding of \VVcSiaP to sialic acid is con-
sistent in both studies, reasons for the deviation are not obviously identifiable. Possible rea-

sons which might cause such deviations are discussed in Chapter 3.4.
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Figure 3-4: ITC experiments with TRAP SBPs. A) ITC thermogram for titration of sialic acid (1.2 mM, 2
pL injections) to VcSiaP (100 uM, wildtype, no tag) in a calorimetry measuring cell at 25 °C. B) Automatically
calculated binding isotherm from the injection peaks for determination of thermodynamic parameters. The
binding affinity from the isotherm is given in the figure. C-D) Same as A-B) but for HiSiaP protein, same

concentrations.

Table 3-2: Thermodynamic and binding parameters for VVcSiaP and HiSiaP. The listed values and errors
are averaged from four experiments at 25 °C. * Data are taken from (Gangi Setty et al., 2014) with converted

unit from calory to joule.

VCSiaPexp, VCSiaPIit_* HlSlaPexp HiSiaPlit.*
N (sites) 09+0002 |/ 0.8 = 0.002 /
Kb (nM) 203+ 17.5 306 56+7.1 16.6
AH (KJ/mol) ~ -42.8+0.3 -29.9 625+ 0.4 73.2
AG (kimol)  -38.2 32 416 445
_TAS (kJ/mol) 4.5 2.1 20.9 28.7

Nevertheless, to elucidate reasons for the weaker sialic acid binding affinity for VcSiaP
compared to the other SBPs, a more detailed structural analysis was performed. For this, the
interactions between all known sialic acid TRAP transporter SBPs were analysed by inspec-
tion of the structures with PyMOL (Schrédinger LLC) and calculation of the interactions
with LigPlot (Laskowski and Swindells, 2011). As described above, the amino acids, which
were found to be essential for substrate binding and that have a direct interaction with the
substrate, are conserved for all SBPs (Figure 3-5 A). These include the proposed substrate
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selective filter, arginine 145, as well as the arginine 125 and asparagine 185 (numbering
corresponding to VVcSiaP) (Fischer et al., 2015, Johnston et al., 2008, Mdiller et al., 2006).
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Figure 3-5: Interaction between TRAP SBPs and sialic acid. A) Analysis of interactions between sialic
acid (cyan) and SBPs from sialic acid TRAP transporters (HiSiaP PDB-ID: 3B50 (Johnston et al., 2008),
PmSiaP PDB-ID: 4AMMP (Gangi Setty et al., 2014), FnSiaP PDB-ID: 4MNP (Gangi Setty et al., 2014)), cal-
culated with LigPlot (Laskowski and Swindells, 2011). The amino acids are coloured in green and water mol-
ecules in magenta. B) Ball-and-stick model of the substrate binding site from the new VcSiaP substrate-bound
structure. The protein is coloured in green and the substrate in cyan. The water molecules are displayed as
magenta spheres with the experimentally obtained electron density (2mFo-DF., sigma level = 1.0).
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Further inspection of the VVcSiaP substrate binding site revealed a complex water network
with highly located water molecules at fixed positions, visible by a defined electron density
(Figure 3-5 A and B). A similar water network was recently described as fundamental for a
high substrate affinity in HiSiaP (Darby et al., 2019). This water network can be described
as a “second-shell” of substrate binding, as amino acids that presumably interact with the
water network have an important impact on the substrate affinity (Darby et al., 2019). Con-
sidering the water networks, three different regions of interacting amino acids were identi-
fied by comparison of all four TRAP SBPs (Figure 3-5 A). The impact of these second-shell
variations on the water network in the binding cleft and from this, on the substrate affinity,
was investigated in a mutational binding study with combination of ITC experiments and
protein crystal structures in the following chapter.

3.2 Dissecting the substrate-protein interaction at molecular level

Since the SBPs HiSiaP and VcSiaP were successfully purified in our laboratory several
times before, the comparison of the water network in sialic acid SBPs was focused on these
proteins. Furthermore, HiSiaP is the most studied TRAP SBP and had been investigated in
several studies before (Darby et al., 2019, Fischer et al., 2010, Johnston et al., 2008, Mller
et al., 2006). In the following chapters, the regions that differ in the second shell of TRAP
SBPs are described and mutations that were designed for functional investigations are ex-
plained. For each region, the substrate binding is analysed for the constructed mutants with
a combined approach of ITC experiments for determination of thermodynamic parameters

and determined crystal structures for a structural description of the water network.

3.2.1 Structural and functional characterization of region |

The first region of second-shell variations between the sialic acid SBPs is located at the
terminal hydroxy-group of the 1,2,3-trihydroxylprop-1-yl chain of sialic acid, illustrated in
Figure 3-6 A. In HiSiaP, and also in PmSiaP and FnSiaP, a water molecule (W1-1, Figure
3-6 A) is positioned in the direct environment of the terminal hydroxy group, stabilized by
hydrogen bonds to the substrate and glutamine 72, as well as to surrounding water molecules

W1-2 and W1-3. The substrate bound VcSiaP structure is the only structure that revealed

86



Dissecting the substrate-protein interaction at molecular level

the absence of W1-1. The analogous position is occupied by a methionine side chain (M81)
which has no polar interaction with the substrate (Figure 3-6 A). At the corresponding po-
sition, all other three SBPs have a residue with a smaller side chain that do not disturb or
influence the water network around water 1-1, for example a small alanine (A82) in HiSiaP.
To investigate the correlation between the presence or absence of this water network on the
substrate binding, the methionine 81 in VVcSiaP was mutated to an alanine (M81A) to create
the space for the water network. Based on this mutant, the glutamine 72 from HiSiaP was
mutated in the corresponding position for glycine 71 in VcSiaP (M81A G71Q), which po-
tentially stabilizes the water 1-1. Further, by inspection of the local environment, a glutamic
acid was identified at position 78 in VVcSiaP, which is not present in HiSiaP and might dis-
turb the inserted glutamine in the mutation G71Q. Therefore, a third mutant was created
with mutation of this glutamic acid to an alanine, as in HiSiaP (M81A G71Q E78A). All
three VcSiaP mutants were constructed, expressed in M9-minimal medium and purified
with the standard protocol, including TEV cleavage of the affinity tag (Chapter 9.1.4.1).
The final SEC runs and SDS-gels are shown in Figure SI-12 and revealed a high purity of

the protein samples for all mutants.

3.2.1.1 ITC binding studies with VcSiaP mutants of region |

First, the binding behaviour of the VVcSiaP second-shell mutants was investigated with ITC
regarding changes in the binding affinity or thermodynamics, such as enthalpy or entropy.
Similar to the wildtype, every mutant was analysed in at least three separated runs to reduce
the influence of experimental fluctuations or outliers. One exemplary measurement for each
mutant is illustrated in Figure 3-6. All measurements revealed a good quality with clear DP
peaks for each substrate injection and a significant change of the integral of these peaks
upon substrate addition. Only the double mutant M81A G71Q indicated a lower signal in-
tensity of the DP peaks, resulting in a lower SNR. The thermodynamic parameters for all
three mutants are averaged and summarized in Table 3-3. Overall, as expected from the
structural proximity of the mutated residues to the location of bound sialic acid in the bind-
ing cleft, each mutant showed a changed binding behaviour compared to the VcSiaP

wildtype protein.
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Figure 3-6: Comparison and ITC experiments of mutants from second shell region I. A) Binding site at
region | around water molecule W1-1 and VcSiaP methionine 81 residue with alignment of protein structures
from VcSiaP (green) and HiSiaP (grey, PDB-ID: 3B50 (Johnston et al., 2008)). The water molecules are col-
oured in green for VVcSiaP and grey for HiSiaP. The right and left illustrations are rotated views of the binding
region. B) Top: ITC experiment with measured differential heat power for titration of sialic acid (1.2 mM) to
VcSiaP M81A mutant (100 uM) at 25 °C (19 injections with 2 pL, except the first with 0.4 pL). Bottom:
Automatically calculated binding isotherm from the injection peaks for determination of thermodynamic pa-
rameters and binding affinities. C-D) Same as B) but for other mutants.

The VcSiaP mutant M81A indicated a decrease of the binding affinity by a factor of 2.5 to
515 nM and a change of the reaction enthalpy from AH -42.8 kJ/mol to -26.9 kJ/mol, com-
pared to the wildtype. Using the definition of Gibbs energy (AG = -RT In(Kp) = AH — TAS,
Chapter 9.2.5), AG is slightly changed for this mutant, based on the change in the Kp. Since
AH has a strongly reaction-unfavourable shift for this mutant, the calculation of -TAS leads
to a significant change from 4.5 kJ/mol to -9 kJ/mol (Table 3-3). As the change of entropy
in a biomolecular reaction is mostly caused by an alternate behaviour from the solvent re-

arrangements and the conformational freedom of the protein, the mutant M81A indicated a

88



Dissecting the substrate-protein interaction at molecular level

modified substrate binding process compared to the wildtype (Du et al., 2016). A more pro-
nounced, similar effect was obtained for the double mutant M81A G71Q. The binding con-
stant for this mutant was further decreased from 203 nM to 9400 nM and the enthalpy was
strongly changed to a value close to zero (from -42.8 kJ/mol to -3.6 kJ/mol). The lower
affinity resulted in an increase of the reaction enthalpy AG and in combination with AH in
a strong decrease of the entropy from 4.5 kJ/mol to -25.5 kJ/mol. Compared to the first
single mutant M81A, the weakening of substrate binding is even more pronounced in this
double mutant, the introduction of glutamine at position 71 showed no stabilizing effect as

assumed in the comparison to HiSiaP.

Table 3-3: Thermodynamic and binding parameters for VcSiaP mutants in region 1. The listed values
and errors are averaged from at least three experiments at 25 °C.

VcSiaP VcSiaP VcSiaP
MB81A MB81A G71Q MB81A G71Q E78A
N (sites) 1.03 £ 0.004 0.87 £0.018 1.04 £ 0.008
Kb (nM) 515 + 45 9400 + 1700 3000 + 300
AH (kJ/mol) -26.9+0.2 -3.6+0.2 -22.3+04
AG (kJ/mol) -36 -29.1 -31.7
-TAS (kJ/mol) -9 -25.5 -9.5

The rationale behind the third mutation in this region, the deletion of glutamic acid 78 to an
alanine, was to remove steric constrains for the introduced glutamine 71. The binding affin-
ity of the triple mutant was determined to 3000 nM and therefore lies between the single
and double mutant values (Table 3-3). Within the margin of error, the reaction enthalpy was
in the similar range as the single mutant (-22.3 kJ/mol to -26.9 kJ/mol). These parameters
led to a decrease of the enthalpy AG and a nearly constant AS value for the triple mutant,
compared to the single mutant. Consequently, the triple mutant also revealed a changed
binding behaviour compared to the wildtype protein and the change of these three residues
were not beneficial for substrate binding. As postulated during the analysis of the binding
region and design of the mutants, the results from the triple mutant suggest that the even
weaker binding in the double mutant is presumably partially caused by a steric hindrance

between glutamine 71 and glutamic acid 78, which is not present in the triple mutant.
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3.2.1.2 Structural characterization of VVcSiaP mutants from region |

To further interpret the thermodynamic parameters from the ITC experiments, the three sec-
ond-shell mutants were co-crystallized with sialic acid. The substrate was added in a 10
times molar excess directly before preparation of the crystal plate. As before for the wildtype
protein, several crystallization screens were used for an initial screening of crystallization
conditions. For each of the mutant, crystals were observed in at least one condition and
diffraction data sets could be collected with resolutions higher than 2 A for at least one
crystal of each mutant at PETRA 111 at the Helmholtz Research Centre DESY (Hamburg,

Germany) or SLS (swiss light source) at the Paul Scherrer Institute (Switzerland).

The crystals with the highest resolution diffraction for each mutant that were used for pro-
cessing and structure refinement are shown in Figure 3-7. The crystals for VVcSiaP M81A
and VcSiaP M81A G71Q E78A had a rhombic prism-shape, comparable to the wildtype
protein crystal in Figure 3-2. The form of the crystal for mutant VcSiaP M81A G71Q
seemed to be similar but was hard to determine more precisely, due to overlaying needles.
The ingredients of all crystallization conditions are presented in the description of Figure
3-7.

A VcSiaP M81A B VcSiaP M81A G71Q C  vcSiaP M81A G71Q E78A

— 80 um‘,
" r

— 100 pm

|/
.';‘ﬁ/

P2,242, }

Figure 3-7: Protein crystals of VcSiaP second-shell mutants from region 1. A) Crystal of VcSiaP M81A
with sialic acid in condition Morpheus E12, grown between 26-39 days after preparation (condition from
Molecular Dimension (UK): 0.12 M ethylene glycols (0.3 M diethylene glycol, 0.3 M triethylene glycol, 0.3
M tetraethylene glycol, 0.3 M pentaethylene glycol), 0. 1 M buffer solution (pH 8.5, 1 M, Tris (base), BI-
CINE), 37.5% v/v precipitant mix (25% v/v MPD, 25% PEG 1000, 25% w/v PEG 3350)). B) Crystal of
VcSiaP M81A G71Q with sialic acid in condition Morpheus A5, grown directly after preparation (condition
from Molecular Dimension (UK): 0.06 M divalents (0.3 M magnesium chloride hexahydrate, 0.3 M calcium
chloride dihydrate), 0.1 M buffer solution (pH 7.5, 1 M, sodium HEPES, MOPS (acid)), 30% v/v precipitant
mix (40% v/v PEG 500 MME, 20% w/v PEG 20000)). C) Crystal of VcSiaP M81A G71Q E78A with sialic
acid in condition PACT G4, grown between 20-26 days after preparation (conditions from Molecular Dimen-
sion (UK): 0.2 M Potassium thiocyanate, 0.1 M Bis-Tris propane (pH 7.5), 20% w/v PEG 3350).
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All diffraction data were processed as for the wildtype protein before and the phases were

again obtained by molecular replacement, using the previously solved VcSiaP substrate

bound structure from Chapter 3.1.1 as search model. The electron density clearly revealed

the substrate sialic acid in the binding pocket of each chain in the asymmetric unit from

every crystallized mutant. The refinement was carried out for each mutant as described for

the wildtype crystal in Chapter 3.1.1. An overview of data collection, crystallographic and

refinement parameters is listed in Table 3-4. Importantly, for all mutants, a high resolution

was obtained that allowed the localization of water molecules and investigations of amino

acid interactions.

Table 3-4: Data collection, cell parameters and refinement statistics of VcSiaP M81A, M81A G71Q and
MB81A G71Q E78A with sialic acid. Values in the parentheses represent the shell of highest solution.

Space group

Unit cell (A)
Wavelength (A)
Total reflections
Unique reflections
Completeness (%)
Multiplicity

Resolution (A)

I/sigma (1)

CCur

Wilson B-factor (A?)
B-factors (A%
(protein/solvent/lig-
and)

Rmeas

Twinning operator
Rwork

Rfree

RMSD bonds (A)
RMSD angles (°)
Ramachandran
favoured/allowed/for-
bidden

MB81A
P212121
48.5,107.1, 135.0
0.97630
271038 (8292)
62375 (3337)
94.6 (87.1)
4.3 (2.5)
49.78-1.80
(1.84-1.80)
10.6 (1.0)
0.999 (0.491)
19.76

28.2/41.3/18.8

0.074 (1.294)
/

20.24 (0.329)
23.69 (0.364)
0.006

0.95

98.5/15/0

MB81A G71Q
P21

55.1, 132.5, 85.8
0.97630

1314298 (156677)

204009 (29124)
97.7 (86.3)

6.4 (5.4)
85.76-1.47
(1.56-1.47)
9.18 (0.92)
0.997 (0.434)
20.25

19.8/24.0/15.7

0.113 (1.416)
h, -k, -|
0.189 (0.353)
0.212 (0.340)
0.002

0.88

98.7/1.3/0

MB81A G71Q E78A
P212121

76.6, 103.9, 160.1
0.97630

2767960 (327711)
209435 (29079)
96.4 (83.5)

13.2 (11.3)
63.43-1.47
(1.56-1.47)

22.60 (2.43)
1.000 (0.790)
15.76

18.7/32.0/ 11.5

0.008 (0.967)
/

0.158 (0.256)
0.184 (0.2600)
0.013

1.36

98.6/1.4/0
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Unfavourable rota- 0.19 010 05
mers (%)

Molprobity Score

(Chenetal, 2010) | -4 1.35 121

A comparison of the refined and solved crystal structures of the second-shell mutants from
region | is shown in Figure SI-13. Clearly, all mutants adopted the same overall protein
structure of the closed, substrate bound VcSiaP conformation that was observed for the
wildtype protein before (Chapter 3.1.1). The only small variation was observed for mutant
M81A G71Q E78A, in which a C-terminal helix was bent a little bit towards the protein.
One possible reason for this observation is a crystal packing effect, where a neighbouring
protein chain causes steric stress towards the helix. Indeed, the inspection of symmetry re-
lated chains next to this helix revealed a direct contact with the neighboured chain that can

presumably trigger the alternative helix position (Figure SI-14).

The crystal structure of VVcSiaP mutant M81A with focus on region | is shown in Figure 3-8
A for chain A and a comparison of both protein chains in the asymmetric unit in Figure 3-8
B. The electron density unambiguously indicated the mutated residue at the expected posi-
tion as well as several defined water molecules next to the substrate. For a comparison of
the water network in the mutant, the crystal structure was superposed to the VcSiaP and
HiSiaP wildtype structures (Figure 3-8 C and D). The comparison with the VVcSiaP wildtype
structure revealed that the change of the methionine to an alanine led to formation of a water
network next to the substrate, which was occupied in the wildtype structure through the
large methionine side chain (W1, W2 and W3, Figure 3-8 C). Several further water mole-
cules that were already present in the VVcSiaP wildtype structure were also detected for this
mutant and seemed to be nearly unchanged and localized at the same positions (W4, W5
and W6, Figure 3-8 C). Also, further amino acids in this region, such as the glutamic acid
78, were located at similar position within this mutant with slightly different conformations.
The comparison of the mutated structure with HiSiaP in Figure 3-8 D indicated an equal
position of the alanine residue in both structures, as well as a similar water network. Im-
portantly, the positions of the water molecules next to the substrate differ between the mu-
tated VVcSiaP structure and HiSiaP wildtype. Additionally, the two asymmetric chains of the
mutant structure in Figure 3-8 B revealed that the positions of the water molecules do not
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perfectly fit to each other. These small local shifts may occur due to a different stabilization
of the water network by amino acid residues that vary from VcSiaP to HiSiaP. By consid-
ering the 2.5 times lower binding affinity for this mutant, the shifts in the two mutant chains
indicated that the water network has rather low interactions and no stabilizing effect on the
substrate, as expected for this mutant. Otherwise, the water molecules should be strongly
fixed at the same positions in the two chains, as seen in further mutant structures in the
following paragraphs. However, the influence of the mutation on the substrate binding is

rather low, although the mutation is in the direct environment of the bound substrate.
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Figure 3-8: Structural details of VcSiaP M81A. A) Mutant VVcSiaP M81A (green) with detailed view of the
mutated region. The electron density of the mutated amino acid and water molecules in the surrounding are
illustrated as grey meshes (2mFq-DF, sigma level = 1.0). The waters are shown as green spheres and the
substrate as cyan ball-and-stick model. B) Alignment of the protein chain A and B in the asymmetric unit from
VcSiaP M81A. The water molecules of the two chains are highlighted in different colours. C) Detailed struc-
tural view of the mutated region from protein VVcSiaP M81A (green) and aligned structure of VVcSiaP wildtype,
substrate bound protein (dark grey) from the previous chapter. D) Same as C) but with alignment of HiSiaP
wildtype, substrate bound structure (grey, PDB-1D: 3B50 (Johnston et al., 2008)).
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For the second mutant VVcSiaP M81A G71Q, the crystal structure with focus on region | for
chain A is shown in Figure 3-9 A and a comparison of all four protein chains from the
asymmetric unit in Figure 3-9 B. Also, for this crystal structure, the electron density revealed
the mutations at expected position and a water network in the substrate binding cleft. The
alignment of this mutant structure with both wildtypes structures is shown in Figure 3-9 C
and D, similar as for the first mutant. The comparison of the four chains and the alignment
of chain A to the wildtype VcSiaP structure revealed several changes that presumably occur
due to the introduction of the large and polar glutamine at position 71 (Figure 3-9 B and C).
All residues of glutamic acid 78 and three of four glutamine 151 residues in the four chains
were positioned in another conformation compared to the wildtype structure (Figure 3-9 B).
Interestingly, the dominant alternative conformation of glutamine 151 in the mutant struc-
ture was comparable with threonine 153 in HiSiaP, which also faces towards the water net-
work (Figure 3-9 D). The introduced glutamine 71 showed several different conformations
in the four protein chains, suggesting no strong conserved interactions for this residue. A
similar observation was made for the water network next to the substrate, which was not
present in the VcSiaP wildtype structure (W1, W2 and W3, Figure 3-9 C). As for the first
single mutant, the comparison of all four protein chains from the double mutant revealed
significant changes of the water molecule positions in this binding region (Figure 3-9 B).
These two coherent observations, the flexible positions for glutamine 71 and the partially
disordered water network, are presumably the reason for the low binding affinity for this
mutant of around 9400 nM. The introduction of the glutamine 71 disrupted the substrate

binding and showed no strong interaction with the water network next to the substrate.

A high steric stress for the introduction of G71Q was postulated and to reduce such a dis-
rupting effect on the substrate binding, the residue E78 was mutated to a smaller side chain
in the triple mutant M81A G71Q E78A. The observation of alternative conformations for
E78 upon mutation G71Q in all four chains of the double mutant supports such a postulated
steric hindrance (Figure 3-9 B). As for the other two mutants, the electron density unambig-
uously indicated the mutated three residues and defined water molecules next to the sub-
strate (Figure 3-10 A). The comparison of all four protein chains for this mutant is shown
in Figure 3-10 B and with the two SBP wildtype structures in Figure 3-10 C and D. Im-
portantly, the conformations of the mutated residues M81A, G71Q and E78A, as well as the
previous mentioned Q151, are all conserved in the four different protein chains (Figure 3-10
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B). This observation suggests a more defined interaction of these residues in this mutant,
compared with the other mutants with higher conformational flexibilities. However, even if
the conformations are conserved, the comparison of the triple mutant with the HiSiaP struc-
ture revealed an alternative conformation of the introduced glutamine 71 (Figure 3-10 D).
Furthermore, the alternative conformation for glutamine 151 that was observed in the dou-
ble mutant was also detected in the triple mutant, even though a potential steric stress from
the double mutant between residues G71Q, E78 and Q151 might be reduced in the triple
mutant (Figure 3-10 C and D). Therefore, a potential additional stabilizing interaction of the
conformation for Q151 exists in the mutant structure, which is not present in the VcSiaP

wildtype.

B vcSiaP M81A G71Q: chain A, B, C and D
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Figure 3-9: Structural details of VcSiaP M81A G71Q. A) Mutant VVcSiaP M81A G71Q (green) with de-
tailed view of the mutated region. The electron density of the mutated amino acid and water molecules in the
surrounding are illustrated as grey meshes (2mFo-DF, sigma level = 1.0). The water is shown as green spheres
and the substrate as cyan ball-and-stick model. B) Alignment of the four protein chains in the asymmetric unit
from VcSiaP M81A G71Q. The water molecules of both chains are highlighted in different colours. C) De-
tailed structural view of the mutated region from protein VVcSiaP M81A G71Q (green) and aligned structure
of VVcSiaP wildtype, substrate bound protein (dark grey) from the previous chapter. D) Same as C) but with
alignment of HiSiaP wildtype, substrate bound structure (grey, PDB-ID: 3B50 (Johnston et al., 2008)).
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In contrast to the first two mutants, the comparison of the four protein chains from the triple
mutant revealed also highly conserved positions for the water molecules (Figure 3-10 B).
However, the positions of the water molecules W1, W2 and W3 are still slightly different
in the mutant structure compared to the HiSiaP structure (Figure 3-10 D). This might be
caused by further changed interactions between the protein and water network, such as the
glutamine 151 residue. Nevertheless, the overall conservation suggests a defined stabiliza-
tion of the water network through the introduced amino acids. This high degree of conser-
vation in the substrate binding region, including the residue conformations and the water
network, are presumably the reason for the three times higher binding affinity for this triple
mutant compared to the double mutant. However, the binding affinity was still much weaker
compared to the VVcSiaP and HiSiaP wildtype proteins.
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Figure 3-10: Structural details of VcSiaP M81A G71Q E78A. A) Mutant VcSiaP M81A G71Q E78A
(green) with detailed view of the mutated region. The electron density of the mutated amino acids and water
molecules in the surrounding are illustrated as grey meshes (2mFo-DF., sigma level = 1.0). The water is shown
as green spheres and the substrate as cyan ball-and-stick model. B) Alignment of the four protein chains in the
asymmetric unit from VcSiaP M81A G71Q E78A. The water molecules of both chains are highlighted in
different colours. C) Detailed structural view of the mutated region from protein VVcSiaP M81A G71Q E78A
(green) and aligned structure of VcSiaP wildtype, substrate bound structure (dark grey) from the previous
chapter. D) Same as C) but with alignment of HiSiaP wildtype, substrate bound protein (grey, PDB-ID: 3B50
(Johnston et al., 2008)).
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For all three proteins with mutations in the identified second-shell binding region I, a new
water network between the protein and substrate was clearly observed in the electron density
through the removal of methionine 81. However, the binding affinity of the substrate was
not increased in one of the three mutants compared to the wildtype proteins. On the other
hand, the changes of the amino acid residues in this binding region showed a strong influ-
ence on the water network. Overall, the thermodynamic parameters and the crystal struc-
tures of the three mutants indicated highly complex interactions between the residues, the
water molecules and the substrate, that make it difficult to predict modifications with an

increased substrate affinity.

3.2.2 Structural and functional characterization of region 11

The water molecule W2-1 (Figure 3-11 A), which interacts with the substrate in a complex
way, was identified as a further region with variations in the second-shell interactions. Un-
like the first described region, the water network with this central molecule W2-1 is ob-
served in both structures for HiSiaP and VcSiaP. However, the amino acids that are pre-
sumably interact with this water vary for all four known structures, a glutamine (Q9) for
VcSiaP, an asparagine (N10) for HiSiaP, a valine (V12) for PmSiaP and a threonine (T11)
for FnSiaP. In VcSiaP, glutamine 9 is close enough to stabilize the water W2-1 (3.1 A),
while the asparagine 10 residue from HiSiaP contains the same functional group but is too
far away for a strong hydrogen bond (3.8 A) (Figure 3-11 A). In both proteins, W1-1 is also
involved in interactions with further water molecules (W2-2 and W2-3). The amino acids
which interact with this water network are almost completely identical, apart from serine 44
in HiSiaP and the corresponding alanine 43 in VVcSiaP (Figure 3-11 A). To experimentally
analyse the impact of the shorter residue, the glutamine 9 in VVcSiaP was mutated to an
asparagine (Q9N). Further, the alanine at position 43 was mutated to a serine to investigate
a possible further interaction of the water network in construct with the mutated glutamine
9 (Q9N A43S). The purification and measurement of this mutant was performed with the
help of Seungkyeong Nam during her bachelor thesis. The two mutants were purified in the
same way as mutants for region I, the final SEC runs and SDS-gels are shown in Figure

SI-12 and revealed again a high purity of the protein samples.
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Figure 3-11: Comparison and ITC experiments of mutants from second shell region 11. A) Binding site
at region Il around water molecule 2-1 and VcSiaP glutamine 9 residue with alignment of protein structures
from VcSiaP (green) and HiSiaP (grey, PDB-ID: 3B50 (Johnston et al., 2008)). The water molecules are col-
oured in green for VVcSiaP and grey for HiSiaP. The right and left illustrations are rotated views. B) Top: ITC
experiment with measured differential heat power for titration of sialic acid (1.2 mM) to VcSiaP Q9N mutant
(100 puM) at 25 °C (19 injections with 2 pL, except the first with 0.4 pL). Bottom: Automatically calculated
binding isotherm from the injection peaks for determination of thermodynamic parameters and binding affin-
ities. C) Same as B) but for VcSiaP Q9N A43S mutant.

3.2.2.1 ITC binding studies with VcSiaP mutants of region 11

Similar as for region I, the binding behaviour of the VcSiaP second-shell mutants from re-
gion Il was investigated with ITC. Again, every mutant was analysed in at least three sepa-
rated runs, one example experiment for every run is shown in Figure 3-11 B and C and the
summarized results are listed in Table 3-5. For the mutation of glutamine 9 to the shorter
asparagine, a substantial decrease of the substrate affinity by a factor of 16 to 3.2 uM was
observed (Table 3-5). Contrary to the thermodynamic behaviour of mutants from the first

region, this mutant indicated no change of the reaction enthalpy within the error margin.
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Due to the lower binding affinity, the calculated enthalpy AG was increased for this mutant
and the entropy was also slightly higher than for the wildtype. The overall small changes of
the reaction enthalpy and entropy suggested a similar binding event for this mutant and the
wildtype protein. This hypothesis is supported by a previous investigation of corresponding
HiSiaP N10A mutant in a functional assay (Johnston et al., 2008). The observation that this
mutant was nearly fully functional suggests that this position has only a small impact on the
overall function of the protein, even though it is located next to the substrate. Additional to
the mutation of Q9N, the alanine residue 43 was replaced in a double mutant by a serine as
in HiSiaP, to potentially stabilize the water network in region Il (Figure 3-11 A). In contrast
to the postulated stabilization effect, the binding affinity for the mutant Q9N A43S was
further lowered compared to the Q9N single mutant and determined to 27.3 UM, a factor of
around 130 weaker than the wildtype (Table 3-5).

Table 3-5: Thermodynamic and binding parameters for VcSiaP mutants in region Il. The listed values
and errors are averaged from at least three experiments at 25 °C.

VcSiaP QON VcSiaP QIN A43S
N (sites) 1.02 +0.004 1.1+0.012
Ko (nM) 3205 + 145 27333 + 1998
AH (kJ/mol) -39.3+0.3 246 +0.7
AG (kJ/mol) -31.4 -26.1
-TAS (kJ/mol) 7.9 15

3.2.2.2 Structural characterization of VcSiaP mutants from region 11

To interpret the thermodynamic parameters from the ITC experiments on a molecular level,
crystallization trials for the second-shell mutants from this region Il were prepared in the
same way as for the mutants from region | (Chapter 3.2.1.2). A crystal was obtained for
VcSiaP mutant Q9N with a plate-shaped form without specific crystal morphology (Figure
3-12). The diffraction data of this crystal were collected and processed in the same way as
for the first three mutants above. An overview of data collection, crystallographic and re-
finement parameters is listed in Table 3-6. Noticeable, the diffraction data for mutant Q9N
were collected with a high resolution of up to 1.18 A. Thereby, this structure belongs to the
top 2.5% of all known protein structures in the protein data bank (4000 out of 159927 at 1.2
A or higher, PDB, www.rcsb.org, access date: 12.01.2020).
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Figure 3-12: Protein crystal of VVcSiaP second-shell mutant Q9N. Crystal of VcSiaP Q9N with sialic acid
in condition Morpheus H4, grown after 55 days (conditions from Molecular Dimension (UK): 0.1 M amino
acids (0.2 M DL-glutamic acid monohydrate, 0.2 M DL-alanine, 0.2 M glycine, 0.2 M DL-lysine monohydro-
chloride, 0.2 M DL-serine), 0.1 M buffer solution (pH 6.5, 1 M, imidazole, MES monohydrate (acid)), 37.5%
precipitant mix (25% v/v MPD, 25% PEG 1000, 25% w/v PEG 3350)).

Table 3-6: Data collection, cell parameters and refinement statistics of VcSiaP Q9N with sialic acid.
Values in the parentheses represent the shell of highest solution.

Q9N
Space group C2
Unit cell (A) 164.2, 48.6, 107.5
Wavelength (A) 0.97625
Total reflections 1504799 (52087)
Unique reflections 230190 (10627)
Completeness (%) 99.3 (92.5)
Multiplicity 6.5 (4.9)
Resolution (A) 88.45-1.18 (1.20-1.18)
I/sigma (I) 14.1 (2.2)
CCu2 0.999 (0.820)
Wilson B-factor (A?) 12.58
B-factors (A?) (protein/solvent/ligand) 20.3/33.5/10.1
Rmeas 0.064 (0.676)
Rwork 0.173 (0.237)
Rfree 0.183 (0.254)
RMSD bonds (A) 0.012
RMSD angles (°) 1.26
Ramachandran favoured/allowed/forbidden  99.2/0.8/0.0
Unfavourable rotamers (%) 0.37
Molprobity Score (Chen et al., 2010) 1.46
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The electron density of mutant VVcSiaP Q9N clearly revealed the substrate sialic acid in the
binding pocket of each chain in the asymmetric unit and both chains adopt the closed con-
formation, similar as the wildtype protein (Figure SI-13). For structural characterization, the
structure with focus on region Il is shown in Figure 3-13 A and a comparison of both protein
chains asymmetric unit in Figure 3-13 B. The electron density unambiguously indicated the
mutated residue at the expected position as well as several defined water molecules next to
the substrate (Figure 3-13 A). In contrast to the structural comparison from region I, the two
protein chains and corresponding water molecules for Q9N at region 11 perfectly fit to each
other (Figure 3-13 B).

The structural classification of the mutant reveals the shorter asparagine residue in compar-
ison with the native glutamine in the VVcSiaP wildtype structure (Figure 3-13 C). However,
the conformation of the side chain in the mutant is slightly different as the corresponding
one in HiSiaP (Figure 3-13 D). In both wildtype structures, the glutamine or asparagine
interact with the oxygen from the acetylamino group of the sialic acid. In the mutant struc-
ture, the distance of Q9N to this position in the substrate was determined to be 4.3 A and
with this, too long for a strong polar interaction (Figure 3-13 E). In contrast, the mutated
residue was closer to the hydroxy group at C4 of the substrate and have a polar interaction
with this position. For both wildtype proteins, the distances between corresponding residues
and the hydroxy group were determined to 4.5 A and thereby too far away to strongly inter-
act (Figure 3-13 E). An obvious reason for the alternative conformation of mutated aspara-
gine 9 remained elusive from the comparison of the structures. One possible explanation is
an interaction with serine 44 in HiSiaP that stabilized the asparagine 10 in a conformation
which facilitated the interaction with the substrate. However, the thermodynamic character-
isation of VVcSiaP Q9N A43S resulted in a much lower binding affinity, which contradicted

such a stabilization effect.

Interestingly, the position from the amino group of the wildtype VcSiaP was occupied in
the mutant structure by a water molecule that presumably replaced the interaction with the
acetylamino group from the substrate (W1, Figure 3-13 E). The inspection of the remaining
water network revealed similar positions for the water molecules W2 and W3 as in the
VcSiaP wildtype. Consequently, due to the conservation of this water, a slight difference to
the HiSiaP water molecules was still observable. Additionally, the water network that was
built up in the background indicated completely alternative positions for water W4 and W5.
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Figure 3-13: Structural details of VcSiaP Q9N. A) Mutant VVcSiaP Q9N (green) with detailed view of the
mutated region. The electron density of the mutated amino acid and water molecules in the surrounding are
illustrated as grey meshes (2mFo-DF, sigma level = 1.0). The water is shown as green spheres and the sub-
strate as cyan ball-and-stick model. B) Alignment of the two protein chains in the asymmetric unit from
VcSiaP Q9N. The water molecules of both chains are highlighted in different colours. C) Detailed structural
view of the mutated region from protein VVcSiaP Q9N (green) and aligned structure of VVcSiaP wildtype, sub-
strate bound structure (dark grey) from the previous chapter. D) Same as C) but with alignment of HiSiaP
wildtype, substrate bound protein (grey, PDB-ID: 3B50 (Johnston et al., 2008)). E) Same structures and col-
our-schemes as in C) and D), with a detailed illustration of the distance between residues and substrate. The
distances are shown with lines in corresponding colours, the values were calculated with PyMOL (Schrédinger
LLC) and are given in A.

The combination of the detected binding affinities and the structural analysis indicated an
important correlation between the substrate binding and glutamine 9 in VcSiaP, as the af-
finity of the designed mutant was strongly decreased by a factor of 15. On the other hand,
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the impact of this residue on the water network seemed to be rather low. Even if the confor-
mation of the residue was changed compared to the wildtype structures, the central waters
W1-W3 were still located at the same position. This unchanged water molecules presumably
conserve the functionality of the protein during in vivo studies with the corresponding mu-
tant HiSiaP N10A (Johnston et al., 2008).

3.2.3 Structural and functional characterization of region I11

As third region with variations in the second-shell regions, the water network with central
water W3-1 next to C2 of sialic acid was identified (Figure 3-14 A). In VVcSiaP, the water is
stabilized by a threonine at position 189, similar as in the other two SBPs PmSiaP and
FnSiaP. In contrast, HiSiaP is the only structure that contains an alanine in the correspond-
ing position which cannot build up a water bridge to the network. However, in HiSiaP, the
water molecule is located at the same position, suggesting additional interactions between
the water molecule with the protein. Further, the water molecules that interacts with the
central water W3-1 are conserved in VVcSiaP and HiSiaP (W3-2 and W3-3, Figure 3-14 A).
Because the threonine was the only observable difference between both proteins, only the
mutation of threonine 189 to an alanine was designed (T189A). The mutant was purified as
described before for the other mutants and the SEC run and SDS-gel indicated a high purity
of the protein sample (Figure SI-12).

3.2.3.1 ITC binding studies with VcSiaP mutant of region 111

Similar as for the other mutants, the sialic acid binding of VVcSiaP T189A was investigated
with ITC. The experiments for this mutant revealed a very good quality of the results with
clear DP peaks for each substrate injection and a high SNR (Figure 3-14 B). The averaged
thermodynamic parameters of three separated experiments for VVcSiaP T189A are listed in
Table 3-7. Strikingly, the mutation T189A revealed an increase of the binding affinity com-
pared to the wildtype from 203 nM to 49 nM (Table 3-7). Additionally, only for this mutant
a significant reaction-favoured change of AH from -42.8 kJ/mol to -59.8 kJ/mol was de-
tected. In contrast, the calculation of the entropy AS for this reaction indicated a strong

increase from 4.5 kJ/mol to 18 kJ/mol. The comparison of the thermodynamic parameters

103



Sialic acid binding mechanism of TRAP transporter SBP VcSiaP

from the single mutant VVcSiaP T189A and HiSiaP wildtype protein revealed a high agree-
ment, the binding affinity as well as the reaction enthalpy and the entropy are similar. Con-
sequently, the initially described and observed different binding behaviour between VcSiaP
and HiSiaP are presumably caused by different interactions of the water network and second
shell residues in this region. However, an obvious reason for this observation could not be
determined from the ITC experiments, as the other known SBPs, PmSiaP and FnSiaP, indi-
cated a HiSiaP similar binding affinity but have also a threonine residue at position 189.
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Figure 3-14: Comparison and ITC experiment of a mutant from second shell region I11. A) Binding site
at region 111 around water 3-1 and VcSiaP threonine 189 residue with alignment of structures from VcSiaP
(green) and HiSiaP (grey, PDB-ID: 3B50 (Johnston et al., 2008)). The water molecules are coloured in green
for VVcSiaP and grey for HiSiaP. The right and left illustrations are rotated views. B) Left: ITC experiment
with measured differential heat power for titration of sialic acid (1.2 mM) to VcSiaP T189A mutant (100 uM)
at 25 °C (19 injections with 2 pL, except the first with 0.4 pL). Right: Automatically calculated binding iso-
therm from the injection peaks for determination of thermodynamic parameters and binding affinity.

Table 3-7: Thermodynamic and binding parameters for VcSiaP mutant in region I11. The listed values
and errors are averaged from at least three experiments at 25 °C.

VcSiaP T189A
N (sites) 1.03£0.001
Kb (nM) 493+74
AH (kJ/mol) -590.8+0.2
AG (kJ/mol) -41.8
-TAS (kJ/mol) 18.0
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Dissecting the substrate-protein interaction at molecular level

3.2.3.2 Structural characterization of VVcSiaP mutant from region 111

To elucidate the reason for the stronger binding of VVcSiaP T189A mutant on a molecular
level, the protein was co-crystallized with sialic acid in the same way as the other mutants
before. Two crystals were observed in a crystallization trial with a trigonal or hexagonal,
pyramidal shape (Figure 3-15). The ingredients of the crystallization condition are presented
in the figure description. The diffraction data of this crystal were collected and processed
similar to the other mutants. The data collection, crystallographic and refinement parameters
are listed in Table 3-8. The crystal structure of VVcSiaP T189A revealed the closed confor-
mation, as expected from the wildtype structure (Figure SI-13). Further, the electron density
clearly indicated the bound sialic acid in the binding pocket, as well as several, highly lo-
cated water molecules. For detailed characterization of the mutation, the crystal structure
with focus on region Il is shown in Figure 3-16 A and B. As for all mutants before, the
electron density indicated the mutated residue at the expected position as well as several
defined water molecules between this residue and the substrate (Figure 3-16 A). The two
protein chains and corresponding water molecules at region 111 overall fit to each other with

only minimal variations in the position of the water molecules (Figure 3-16 B).

VcSiaP T189A
— 90 um
(;
-
&

Figure 3-15: Protein crystal of VcSiaP second-shell mutant T189A. Crystal of VcSiaP T189A with sialic
acid in condition JCSG plus C5, grown after 116-147 days (conditions from Molecular Dimension (UK): 0.8
M Sodium-phosphate monobasic monohydrate, 0.1 M sodium HEPES (pH 7.5)).

The inserted alanine residue was detected at the expected position and revealed no differ-
ence to the HiSiaP structure (Figure 3-16 C and D). The only differences between the
wildtypes and the mutant structures are slight varied positions in the water molecules W1-

W3 and larger deviations in the water molecules that are further away from the substrate,
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Sialic acid binding mechanism of TRAP transporter SBP VcSiaP

such as W4 and W5 (Figure 3-16 C and D). However, the local shifts for W1-W3, that
presumably strongly interact with the substrate, are on the same scale as the differences of
the water molecules from the two protein chains from VcSiaP T189A (Figure 3-16 B).
Therefore, an impact of these small shifts is probably not responsible for the stronger bind-
ing. A meticulous analysis of the environment revealed no further changes between the mu-
tant and the VcSiaP wildtype than the described water molecules 4 and 5. Even if a benefi-
cial influence of these water molecules on the substrate binding is possible, an obvious
structural reason for the increased binding affinity of a factor 4 for the mutant could not be
described with the crystal structure. Further possible reasons and proposed methods that can

be used to study the stronger binding for the mutant VVcSiaP T189A are discussed in Chapter

3.4.

Table 3-8: Data collection, cell parameters and refinement statistics of VVcSiaP T189A with sialic acid.

Values in the parentheses represent the shell of highest solution.

T189A
Space group P64
Unit cell (A) 117.9, 117.9,83.4
Wavelength (A) 1.000031
Total reflections 545290 (30011)
Unique reflections 122931 (14470)
Completeness (%) 94.3 (68.5)
Multiplicity 4.4 (2.1)
Resolution (A) 48.15-1.75 (1.86-1.75)
I/sigma (I) 13.64 (0.91)
CCu2 99.8 (42.6)
Wilson B-factor (A?) 29.11
B-factors (A?) (protein/solvent/ligand) 32.02/40.96/24.14
Rmeas 0.072 (0.932)
Twinning operator h, -h-k, -I

Rwork

Riree

RMSD bonds (A)

RMSD angles (°)

Ramachandran favoured/allowed/forbidden
Unfavourable rotamers (%)

Molprobity Score (Chen et al., 2010)

0.149 (0.267)
0.181 (0.306)
0.006

1.00
98.5/15/0
0.19

1.36
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A VcSiaP T189A B VcSiaP T189A: chain A and B
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Figure 3-16: Structural details of VcSiaP T189A. A) Mutant VVcSiaP T189A (green) with detailed view of
the mutated region. The electron density of the mutated amino acid and water molecules in the surrounding
are illustrated as grey meshes (2mFq-DF¢, sigma level = 1.0). The water is shown as green spheres and the
substrate as cyan ball-and-stick model. B) Alignment of the two protein chains in the asymmetric unit from
VcSiaP T189A. The water molecules of both chains are highlighted in different colours. C) Detailed structural
view of the mutated region from protein VVcSiaP T189A (green) and aligned structure of VcSiaP wildtype,
substrate bound structure (dark grey) from the previous chapter. D) Same as C) but with alignment of HiSiaP
wildtype, substrate bound protein (grey, PDB-ID: 3B50 (Johnston et al., 2008)).

3.3 Investigation of the open-closed dynamic of VVcSiaP

In addition to the characterization of sialic acid binding with thermodynamic and structural
methods, the dynamics of the binding process was also investigated with SmMFRET. The
SmMFRET experiments were performed in cooperation with Christian Gebhardt and Marijn
de Boer from the group of Thorben Cordes and they provided the Figure 3-17 and Figure
3-18 (University of Groningen and University of Munich). As already shown with the new
substrate bound VcSiaP structure, the binding of substrate involves a large conformational
change from a substrate free open (apo) to a substrate bound closed conformation (holo)
(Figure 3-3 D). This process was already investigated by our group with PELDOR/DEER
distance measurements in frozen solution (Glaenzer et al., 2017). These experiments
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indicated a clear substrate binding dependency of the conformational change. In the present
work, SmFRET spectroscopy was used to study the mechanism of the conformational
change of the protein by real-time measurements (milliseconds) and under more physiolog-
ical conditions, meaning in solution and at room temperature. For these experiments, the
cysteine double mutant VVcSiaP Q54C L173C was used. This mutant has been used in pre-
vious studies for several distance measurements and revealed a good combination of label

positions, which reports on the conformational change of the protein (Glaenzer et al., 2017).
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Figure 3-17: Steady-state analysis of sialic acid binding by VcSiaP. A) Apparent FRET efficiency histo-
grams of VcSiaP Q54C/L173C labelled with AlexaFluor 555 and AlexaFluor 647 and supplemented with
different concentrations of sialic acid (0-200 UM, top to bottom). The FRET efficiencies for the open and
closed state are visualized by a dashed black bar and a black bar, respectively. The fraction of closed confor-
mation proteins (rc) was determined via fitting of a gaussian curve for each state, the open (grey) and closed
(green) state. B) Example 2D ES-histograms for four different sialic acid concentrations from A). C) Binding
curve with fractions of the closed state from A) at different substrate concentration. The figure was provided
by the group of Thorben Cordes and modified from (Peter et al., 2021).
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The protein was purified with the standard procedure, the final SEC run and SDS-gel are
shown in Figure SI-15. For smFRET studies, the mutant was labelled with maleimide-func-
tionalized fluorophores AlexaFluor 555 (donor) and AlexaFluor 647 (acceptor). Overall, the
labelling efficiency was higher than 90% with ~1.83 fluorophores per protein and a yield of

~49% of donor-acceptor labelled protein.

In the first experiment, the function of the protein was analysed to confirm the intact sub-
strate binding mechanism of the fluorophore labelled protein. Such an experiment should
identify potential disrupting influences of the fluorophores on the protein states, as observed
in the methodical comparison in Chapter 2. For this, a titration experiment was performed
with several substrate concentrations and the populations of the open and closed state were
determined from the resulting histograms (Figure 3-17 A and B). A clear tendency from
lower to higher FRET energy populations, depending on the substrate amount, was ob-
served. This indicated the expected conformational change of the protein with a decrease of
the distance between the two labels. The fraction of the closed state in combination with the
substrate concentration was used to generate a binding curve of VVcSiaP and sialic acid from
the SmFRET measurements (Figure 3-17 C). From this, the substrate affinity was deter-
mined to be 300 £ 100 nM, which was in a good agreement with the ITC-based value of
203 £ 17 nM (Chapter 3.1.2). In the error margin of both methods, the attachments of the
fluorophores had no effect upon substrate binding. Further, the detected change of the dis-
tance between the fluorophores was clearly coupled to the binding event of sialic acid by
VcSiaP.

After this initial characterization, the binding mechanism of sialic acid by VcSiaP was stud-
ied with smFRET on surface-immobilized proteins. In contrast to the diffusion-based ap-
proach, the proteins were immobilized via binding of their Hiss-tag to a His-specific anti-
body, which was again fixed via biotin-neutravidin interaction to a glass surface (Figure
3-18 A, Chapter 9.2.4). Afterwards, the conformational change was analysed on single im-
mobilized proteins through detection of changes in the FRET energy on a real-time scale.
To characterize substrate binding, the experiment was performed under apo conditions, 500
nM sialic acid (around Kpvalue) and 1 mM sialic acid (saturated concentration). The FRET-
states that were observed with the immobilized protein in the absence and presence of sat-
urated substrate concentration indicated populations for the open and closed conformation
and were in accordance with the results from the diffusion-based experiments (Figure 3-18

109



Sialic acid binding mechanism of TRAP transporter SBP VcSiaP

B and C). For the set-up with substrate concentration around the Kbp, a transition between
low- and high-FRET efficiency states was observed, fitting to the states that were detected
without and with substrate saturation, respectively (Figure 3-18 B, middle). In detail, the
high-FRET efficiency for 500 nM substrate was determined to be 0.895 £ 0.010 and the
low-FRET efficiency to be 0.791 £+ 0.012, while the substrate saturated experiment was
determined to be 0.898 + 0.003 and the substrate free approach to be 0.807 £ 0.003. There-
fore, the states that were observed for the 500 nM substrate experiment represent the tran-
sition between the open (low FRET energy) and closed (high FRET energy) conformation
of the labelled \VVcSiaP proteins.
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Figure 3-18: Dynamic sSmFRET studies on immobilized VcSiaP. A) Schematic of the immobilizing strategy
of VcSiaP (Q54C L173C) on a surface by using the N-terminal Hise-tag. The labelled protein (grey) with two
fluorophores (magenta and blue) was attached to a biotinylated His-antibody (dark blue). The antibody was
coupled to neutravidin which was previously fixed to the biotin-PEG surface. B) Example of detected fluoro-
phore trajectories of immobilized protein from A), labelled with AlexaFluor 555 and AlexaFluor 647 with
variations in the substrate concentration as mentioned in the figure. The apparent FRET efficiency is shown
at top in blue and the photon counts at the bottom with donor in green and acceptor in red. The orange line in
the apparent FRET shows the determined trajectories from the Hidden Markov Model (Rabiner, 1989). C)
Histograms of the apparent FRET efficiency of all trajectories without (grey, apo) and with substrate (black,
1 mM Neu5Ac, holo). D) Histogram and cumulative distribution function (CDF) for lifetime of the closed
conformation with high FRET efficiency from trajectories with 500 nM sialic acid (45 traces). The histogram
distribution was analysed by an exponential fit (black line). The figure was provided from the group of Thor-
ben Cordes and modified from (Peter et al., 2021).
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The trajectories that were observed and assigned to the different states were processed by a
Hidden Markov Model (HMM) (Rabiner, 1989). Using this model, the lifetimes of the
closed conformation were extracted, plotted and the average lifetime was calculated by an
exponential fit (Figure 3-18 D). Thereby, the lifetime of the closed conformation was deter-
mined to be 122 + 16 ms, which means that the substrate bound, closed conformation needed

approximately 120 ms to re-open and released the sialic acid from the binding site.

Overall, the trajectories from Figure 3-18 confirmed the previous study in frozen solution
by PELDOR spectroscopy (Glaenzer et al., 2017). Considering the detection limit of
SMFRET in this set-up (around 5 ms), VcSiaP without substrate only exists in the open
conformation and the closing just occurs after addition of the substrate. Overall, the
SmFRET results of the substrate binding by the TRAP transporter SBP VcSiaP support an
induced-fit binding mechanism, also known as Venus flytrap mechanism (Mao et al., 1982,
Walmsley et al., 1992). The open state of VVcSiaP is stabilized without substrate and just by
addition of the substrate, a transition from the open to closed conformation is induced. With
low substrate concentrations, a re-opening of the protein was observed for the first time,

indicating presumably a releasing of the substrate from the protein binding cleft.

3.4 Discussion and conclusion

In this chapter, the high-resolution structure of the substrate bound SBP from the sialic acid
TRAP transporter of V. cholerae, VVcSiaP, was described for the first time. Thereby, the new
structure completes the basic structural information about VcSiaP. Furthermore, it is only
the second SBP from the class of sialic acid TRAP transporters that is described in the two
functional conformations. Based on this new structure, an identical change between the open
and closed conformation was observed as for the other TRAP SBP HiSiaP (Johnston et al.,
2008, Mdller et al., 2006). As previously postulated with experiments on the binding behav-
iour and from the sequence similarity, the observation of the same structural behaviour sup-
ports an equivalent functional mechanism of sialic acid TRAP transporter SBPs (Glaenzer
etal., 2017, Johnston et al., 2008, Mulligan et al., 2011).

Despite the identical overall structures of the sialic acid TRAP transporter SBPs, a previous
study determined a lower affinity for VVcSiaP to sialic acid of a factor 10 compared to three

other sialic acid SBPs (Gangi Setty et al., 2014). At that time, a reason for this observation
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could not be given due to the missing structure of the substrate bound conformation. The
successful description of this protein structure in the first part of this chapter allowed an
investigation of possible reasons for the different binding affinities. However, the initial
repetition of the binding characterization for two wildtype proteins, HiSiaP and VcSiaP,
revealed a slightly smaller difference for the binding affinities compared to the previous

study from Gangi Setty et al. (Gangi Setty et al., 2014).

These different results might be caused by slight variations in the protein samples or exper-
imental procedures, for example purification processes with more or less impurities, uncer-
tainties in protein concentration determination or a different processing and analysis of the
ITC results. Unfortunately, the previous study showed neither the experimental data of the
ITC measurements nor steps from the purification process or the purity of the final protein
sample (Gangi Setty et al., 2014). Another reason for the differences might be the affinity
tag which was not cleaved off in the previous study, according to the described procedure
(Gangi Setty et al., 2014). From recent work in our group with a new VcSiaP crystal struc-
ture it is known, that VVcSiaP can bind short peptides such as the affinity tag (Peter et al.,
2021). Consequently, a strong binding peptide might change the observed substrate binding
affinity. Further, the expression of the proteins in the previous study was performed in LB
medium and not in M9-minimal medium as in the present work. Investigations on the open
and closed states of VVcSiaP with PELDOR spectroscopy revealed a proportion of around
20% of the closed conformation after protein expression in LB medium and 0% by substi-
tution with M9-minimal medium (personal communication with Janin Glanzer, University
of Bonn). The unintended contamination of the protein with the substrate reduces concen-
tration of unbound protein which is available for substrate binding in an ITC experiments

and by this, influence the determined binding parameters.

Nonetheless, the binding affinities for both SBPs were slightly different in all studies with
the same tendency of weaker binding for VVcSiaP. With the new substrate bound VcSiaP
structure, an altered water network in the substrate binding cleft was presumed to be respon-
sible for the lower binding affinity. A detailed mutational binding study with ITC experi-
ments and crystal structures of regions, that were postulated to be responsible for the differ-
ent affinities of the sialic acid SBPs, revealed functional information about the substrate

binding:
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() The interactions between the protein residues and sialic acid, mediated by the water net-
work, are highly complex and strongly interdependent. For example, the mutations Q9N or
G71Q in VVcSiaP revealed side chain conformations that were not obtained for similar native
residues in the HiSiaP wildtype structure. Additionally, the mutated residues partially
caused alternative conformations of further residues, for example Q151 in mutant M81A
G71Q. Moreover, even a direct interaction of an amino acid residue with the substrate as
for QIN guaranteed no conservation of the conformation. These observations support that
the mutated amino acids and presumably all other residues in the environment are in a de-
fined interaction with each other. Interruptions of these interactions through mutations result
in a significantly lower binding affinity. A further indication of the complex interaction is
the observation that for the only mutant with an increased binding affinity, VVcSiaP T189A,
no obvious structural change was identifiable. One possible explanation for this stronger
affinity is a different stability of the waters in this region, that changes the kinetics of the
substrate binding and by this, facilitates the initial interaction between protein and substrate
or the conformational change of the protein. To further validate such an effect, surface plas-
mon resonance (SPR) experiments with the stronger binding T189A mutant might be help-

ful to study the kinetics of the binding process.

(I1) The previous observation of a water network in the substrate binding site of HiSiaP that
has a great influence on the binding affinity of sialic acid, was also confirmed for VcSiaP
(Darby et al., 2019). A good example is the mutagenesis of VVcSiaP A43 to a serine in bind-
ing region 11, which can only interact with the water network and not directly with the sub-
strate. Even if no crystal structure could be solved for this mutant during the present work,
the ITC experiment revealed a significant decrease of the binding affinity which is presum-
ably caused by an interruption of the water network. A similar observation was described
previously through mutation of alanine 11 to a charged asparagine in HiSiaP, which caused
also an immensely decrease of the binding affinity (Darby et al., 2019). In both proteins,
VcSiaP and HiSiaP, the water network is thereby identified as essential for a high substrate
affinity. Interestingly, the second shell mutants were still able to bind sialic acid and sub-
strate bound crystal structures were successfully determined for the most mutants, for
VcSiaP in the present work and for HiSiaP in a previous study (Darby et al., 2019). In con-
trast, mutants with changed residues that interact directly with the substrate, such as R145

and R125, were classified as non-binders and no substrate bound crystal structures of these
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mutants were described until today (Fischer et al., 2010, Glaenzer et al., 2017, Johnston et
al., 2008). These differences suggest that the water network in the binding cleft contributes
to the previously observed high substrate affinity of TRAP SBPs and that residues in inter-
action with this network are used for “fine-tuning” of the substrate binding process (Muller
et al., 2006). Speculatively on an evolutionary view, this has the advantage that for a new,
slightly changed substrate, the amino acids with a direct substrate interaction do not need to
be modified. Therefore, the evolutionary modification of second shell interacting residues

prevents the formation of non-binding versions of the SBPs.

Overall, even if the results revealed a highly detailed view about the binding mechanism of
the substrate on a molecular level, the reasons for the different binding affinities were diffi-
cult to interpret and probably more variations than the presented mutants are required. As
observed for region I and |1, the mutagenesis of single amino acids can easily interrupt the
substrate binding processes and a higher stabilization of the substrate was hard to achieve.
One possible alternative which might be faster than the production of more mutants and that
can directly address single water molecules in the substrate binding cleft, is a computational
calculation of the thermodynamic binding parameters. In such calculations, certain water
molecules or defined amino acid residues can be changed or deleted and the accompanying
influence on the thermodynamic parameters can be calculated. The comparison of thermo-
dynamic parameters from the wildtype or mutant protein structures with the in silico modi-
fied models can possibly reveal a defined impact of certain molecules or side chains on the
substrate binding and fulfil the understanding of the substrate-protein interaction. Further,
molecular dynamic simulations (MD) can be used to study a changed kinetic of the substrate
binding mechanism or conformational change of the protein, especially for the stronger
binding mutant VVcSiaP T189A.

In the second part of this chapter, the dynamic of the conformational change from TRAP
transporter SBPs was investigated for the first time with SmFRET in solution, by tracking
the time-resolved open-closed transition of single proteins. Contrary to some SBPs of the
ABC transporter and in agreement with previous studies, no substrate-free closed confor-
mation was observed for the TRAP transporter SBP under these conditions (de Boer et al.,
2019a, Glaenzer et al., 2017, Tang et al., 2007). Importantly, the SmFRET experiment has
a time resolution of around 5 ms and fast transitions below this resolution cannot be de-

tected. With the SmFRET experiments, a rearrangement from the closed to the open
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conformation was observed for the first time for TRAP transporter SBPs and revealing again
the substrate-dependency of the conformational change (Glaenzer et al., 2017). As men-
tioned before, all these observations strongly suggest an induced-fit binding mechanism for
the TRAP transporter SBPs (Mao et al., 1982, Walmsley et al., 1992). Similar to ABC trans-
porters with periplasmic SBPs, this mechanism is very likely a selection factor for the mem-
brane domains to discriminate between substrate free and substrate bound protein (Doeven
et al., 2008). This selection will increase the efficiency of the transporter system, since the
binding to the membrane domains is exclusively possible for the substrate bound protein

and cannot be occupied by the substrate free state.
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Chapter 4

Reconstitution of TRAP transporter
membrane domains into membrane mi-

metic systems

Preamble:

The reconstitutions and characterizations of protein-bounded (MSP) nanodiscs were done

with the help of Peer Depping during his Master thesis.
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4.1 Working with membrane proteins in aqueous solution

Analysis of genomes from all types of organisms, prokaryotes, archaea and eukaryotes,
showed that on average 20-30% of the open-reading frames (ORF) encode for a membrane
protein (Wallin and Heijne, 1998). However, the current knowledge about membrane pro-
teins and especially the number of known membrane protein structures do not reflect this
high proportion compared to all other proteins. Until today, 153194 protein structures (pro-
tein-only structures) are published in the protein data bank (PDB) (www.rcsb.org, access
date: 17.02.2021), including 3604 membrane proteins or based on the mpstruc database
classification, 4686 membrane protein structures (https://blanco.biomol.uci.edu/mpstruc/,
access date: 17.02.2021). The mpstruc database also indicated that only 1220 of the 4686
membrane protein structures are unique structures. Overall, the data revealed a proportion
of less than 3% of membrane protein structures on all known protein structures, illustrating
the underrepresentation of this type of proteins in terms of structures. Corresponding to es-
timations, around 1700 unique structures are necessary to classify representatives of each
membrane protein family (Oberai et al., 2006, White, 2009). Methodical developments, es-
pecially the great improvement of single particle cryo-EM, revolutionized the field of struc-
tural biology and led to a high increase of new determined membrane protein structures
during the last years (Chapter 7.1) (Hendrickson, 2016). While the description of a single
structure is very helpful, membrane transporters rely on conformational changes for
transport of a substrate across the cell membrane (Chapter 1.3). Therefore, several structures
in different conformations are usually needed to fully explain their function. Accordingly,
optimized methods that should improve and simplify the solubilization and handling of
membrane proteins in solution are constantly developed. Methods that were used for the
TRAP transporter membrane domains in the later part of this chapter are introduced in the

following paragraphs.

Membrane proteins are often solubilized and extracted from their native membrane with
detergents, by forming stabilizing micelles around the hydrophobic area of the protein
(Garavito and Ferguson-Miller, 2001). This method was used for many years as golden
standard to receive structural and functional information about membrane proteins and now-
adays, many detergents with different properties are commercially available (Stetsenko and

Guskov, 2017). However, the detergent belt around the membrane protein differs
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considerably from the native environment of a lipid bilayer (Zhou and Cross, 2013). Even
if membrane proteins can have the same structure after extraction in detergent micelle and
their native lipid environment (Broecker et al., 2017), there are many systems known in
which the structure, function and conformational dynamic depend on certain protein-lipid
interactions (Gupta et al., 2017, Laganowsky et al., 2014, Martens et al., 2016, Martens et
al., 2018, Sanders et al., 2018). For a better imitation of the native membrane protein envi-
ronment, conservation of protein-lipid interactions and improvement of general handling
for faster and easier biochemical characterization, several membrane mimetic model sys-

tems were developed.

A large step towards this goal was achieved through the development of self-assembling
nanodiscs (Bayburt et al., 2002). In such an assembly, two membrane scaffold proteins
(MSPs) surround and separate the hydrophobic area of a small lipid bilayer from the aque-
ous solution. Membrane proteins can be reconstituted into this lipid bilayer, which generate
a system that has a high similarity to the native environment of the membrane protein and
allows a handling in solution (Bayburt and Sligar, 2003). To increase the application of
these protein-bounded nanodiscs, several constructs of MSP for different sizes of nanodiscs
and diverse lipid mixes, including a native like E. coli lipid mix, are generated and tested
(Bayburt and Sligar, 2010, Denisov et al., 2004). These developments led to a widespread
application of the MSP-nanodiscs in structural and functional studies of membrane proteins
(Denisov and Sligar, 2016). For example, the structure of a fully membrane-embedded sec-

ondary transporter in MSP-nanodiscs was recently determined (Arkhipova et al., 2020).

A disadvantage of the protein-bounded nanodiscs is that the membrane proteins need to be
extracted from their native membrane with classical detergents, prior to the reconstitution
procedure (Ritchie et al., 2009). Further, for the case of membrane proteins that have essen-
tial interactions with certain lipids as mentioned above, the reconstitution into an artificial
bilayer with a different lipid composition does presumably not fulfil this interaction and
may have a disruptive influence on the function of the protein. A promising solution that
avoids the extraction of membrane proteins with detergents is the use of a styrene maleic
acid (SMA) polymer, which forms nanodiscs like a “cookie-cutter” directly from the native
cell membrane, including the membrane proteins (Knowles et al., 2009, Lee et al., 2016a).
The polymer is the product from a polymerization of styrene and maleic anhydride, a 2:1 or
3:1 ratio is standardly used for solubilization of membrane proteins (Figure 4-8 A) (Dorr et
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al., 2016). The solubilization mechanism of the native membrane is presumably based on
an initial hydrophobic interaction between the polymer and the lipid head groups, followed
by an insertion of the polymer into the hydrophobic core (Scheidelaar et al., 2015). This
process destabilizes the membrane and forms the nanodiscs with a belt of polymers. The
resulting polymer-bounded nanodiscs have a size comparable to the protein nanodiscs of
around 10-15 nm and were already used in several structural and functional investigations
(Dorr etal., 2016). For example, the polymer nanodiscs were successfully used for structure
determination of membrane proteins with X-ray crystallography or EM (Broecker et al.,
2017, Postis et al., 2015, Qiu et al., 2018, Sun et al., 2018). One important observation
during investigations of proteins in polymer-bounded nanodiscs was an enrichment of na-
tive anionic lipids in the nanodiscs compared to the average lipids in the membrane (Dorr
et al., 2014, Prabudiansyah et al., 2015).

A similar behaviour of nanodisc formation was observed for the related diisobutylene ma-
leic acid polymer (DIBMA) (Oluwole et al., 2017a, Oluwole et al. 2017b). The usage of this
polymer has the advantage of a lower UV/Vis absorption at protein-detectable wavelength
of around 260-280 nm and a higher acceptance of divalent cations in the buffer solution
compared to SMA extractions (Oluwole et al., 2017a). However, even though the first re-
constitution attempts and physical characterisations of DIBMA nanodiscs are promising,
there are currently only a few described applications in the literature (Adao et al., 2020,
Gulamhussein et al., 2020, Oluwole et al., 2017a). Furthermore, due to the encouraging
results of SMA and DIBMA polymers, several more variations of polymers are recently
described (Esmaili et al., 2020, Fiori et al., 2020, Marconnet et al., 2020). However, the
experimental experience with these systems is overall still sparse and advantages and com-
patibilities to a broad spectrum of membrane proteins, as well as bioanalytical techniques,

are unknown and have to be examined in the future.

In summary, the use of polymer nanodiscs showed encouraging and promising results on
the way to a native membrane mimetic system. On the one hand, the nanodiscs have a high
potential to conserve the intact structure and function of the membrane proteins and on the
other hand, represent an easy to use, manageable system which can be used in bioanalytical
studies. In addition to the use of classical detergents, the reconstitution of TRAP transporter
membrane proteins in protein-bounded and polymer-bounded nanodiscs were examined in

the following chapter.
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4.2 Reconstitution of VcSiaQM and HiSiaQM into detergent micelles

The following chapter presents the initial experiments for production of the two membrane
domains VcSiaQM and HiSiaQM of sialic acid TRAP transporter from V. cholerae and H.
influenzae. This includes protein expression, extraction from the cell membrane with clas-
sical detergents and protein purification. Several important optimizations of each step are
presented to establish a working routine for high protein yields and a good purity of the

protein solution.

4.2.1 Expression, extraction and purification of VcSiaQM

The production of detergent solubilized VVcSiaQM was started with test-expressions in C43
(DE3) E. coli cells. The cells were grown in LB medium and the protein yield was detected
with an SDS-PAGE and western blot (His-tag antibody). The expressions were performed
with two different temperatures (27 °C and 37 °C), with different concentrations of inductor
L(+)-arabinose (50 mg, 100 mg or 250 mg per litre medium) and gel samples were prepared
after different expression times (1, 2 and 3 hours). Figure 4-1 illustrates the result of the
test-expression with the optimized inductor concentration of 50 mg/L. The protein yield of
VcSiaQM was presumably too low for a detection of the protein in the SDS-PAGE, as no
defined changes of a protein band intensity before and after induction of the cultures were
visible (Figure 4-1 A). But the corresponding western blot indicated a clear band of a His-
tagged protein below 25 kDa protein marker band (Figure 4-1 B). This band presumably
represents the His-tagged Q-domain (Mw=22.8 kDa) of the TRAP transporter and is in ac-
cordance with previous published results (Mulligan et al., 2012). The larger M-domain was
not tagged and was hence not detectable in the western blot. However, previous studies
detected a strong complex between both domains and the simultaneous expression and pres-
ence of both domains in solution was assumed (Mulligan et al., 2012). Overall, the samples
at 37 °C indicated a constant protein amount between 1- and 2-hours expression, while for
the 25 °C samples the protein amount was slightly increased between 1 and 2 hours (Figure
4-1 B). The total protein amount for the two different temperatures after 2 hours expression
was nearly equal. Interestingly, the gel samples that were prepared after 3 hours expression
showed no protein bands at all, independently from the temperature that was used. This was

possibly caused by a low stability or fast digestion of VcSiaQM in the used E. coli cells.
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Finally, 37 °C and one hour were chosen as expression parameters and 10 L LB medium

were used in a standard experiment for a satisfying protein yield.
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Figure 4-1: Expression and purification of VcSiaQM. A) SDS-PAGE with samples from E. coli culture
test-expression of VcSiaQM in LB medium. A preinduction sample and three samples with different expres-
sion times are shown for two different expression temperatures. B) Same samples as A) but after western
blotting of the samples with a His-tag specific antibody. C) Optimized workflow for preparation of the E. coli
cell membranes for extraction of VVcSiaQM with DDM detergent. The parameters of each step are presented
in the method Chapter 9.1.4.2.

A schematic of the extraction procedure is illustrated in Figure 4-1 C. The parameters of
each step are described in method Chapter 9.1.4.2. The detergent n-dodecyl-B-D-maltoside
(DDM) was used for extraction of the membrane protein from the native membrane. Ex-
traction with the alternative detergent Fos-Choline-14 was also investigated but resulted in
a lower yield of target protein and a noticeable increase of the impurities and was therefore

not used for further experiments (Figure SI-16).

After extraction of the membrane proteins with DDM, the VcSiaQM protein was further
purified via chromatography. During the first purifications of the membrane domains with
Ni2*-AC, no VcSiaQM protein bands were found in the corresponding SDS-PAGEs.
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Nonetheless, the protein solution was further purified and loaded onto a SEC column. The
UV/Vis trace indicated a peak of aggregated protein at around 8 mL and a broad protein
peak with two maxima at around 12 mL elution volume (Figure 4-2 A). In some purifica-
tions only a protein peak with one maximum was observed, while the reason for this obser-
vation remained elusive (for example Figure S1-16). The SDS-PAGE of the peak fractions
showed only very low-intensity protein bands (Figure 4-2 B). However, the corresponding
western blot with His-tag antibody for the same samples displayed an unambiguous band
for the tagged Q-domains (Figure 4-2 C). The single protein band in the western blot at
higher molecular weight could not be identified and maybe represented a fraction of

VcSiaQM with a changed gel-diffusion behaviour, possibly due to partial unfolding.

To further study the discrepancy between the obvious protein signal in the SEC elution
profile and the weak protein band signal on the SDS-PAGE, the SDS-PAGE was repeated
without heating of the samples before application on the gel. Indeed, this SDS-PAGE indi-
cated clear protein bands that were not observed before (Figure 4-2 D). The intense band
between 15-25 kDa corresponded to the detected band in the western blot and thereby rep-
resented the His-tagged Q-domain. The second intense band around 35 kDa indicated pre-
sumably the M-domain (Mw=45.46 kDa) of the VcSiaPQM TRAP transporter. The molec-
ular weight shift on the SDS-gel compared to the protein standard is a familiar effect for
membrane proteins, which is likely based on an incomplete denaturation of the membrane
protein with the detergent SDS (Rath et al., 2009). The protein band for the M-domain has
the same intensity pattern in the SEC peak as the Q-domain and the size fits to previously
published data (Mulligan et al., 2012). The identical elution behaviour of these two proteins
with different masses was likely caused by a stable complex formation between the Q- and
M-domain in solution, as previously described for VcSiaQM (Mulligan et al., 2012). On the
SDS-gel, denaturing conditions cause the separation of the complex and two protein bands

were visible.

Consequently, derived from the observation in this chapter, all SDS-gel samples with the
membrane domains in following paragraphs and chapters were not heated. After the opti-
mized gel sample preparation, a new purification trial was performed with a protein elution
from Ni?*-AC by using a stepwise increasement of the imidazole concentration (Figure

SI-16). The SDS-PAGE of the elution fractions indicated a lot of impurities and only weak
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protein bands that correspond to VcSiaQM, already in the elution fraction with 31.2 mM

imidazole.
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Figure 4-2: Purification of VcSiaQM. A) SEC of concentrated Ni%*-AC elution sample with absorption at
280 nm on an SD 200 10/300 column (standard detergent buffer). The fractions for SDS-PAGE samples are
marked in blue. B) SDS-PAGE of SEC fractions from the whole protein peak in A), as indicated by the blue
line. His-tagged TEV protease was used as western blot control. C) Same samples as B) but after western
blotting and detection with an His-tag antibody. D) SDS-PAGE of SEC fractions from the whole protein peak
in A) but without standardly heating of the samples before loading onto the gel.

For optimization of the protein production, the affinity of the protein to the nickel resin was
increased to enable a low-imidazole concentration washing step during Ni?*-AC to remove
impurities before elution of the target protein. Therefore, the His-tag on the protein was
extended with QuickChange mutagenesis by insertion of further histidine residues. Alt-
hough, the primer was designed for insertion of 4 histidine residues, only a construct with 8
additional residues was produced, maybe through unexpected binding of the primers in the
polyhistidine region. Nonetheless, this Hisis-construct was expressed and a Ni>*-AC was
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performed with an identical imidazole gradient as before. The eluted fractions were analysed
on a western blot to receive a high sensitivity for detection of the target protein VcSiaQM
(Figure 4-3 A). The maximum of protein intensity was clearly detected in the fraction with
125 mM imidazole. This shift of the protein to elution at higher imidazole concentrations,
allowed an increase of the imidazole concentration in a washing step of the Ni>*-AC and

thereby a potentially decrease of impurities.
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Figure 4-3: Optimizations of VcSiaQM purification. A) Western-Blot with samples from different steps of
a Ni**-AC with His;s-tagged VcSiaQM and detection of His-tag antibody. B) SEC of concentrated Ni?*-AC
elution solution with absorption at 280 nm on an SD 200 10/300 column (standard detergent buffer). The
fractions for SDS-PAGE samples are marked in blue. C) SDS-PAGE of SEC fractions from the main peak in
B), as indicated by the blue line.

Additional purifications with variations of further parameters, such as optimization of the
amount of detergent during extraction and varied extraction time, led to a SEC elution pro-

file in Figure 4-3 B. The final optimized parameters for expression, extraction and
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purification are described in detail in method Chapter 9.1.4.2. Overall, the SDS-PAGE from
the SEC fractions showed intense bands for the Q- and M-domains but also impurities that
could not be removed during purification (Figure 4-3 C). The final protocol for production
of VcSiaQM resulted in a yield of around 1 mg protein from 10 L LB medium.

For all VVcSiaQM purifications, an additional protein band in the SDS-gels at around 55-70
kDa were observed, with varied intensity between different purification trials (Figure 4-2 D
and Figure 4-3 C). The protein band was investigated with specific detection of His-tagged
protein in a western blot to analyse if the protein band results from the unseparated complex
of the QM membrane domains. However, the western blot revealed only a weak signal
around 35-40 kDa which might be caused by the QM-complex, while the protein band from
the SDS-PAGE at around 55-70 kDa was not visible in the western blot and are therefore

assigned to a contamination (Figure SI-17).

4.2.2 Expression, extraction and purification of HiSiaQM

Based on the successful purifications of VcSiaQM in the last chapter, the membrane do-
mains of the related sialic acid transporter from H. influenzae, HiSiaQM, were also ex-
pressed and purified. Here, the optimized parameters and experience from the VcSiaQM
experiments, for example detergent concentration, extraction time and useful culture vol-
umes, were directly used for this Hisio-tagged protein. An elution-profile of a SEC with
HiSiaQM protein after Ni?*-AC is illustrated in Figure 4-4 A and showed a defined single
peak at around 12 mL elution volume. In comparison with the SEC runs from VcSiaQM,
only a small amount of aggregated protein at around 8 mL was detected. The corresponding
SDS-gel of the main peak fractions indicated an overall clean solution with only few impu-
rities and a major intense protein band at around 55 kDa protein standard (Figure 4-4 B). In
contrast to VcSiaQM, the Q- and M-domains of HiSiaQM are fused together to one peptide
chain with a postulated additional transmembrane helix (Figure 1-8) (Kelly and Thomas,
2001). The detected band correlated well with a purification from a previous publication
with a HiSiaQM band at around 47.5 kDa standard (Mulligan et al., 2009). Again, the pro-
tein samples for the SDS-gel were not heated before they were loaded onto the gel. An
example of a heated sample, compared to the same sample without heating, is shown in

Figure 4-4 C. Similar to VVcSiaP, the heated sample indicated an undefined, smeary protein
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fraction in the gel, without a clear band. In summary, the purity of the protein solution after
SEC, as well as the protein yield for HiSiaQM, was much better and higher than for
VcSiaQM. In a standard purification after DDM extraction, 2-3 mg protein was received
from 10 L LB medium. For this reason, the following chapters and experimental investiga-

tions are more focused on the HiSiaQM membrane domains.
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Figure 4-4: Purification and characterisation of HiSiaQM. A) SEC run of concentrated Ni?*-AC elution
solution on an SD 200 10/300 column (standard detergent buffer). The fractions for SDS-PAGE samples are
marked in blue. B) SDS-PAGE of SEC fractions in A), as indicated by the blue line. C) SDS-gels with HiSi-
aQM after heated and not-heated sample preparation. D) Results of mass identification of main protein band
from SDS-gel in B) (performed at CECAD/CMMC Proteomics Facility, University of Cologne). The protein
sample in polyacrylamide gel was digested with pepsin and the resulting peptides were analysed with mass
spectrometry.

In an additional purification experiment, the HiSiaQM protein after SEC was incubated with
TEV protease for a cleavage of the N-terminal affinity tag. Interestingly, even with a high
excess of TEV protease and long incubation time, the His-tag could not be cleaved off. This
behaviour might be resulting from an inaccessibility of the cleavage site or a reduced activ-
ity of TEV protease, caused by the membrane mimetic system (Mohanty et al., 2003, Newby
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et al., 2009). Nevertheless, the explanation of an inaccessible tag fits to the observed low
affinity for the QM-domains to the Ni?>*-AC by using a standard Hiss-tag and the higher
affinities for the use of longer Hisi4 (VcSiaQM) and Hisio (HiSiaQM) tags.

Due to the many following experiments with this protein, the observed protein band needed
to be unambiguous identified as HiSiaQM, in addition to the western blots. Therefore, the
corresponding band at around 55 kDa protein standard was cut out of the gel and the protein
was identified with mass spectrometry at the CECAD/CMMC Proteomics Facility (Univer-
sity of Cologne). The detected peptides after pepsin digestion of the protein are shown in
Figure S1-18 and the results of alignment of these peptides with the HiSiaQM sequence and
sequences of native E. coli proteins are shown in Figure 4-4 D. Seven of the detected pep-
tides were successfully aligned to the HiSiaQM protein sequence with a coverage of 8.8%,
proving the presence of the protein HiSiaQM in the SDS-gel sample. The low sequence
coverage is an often observed effect for membrane proteins, presumably caused by an un-
successful digestion of the hydrophobic protein regions (Alfonso-Garrido et al., 2015). Fur-
thermore, as known for the high-sensitive method, additional proteins were identified from
the gel piece (Shevchenko et al., 2006). The second most present protein with also seven
identified peptides and a sequence coverage of 14.8% was TrkA. TrkA is a regulatory pro-
tein of the bacterial potassium uptake system Trk with a mass of 50.3 kDa and were previ-
ously detected on SDS-PAGE slightly below 75 kDa protein standard (Zhang et al., 2020).
Consequently, large amounts of this protein should be detectable at a higher position in the
SDS-gel than HiSiaQM. Therefore, HiSiaQM was successfully identified and purification
approaches with similar results in the SEC profile and SDS-PAGE were used for further

investigations.

4.3 Incorporation of HiSiaQM in protein-bounded nanodiscs

As membrane mimetic system for investigations in a more native-like environment than in
detergent micelles, the membrane protein HiSiaQM was reconstituted into protein-bounded
nanodiscs. As mentioned above, this system consists of a lipid-bilayer, which is stabilized
by a membrane scaffold protein and in which the membrane protein is reconstituted in a
self-assembly approach. In the present work, the shortest construct of the nanodisc belt

128



Incorporation of HiSiaQM in protein-bounded nanodiscs

MSP1 was used, which creates a nanodiscs with a diameter of around 9.7 nm (Ritchie et al.,
2009).

4.3.1 Purification of MSP1

First, the membrane scaffold protein MSP1 was expressed and purified. The procedure was
based on the work of the group from Stephen G. Sligar (Bayburt et al., 2002, Ritchie et al.,
2009) and details are mentioned in the description of the method in Chapter 9.1.4.3. Figure
4-5 illustrates a final SEC and corresponding SDS-PAGE from a purification experiment.
The chromatogram revealed a main peak at around 65 mL, flanked by two smaller peaks at
lower and higher elution volume (Figure 4-5 A). The SDS-gel showed an overall clean pro-
tein solution already after elution of the Ni?*-AC with intense bands at around 20-25 kDa
protein standard and a second band at smaller protein standard (MSP1 Mw=24.6 kDa) (Fig-
ure 4-5 B, load). The SDS-gel samples from the SEC fractions revealed the MSP1 in the
main peak of the chromatogram. The second band around the 15 kDa protein standard could
not be separated during the SEC. The two other SEC peaks, especially the peak at lower
elution volumes, indicated the MSP1 in the SDS-gel. The varied elution volumes on the
SEC column might be caused by an alternative conformation or oligomerization of MSP1
that was not visible in the gel due to denaturing and reducing conditions. However, the

protein from the main peak fractions were used for subsequent nanodiscs reconstitution.
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Figure 4-5: Purification of MSP1 for nanodiscs reconstitution. A) SEC run on a HiLoad SD 75 16/600
column with detection of elution at 280 nm absorption. The fractions for SDS-PAGE samples are marked in
blue. B) SDS-gel with samples from the load of the column (elution of Ni?*-AC) and SEC fractions.
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4.3.2 Reconstitution of HiSiaQM in protein-bounded nanodiscs

The reconstitution of the TRAP transporter membrane domains HiSiaQM in MSP-nano-
discs was achieved by optimization of several experimental conditions or compositions to-
gether with Peer Deeping during his master thesis. The crucial steps are presented in the
following section. The general procedure is based on the work of the group of Stephen G.
Sligar (Bayburt et al., 2002, Ritchie et al., 2009). In first test experiments, two reconstitution
approaches were prepared with different lipids, DMPC and DOPC (1,2-dimyristoyl-sn-
glycero-3-phosphocholine and 1,2-dioleoyl-sn-glycero-3-phospho-choline). These lipids
differ in their alkyl chains, DMPC is fully saturated and DOPC has one unsaturated carbon
bond in each of the two chains (Figure 4-6 A and B). According to the lipids, a varied com-
ponent ratio was used, 1:80:0.2 for DMPC and 1:30:0.25 for DOPC (MSP1 to lipids to
HiSiaQM molar ratio) (Ritchie et al., 2009). Due to the unsaturated bonds in DOPC, the
lipid takes up a larger volume and a smaller ratio should be used. The removal of the deter-
gent and reconstitution of nanodiscs was achieved by an overnight dialysis. Subsequently,
the reconstitution trials for both lipids were analysed with a SEC run (Figure 4-6 C and E).
Both chromatograms revealed a protein peak at around 12 mL and a shoulder at smaller
elution volumes for DOPC, while the DMPC trial showed a prominent peak next to the void
volume. The SDS-gels of fractions from both chromatograms revealed two protein bands,
one for HiSiaQM at 55 kDa and a second for MSP1 at around 20-25 kDa (Figure 4-6 D and
F). Again, the SDS-gel samples were not heated prior to loading on the gel. For both recon-
stitutions, the HiSiaQM bands showed a maximum of intensity in the SDS-gel at smaller
SEC elution volumes, which correspond to higher molecular weights, while the MSP1 was
also detectable in the larger elution volumes. This tendency was interpreted as a shift of the

HiSiaQM-filled nanodiscs against empty nanodiscs on the SEC column.

Based on the coincidental observation that further DMPC reconstitution experiments with
slight changes in the room temperature resulted in a changed SEC elution profile, the ex-
periments were repeated at defined temperatures. The incubation and dialysis of DMPC
nanodiscs was performed in an incubator at 26 °C, which is higher than the lipid specific
phase transition temperature of 24 °C and should guarantee a fluid-liquid phase of the lipid
bilayer (Avanti Polar Lipids, Eeman and Deleu, 2010). In contrast, the reconstitution of
DOPC nanodiscs at room temperature was already above the transition temperature of these
lipids of -17 °C (Avanti Polar Lipids).
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Figure 4-6: Reconstitution approaches of HiSiaQM in protein-bounded nanodiscs. A-B) Chemical struc-
tures of DOPC and DMPC lipid. C) SEC run of HiSiaQM after reconstitution into MSP-nanodiscs with DOPC
lipids on an SD 200 10/300 column (buffer: standard QM-buffer without detergent and glycerol). The fractions
for SDS-PAGE samples are marked in blue. D) SDS-gel with samples from the SEC eluted fractions in C). E)
Same as C) but with DMPC lipids and incubation temperature at around 20 °C room temperature. F) SDS-gel
with samples from the SEC eluted fractions in E). G) Same as E) but with incubation temperature of reconsti-
tution mixture and dialysis at 26 °C. Additional, a typical elution profile of a DDM detergent solubilized
sample of HiSiaQM on the same column is represented with dashed lines. The intensity is normalized to the
maximum of the nanodiscs SEC run and the salt peaks of both chromatograms were used for overlaying. H)
SDS-gel with samples from the SEC eluted fractions after nanodisc reconstitution in G).
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The chromatogram of this experiment is shown in Figure 4-6 G (continuous line) and re-
vealed two protein peaks. The peaks were not baseline separated but the two maxima were
distinctly visible. Further, the two peaks were clearly eluted at volumes above 10 mL and
were therefore not located in the region of the void volume of around 8 mL. The SDS-PAGE
of the SEC fractions indicated a maximum of HiSiaQM protein in the first peak and only
small amounts in the second peak (Figure 4-6 H). The maximum of the MSP1 was clearly
shifted to higher elution volumes, in direction to the second peak, but was also present in
fractions of peak 1. From this result it was postulated that the HiSiaQM-filled nanodiscs
were shifted to a smaller elution volume than the empty nanodiscs. Although, this would
require a changed hydrodynamic radius between the filled and empty nanodiscs or other
specific interactions that resulted in different elution behaviours.

Even if the exact reason for the two peaks remained elusive, the HiSiaQM protein in MSP1-
nanodiscs were used for further characterization and experiments in the following chapters.
Due to a higher amount of HiSiaQM in the SDS-PAGEs after SEC for the DMPC nanodiscs
as for the DOPC nanodiscs, the following reconstitutions were performed with DMPC li-
pids. Nevertheless, for an additional optimization and increase of the yield, the reconstitu-
tion conditions were further tested and modified. For example, the ratio between the MSP1
and lipid towards the amount of HiSiaQM was varied, as well as the total amount of DMPC
and sodium cholate in the reconstitution mix (Figure SI-19). One interesting observation
was received from a reconstitution approach with high tendency for aggregation. The SEC
peak of the aggregated fraction was drastically decreased with repetition of the dialysis
overnight (Figure SI-19). Consequently, the dialysis step was increased in time and the
number of buffer changes and the final conditions for reconstitution of HiSiaQM in MSP-

nanodiscs are described in Chapter 9.1.5.

4.3.3 Verification of HiSiaQM in protein-bounded nanodiscs

In addition to the SEC runs and the corresponding SDS-gels, the reconstituted nanodiscs
were characterised with native mass spectrometry and single particle EM. In the present
chapter, the EM experiments are just briefly presented for the confirmation of the nanodiscs,
a more comprehensive investigation and detailed description is given in Chapter 7.3.
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The native mass spectrometry experiments were performed by Kudratullah Karimi from the
group of Nina Morgner (University of Frankfurt). In these experiments, the soft ionization
technique LILBID (laser induced liquid bead ion desorption) was used that allowed to ana-
lyse the mass of structural intact proteins or protein complexes (Peetz et al., 2018). The
results for LILBID mass spectrometry with HiSiaQM in MSP-nanodiscs is shown in Figure
4-7 A. The spectrum revealed several peaks which were assigned to components of the re-
constitution mix with different charges, including both proteins, HiSiaQM and MSP1. How-
ever, some signals were not very sharp and especially at higher mass, the signals were broad
and hard to assign to the component. Nonetheless, a signal with corresponding mass for one
HiSiaQM and two MSPs at around 119 kDa was detected. The nanodisc belt consists of two
MSPs and in the case of a postulated monomeric HiSiaQM protein, this signal confirmed
the successful nanodiscs reconstitution (Bayburt et al., 2002, Mulligan et al., 2011). Addi-
tionally, the spectrum revealed some species that were assigned to a dimeric HiSiaQM as-
sembly in a nanodiscs. To find an explanation for this observation and to get a more detailed
view of the nanodiscs, single particles were investigated with EM.

For initial detection of nanodisc particles with EM, the first peak of a SEC run from a re-
constitution approach was investigated after negative staining by the group of Christine
Ziegler (University of Regensburg) (Figure 4-7 B, SEC in Figure 7-4 C). The electron mi-
crograph indicated several single particles with a clear visible and well-defined round shape
in two preferable orientations, a top and a side-view. The degree of aggregation was low
and the particles with a top view orientation had an approximate diameter of 10-11 nm,
which correlates well with the literature value of 9.8 nm (Ritchie et al., 2009). The observed
stacking of nanodiscs is assigned to an artefact of the negative stain sample preparation and
also observed for other MSP-nanodisc samples (personal communication with Veronika
Heinz, University of Regensburg). The second peak from a SEC was also investigated with
EM after negative staining and similar formed nanodiscs were observed (Figure SI-39). A
trend towards slightly smaller particles, probably caused by nanodiscs without protein, was
observable and might be the reason for the different elution volumes on the SEC. A more
detailed study with EM on HiSiaQM in nanodiscs, including cryoEM samples, is presented
in Chapter 7.3 and further confirmed the TRAP transporter membrane domains HiSiaQM
embedded in MSP1-bounded nanodiscs.
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Figure 4-7: Identification of HiSiaQM in protein-bounded nanodiscs. A) Mass spectrometry with LILBID
(laser induced liquid bead ion desorption) experiment with HiSiaQM in MSP-nanodiscs, performed by Ku-
dratullah Karimi and Nina Morgner (University of Frankfurt). The MSP1 is illustrated as blue circle and the
HiSiaQM as orange bar. The assignment of the mass spectrometry signals is mentioned in the figure with
corresponding charge of the biomolecules. B) Negative stain EM image of HiSiaQM in MSP1 nanodiscs. A
more detailed description of EM with HiSiaQM protein is presented in Chapter 7.3.

4.4 Extraction of HiSiaQM in polymer-bounded nanodiscs

In addition to the detergent micelles and protein-bounded nanodiscs, polymer-bounded
nanodiscs as third membrane mimetic system were investigated for solubilization of HiSi-
aQM. As mentioned before, the advantage of these membrane mimetic system is the con-

servation of the native environment of the membrane proteins (Dorr et al., 2016).

4.4.1 Extraction and purification

The extraction of HiSiaQM into polymer-bounded nanodiscs was tested by using the two
polymers SMA and DIBMA under various conditions (Figure 4-8 A). The concentration of
the polymer, as well as the time and temperature of the extraction was varied and the degree
of successful solubilized HiSiaQM was determined. For the SMA nanodiscs, the polymer
with a 3:1 ratio of styrene to maleic anhydride was used. In the first extractions with SMA,
similar conditions as used for the DDM detergent extraction were not successful and neither
on an SDS-gel, nor in the elution of a SEC, a specific signal for HiSiaQM was detected.

Due to this, the extraction temperature and incubation time were varied in the subsequent
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experiments. To roughly validate extraction efficiencies, the observation of a changed col-
ouring of the solution and pellet between the two ultracentrifugation steps was used (Figure
4-1 C). In case of DDM detergent extractions, the pellet after the first ultracentrifugation
always had a yellow-brown colour which was “bleached” to a nearly white pellet after ex-
traction and the second ultracentrifugation step (Figure 4-8 B). The pellets of extraction
with polymers indicated a similar behaviour just for incubation of SMA at 21 °C or 37 °C
overnight, with tendency of more “bleaching” to the higher temperature (Figure 4-8 B). The
4 °C approach with SMA, which presents the temperature for DDM extraction, and all three
temperature approaches with DIBMA, indicated an unchanged yellow-brown pellet after

extraction and second ultracentrifugation.

Additionally, for a more quantitative statement, the supernatant of the second ultracentrifu-
gation step was analysed with a western blot to detect solubilized His-tagged HiSiaQM. As
before, the samples were not heated before they were loaded onto the SDS-gel. Samples for
the western blot were prepared with an extraction time of only two hours and overnight with
varying incubation temperatures. The detected protein bands correlated with the observation
of the changed pellet colour (Figure 4-8 C). A DDM extraction at 4 °C was used as a control
and indicated the most intense band. Overall, the SMA polymer extraction resulted in higher
extraction yields than DIBMA, independent from the temperature change. For both poly-
mers, a small increase in extracted HiSiaQM protein amount was obtained for an increase

of the incubation temperature and for longer extraction time.

In another approach, the amounts of polymer during extraction were varied from the initial
used 2.5% (v/v). The pellets after the second ultracentrifugation indicated only a “bleach-
ing” for the SMA polymer, similar to the DDM extraction (Figure 4-8 D). For DIBMA
extraction, even the solution with 5% (v/v) polymer indicated no change of the pellet colour.
The three different concentrations of SMA revealed an increase of the observed effect pro-
portional to the SMA concentration. In contrast to this, the western blot for this test-extrac-
tion indicated more intense bands for DIBMA than for SMA extraction (Figure 4-8 E). This
could result from sharper bands on the right side of the gel or an experimental error such as
an unequal incubation of the western blot during antibody binding or staining. In summary,
the results of these test-extractions suggest the successful solubilization of HiSiaQM in pol-
ymer-bounded nanodiscs. To further analyse the polymer-bounded nanodiscs, one batch
with each polymer was purified after extraction of HiSiaQM with the optimized parameters.
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Figure 4-8: Extraction of HiSiaQM in polymer-bounded nanodiscs. A) Chemical structures of the SMA
(styrene maleic acid) and DIBMA (diisobutylene maleic acid) polymers that were used for extraction tests
(Dorr et al., 2016, Oluwole et al., 2017a). B) Pellets after the second ultracentrifugation step (compare Figure
4-1 C) after extraction of HiSiaQM with SMA or DIBMA overnight at different temperatures and 2.5% (v/v)
polymer. As control, a DDM extracted sample was simultaneously prepared. C) Western blot from supernatant
fractions in B), after incubation with SMA and DIBMA and second ultracentrifugation. For each temperature,
a sample after 2 hours and overnight incubation were analysed and detected with anti-His antibody. D) Same
as B) but with different concentrations of polymers instead of different temperatures. E) Same as C) but for
supernatant fractions from D).

Based on the detergent purification, the polymer-bounded nanodiscs were firstly purified
via Ni?*-AC without imidazole in the washing buffer and subsequent loaded onto a SEC

column. The resulting SEC elution profiles for both polymers are shown in Figure 4-9 A
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and C. The SEC run of SMA extracted sample indicated an intensive, monodisperse peak at
around 11 mL elution volume with little shoulders at smaller and higher elution volumes.
As expected for SMA-nanodiscs, the ratio between absorption of 280 and 254 nm changed
significantly in comparison to standard proteins or DDM solubilized HiSiaQM, due to the
UV/Vis absorption of the polymer (Oluwole et al., 2017a). The SDS-gel of the SEC frac-
tions from the detected peak in Figure 4-9 B indicated two bands at around 55 kDa, whereas
the lower one was assigned with the help of western blots to the target protein HiSiaQM
(Figure 4-10 A).
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Figure 4-9: SEC runs with HiSiaQM in polymer-bounded nanodiscs. A) SEC of a SMA polymer extracted
HiSiaQM sample after Ni?*-AC elution with detected absorption at 280 nm (black) and 254 nm (grey) on an
SD 200 10/300 column (standard QM buffer without DDM). The fractions for SDS-PAGE samples are marked
in blue. B) SDS-PAGE of SEC fractions from the main peak in A), as indicated by the blue marker. C) Same
as A) but with HiSiaQM extracted with DIBMA polymer. D) SDS-PAGE of SEC fractions from the main
peak in C), as indicated by the blue marker.
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The SEC profile of the DIBMA extraction indicated a broader peak with a maximum at
around 10 mL and several shoulders at higher and lower elution volumes (Figure 4-9 C). In
contrast to the SMA-nanodiscs, this approach showed a detergent-like ratio between absorp-
tion at 280 nm and 254 nm, due to the absence of styrene in the DIBMA polymer. However,
the total intensity of absorption in SEC elution was lowered by a factor of 2, compared to
the SMA extraction. Further, the SDS-gel of the SEC fractions indicated several different
protein bands and only weak bands for HiSiaQM were detectable. Overall, the SEC peaks
for both nanodisc preparations were slightly broader than the DDM extracted protein peaks
(Figure 4-4 A), but especially the SMA polymer experiment indicated a successful extrac-

tion and purification of HiSiaQM in this nanodiscs.
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Figure 4-10: Purification optimization of HiSiaQM in SMA-nanodiscs. A) Western blot of fractions from
a Ni**-AC with elution of the protein with an imidazole gradient, detected with a His-tag antibody. The frac-
tions and concentrations are mentioned in the figure. B) SEC of HiSiaQM in SMA nanodiscs after Ni?*-AC
with absorption at 280 nm (black) and 254 nm (grey) on an SD 200 10/300 column (standard QM buffer
without detergent). The fractions for SDS-PAGE samples are marked in blue. C) SDS-PAGE of SEC fractions
from the main peak in B), indicated by the blue line.

138



Extraction of HiSiaQM in polymer-bounded nanodiscs

Due to a higher quality and quantity of SMA-extracted HiSiaQM, this polymer was used
for further experiments. To optimize the yield and reduce the impurities, the binding
strength of HiSiaQM in SMA-nanodiscs to Ni?*-AC resins was analysed with an imidazole
elution gradient and a subsequent western blot (Figure 4-10 A). The flowthrough fraction
of the Ni?*-AC column after batch-binding indicated a similar protein concentration as the
supernatant fraction (Figure 4-10 A). This might result from a low binding affinity or a high
protein excess with a fully bound Ni?*-AC column. The following elution fractions with a
stepwise increase of the imidazole concentration showed a clear elution of HiSiaQM in pro-
tein-bounded nanodiscs at around 20 mM and 25 mM imidazole. Consequently, HiSiaQM
in SMA-nanodiscs showed a lower affinity to the column matrix than the same protein sta-
bilized in DDM detergent micelles, which could be treated with 25 mM imidazole without
elution of the target protein. The decreased affinity was possibly caused by a lowered ac-
cessibility of the Hisio-tag in the native nanodiscs. Nonetheless, a SEC run of a large-scale
approach resulted in an intense, monodisperse peak (Figure 4-10 B). The corresponding
SDS-gel visualized a defined and intense peak for HiSiaQM between 40 and 55 kDa but
also several other proteins in high amounts that could not be separated during purification
(Figure 4-10 C).

4.4.2 Verification of HiSiaQM in polymer-bounded nanodiscs

The specific detection of HiSiaQM with a western blot in the supernatant, after extraction
with the polymers and the second ultracentrifugation, was one evidence for the successful
stabilization of the membrane domains in the nanodiscs. To further characterise the protein
bands after SEC in the SDS-gel and to identify the target protein, the two bands in the region
of the 55 kDa protein standard were analysed with mass spectrometry (Figure 4-11 A) (core
facility mass spectrometry, University of Bonn). Similar to the identification of DDM sol-
ubilized protein, the protein bands were digested with pepsin and the resulting peptides
identified via mass spectrometry. The alignment of these peptides with the HiSiaQM se-
quence and an E. coli protein data bank confirmed the target protein in both gel fractions
(Figure 4-11 B and C, black arrows). The abundance of HiSiaQM was higher in the lower
peak, as postulated by the detection in a western blot. The protein cytochrome bos ubiquinol

oxidase was identified as the main additional protein, which might be also the main
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component of the second band at 55 kDa. This E. coli protein is natively located in the

cytoplasmic membrane of the bacteria and seems to be co-extracted with the SMA polymer

into nanodiscs (Yap et al., 2010).
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Description Coverage Peptides Peptide Unique AAs MW [kDa] Abundances
[%] spectrum Peptides
match
Cytochrome bo(3) ubiguinol oxidase subunit 1 9 9 85 9 663 74,3 1,1E+08|
Cytochrome bo(3) ubiguinol oxidase subunit 2 18 7 27 7 315 34,9 4,5E+06
PTS system fructose-specific ElIB'BC component 18 10 25 10 563 57,5 3,0E+06
ATP synthase subunit alpha 18 11 18 11 513 55,2 2,6E+06
QOuter membrane protein assembly factor BamA 4 3 13 3 810 80,5 2,2E+06|
Protein YdgA 22 10 15 10 502 54,7 2,1E+06
Pyruvate/protan symporter BtsT 3 2 5 2 716 77,3 1,AE+06
Ribose import ATP-binding protein RbsA 18 8 18 8 501 55 1,3E+06)
Sialic acid TRAP transporter HiSiaQM 6 4 8 4 634 69,8 1,1E+06)
Methyl-accepting chemotaxis protein | 7 4 8 4 551 59,4 6,2E+05
Description Coverage Peptides Peptides AAs MW [kDa] Abundances
[%] spectrum
match
Cytochrome bo(3) ubiquinol oxidase subunit 1 14 12 73 663 74,3 7,2E+07
Sialic acid TRAP transporter HiSiaQM 12 8 23 634 69,8 7,8E+06
Tryptophanase 14 8 21 471 52,7 3,6E+06
Cytochrome bo(3) ubiquinol oxidase subunit 2 26 7 25 315 34,9 3,4E406
NADH-quinone oxidoreductase subunit F 14 7 23 445 49,3 2,1E+06
PTS system glucose-specific EIICB component 10 6 15 477 50,6 2,0E406
Pyruvate dehydrogenase E1 component 5 5 7 887 99,6 1,9E406
Phosphoglucosamine mutase 14 5 8 445 47,5 1,8E+06
\Aerobic glycerol-3-phosphate dehydrogenase 13 5 8 501 56,7 1,8E+06]
D-amino acid dehydrogenase 18 8 14 432 47,6 1,6E+06
D

Figure 4-11: Identification of HiSiaQM in polymer-bounded nanodiscs. A) Single SDS-PAGE fraction
with sample from the main peak of the SEC in Figure 4-10 B. The two intense protein bands at around 55 kDa
protein standard were used for identification. B) Protein identification with mass spectrometry from the cor-
responding protein band in A). The samples were digested with pepsin and the resulting peptides were ana-
lysed with mass spectrometry and aligned to protein sequences (core facility mass spectrometry, University
of Bonn). C) Same as B) but for other protein band in A). D) EM micrograph of HiSiaQM in SMA polymer
stabilized nanodiscs after uranyl acetate staining (negative stain).

As second method for identification of nanodiscs, the samples were analysed with negative

stain EM in the group of Elmar Behrmann (Center of Advanced European Studies and
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Research (caesar), Bonn). The protein containing fraction after SEC indicated a similar ap-
pearance as the protein-bounded nanodiscs from Chapter 4.3.3 (Figure 4-11 D). The sample
revealed single particles with a nanodisc-shaped form and a low degree of aggregation. The
size of the nanodiscs was determined to around 10 nm in diameter, which fits nicely to

values from previous studies with also around 10 nm (Jamshad et al., 2015).

4.5 Discussion and conclusion

The sections above present the successful production sialic acid TRAP transporter mem-
brane domains for handling in aqueous solution and provided thereby a basis for several
bioanalytical studies. The expression, extraction and purification of the membrane domains
VcSiaQM and HiSiaQM were only published once before from our cooperation group of
Gavin H. Thomas (University of York) by using the classical extraction method of detergent
micelles (Mulligan et al., 2009, Mulligan et al., 2012).

For the extraction and purification with DDM detergent, the HiSiaQM protein was received
with a significantly higher yield and higher purity than VcSiaQM by using the identical
procedure. The exact reason for this observation remained unknown, especially because the
proteins have a sequence identity of 45.5% and similarity of 64.1% (EMBOSS Needle Pair-
wise Alignment (Madeira et al., 2019)). A hypothetical reason for a lower yield might be
the interaction between the Q- and M-domains in the two transporters. Even if a strong
interaction between the two protein chains to one complex is presumed for VcSiaQM
(Mulligan et al., 2012), the fusion of the two domains in one peptide chain as for HiSiaQM
can possibly result in a higher stability, especially after extraction from the native environ-
ment. The quality and quantity of the HiSiaQM membrane domains solutions after purifi-
cation were satisfying for subsequent structural and functional studies such as X-ray crys-

tallography trials.

To expand the toolkit of solubilization techniques and to pave the way for functional studies
in native-like environments, for the first time HiSiaQM was successfully reconstituted into
lipid bilayer nanodiscs. During investigations of these nanodiscs, the identification of HiSi-
aQM with native mass spectrometry showed hints for a dimerized protein. Until today, the
membrane domains are postulated to be functionally active as a monomer, comparable to

classical secondary transporter (Mulligan et al., 2011). However, the corresponding signals
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were rather weak and the reliability is rather low and must be validated with care. Nonethe-
less, for further bioanalytical studies, the possibility of a dimerization should be considered.
Another reason for the detected dimerization might be not based on the function but rather

on the random reconstitution of two HiSiaQM proteins into one nanodisc.

Additionally, the HiSiaQM TRAP transporter was also extracted and solubilized with pol-
ymer-bounded nanodiscs. Recently it was shown that the extraction with SMA polymers is
sensitive to many parameters, such as polymer concentration, temperature, incubation time,
ionic strength and pH (Kopf et al., 2020). Also, for HiSiaQM, the extraction was only ob-
served after increasing of the temperature from 4 °C to 21 °C and for an even better extrac-
tion to 37 °C. Nonetheless, these results represent the first approach in which TRAP trans-
porter proteins were extracted in their conserved native lipid bilayer. During test-experi-
ments, the use of SMA polymer revealed a higher extraction efficiency of the target protein
than the DIBMA-polymer. This observation is in consistency with a recent study, in which
the extraction of other membrane proteins with DIBMA also showed a lower yield and

larger amounts of impurities than the extractions with SMA (Gulamhussein et al., 2020).

Compared to the detergent purification, also the protein solution of SMA polymer-bounded
nanodiscs after purification revealed higher concentrations of impurities. The insufficient
purification possibly results from a co-extraction of other membrane proteins in the same
nanodiscs as HiSiaQM. Such an assembly makes it impossible to separate the components
with the used chromatography steps without breaking off the nanodiscs. Alternatively, the
impurities might be present in individual nanodiscs which have a similar size as the HiSi-
aQM nanodiscs and hinder a sufficient separation. To further enhance the purification, sev-
eral changes like other kinds of tags, alternative tag positions or additionally purification

steps should be investigated.

The outcome of this chapter was directly used in the work that is presented in the following
chapters with functional and structural studies on the TRAP transporter membrane domains.
Thereby, the investigations benefit from the high yields and good purity that were achieved
in the described experiments above. The purified HiSiaQM protein in different membrane
mimetic systems were used for functional studies with EPR spectroscopy (Chapter 5), to
generate and identify specific binding nanobodies (Chapter 6) and to investigate the struc-

ture of the proteins (Chapter 7). For the polymer-bounded nanodiscs, unknown limitations
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and incompatibilities are observed in the following chapters and summarized in Chapter 8.
A further interesting analysis of the SMA-nanodiscs with HiSiaQM will be the determina-
tion of the co-isolated lipids. As observed in other studies before, the nanodiscs can reveal
an enrichment of specific lipids, which were postulated as important for the membrane pro-
teins as they represent their native environmental lipids (Dorr et al., 2014, Prabudiansyah et
al., 2015). For TRAP transporters, none of such protein-lipid interactions were determined
before. Therefore, the successful detection of specific lipids can reveal a useful comparison
to classical secondary transporters and information about the importance of the native lipid

bilayer for the protein.
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Chapter 5

Functional studies of TRAP trans-
porter membrane domains with EPR

spectroscopy

Preamble:

All EPR experiments were performed at the Institute for Physical and Theoretical Chemis-
try. The EPR spectrometers from the group of Olav Schiemann were used for the experi-

ments.
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5.1 Overview about PELDOR spectroscopy on membrane proteins

As described in Chapter 4.1, the number of determined membrane protein structures has
strongly increased during the last 10 years and the demand of a functional description arose
with every new structure (Hendrickson, 2016). As presented in the following paragraphs,
several membrane protein structures were therefore supported with orthogonal methods
such as PELDOR spectroscopy to gain insights into their functional behaviour (Mchaourab
et al., 2011, Wunnicke and Hanelt, 2017) (Chapter 2.1).

A major advantage of PELDOR spectroscopy is that normally only the spin centres are
spectroscopically detectable and the rest of the protein or the sample environment, espe-
cially the membrane mimetic system, are “invisible”. Therefore, if the distance between two
centres is in a measurable range, standardly around 2-8 nm (Jeschke, 2012) (Chapter 2.1),
the size of the investigated biological assembly has no direct influence on the experimental
result. These facts are beneficial for PELDOR spectroscopy studies on membrane proteins
in solution. Most PELDOR spectroscopy studies on membrane proteins are performed in
detergent micelles, but during the last years, also more native-like systems were successfully
used with PELDOR spectroscopy, such as lipid bilayer systems of bicelles or protein-
bounded nanodiscs (Evans et al., 2020, Kapsalis et al., 2019, Ward et al., 2014). Further,
PELDOR experiments were performed in large liposomes, which allowed to imitate cells

with a distinct inner and outer environment (Joseph et al., 2014, Zou et al., 2009).

An important PELDOR study on membrane proteins was the first measurement of a trans-
porter system that was embedded in the outer membrane of bacterial cells and thereby in its
native environment (Joseph et al., 2015). The labelling was performed via site-directed spin
labelling (SDSL) of artificially introduced cysteines. Due to no native cysteines in outer
membrane proteins, the labelling procedure of the target transporter system in the bacterial
membrane was still selective (Joseph et al., 2015, Merianos et al., 2000). Even if this exper-
iment was a breakthrough for measurements in physiological relevant environments, the
procedure is only feasible for a limited number of membrane proteins in the outer membrane
of bacteria. Solubilization techniques such as polymer-bounded nanodiscs (Chapter 4.1),
which conserve the native environment and allow a simultaneous handling of the membrane
proteins in aqueous solution, might be a helpful alternative. However, until today, PELDOR

spectroscopy studies in polymer-bounded nanodiscs were only performed with membrane

146



Overview about PELDOR spectroscopy on membrane proteins

proteins that were first solubilized with detergent and subsequently reconstituted into the
nanodiscs (Orwick-Rydmark et al., 2012, Sahu et al., 2013). Nevertheless, the results from
these studies promote distance measurements of a membrane protein with PELDOR spec-

troscopy in their native environment in polymer-bounded nanodiscs.

Because membrane transporters typically undergo large conformational rearrangements
during the transport process, one aim that is often addressed with PELDOR spectroscopy is
the description of certain steps of the transport process and a postulation of a transport cycle.
Until today, several membrane transporters were successfully studied and revealed detailed
insights into the function during transport process, for example peptide export by the ABC
exporter McjD (Bountra et al., 2017), the ATP-hydrolysis cycle of ABC transporter LmrA
(Hellmich et al., 2012) or the interaction between the SBP and TMD of the MalE-FGK:
transporter (Bohm et al., 2013). Especially for secondary active transporters, PELDOR ex-
periments revealed new insights into the coupling mechanisms of LeuT and the MATE an-
tiporter NorM (multidrug and toxic compound extrusion transporter) (Claxton et al., 2010,
Claxton et al., 2018). Additional to these investigations on the transport cycle, PELDOR
spectroscopy was also used to examine the interaction and influence of lipid onto the dy-
namic behaviour of the protein (Martens et al., 2016, Ward et al., 2014). Taken together, the
presented studies revealed a broad application of PELDOR spectroscopy experiments for
functional studies on various membrane proteins in different membrane mimetic systems,

with interesting new details of their function.

One important requirement for a reliable interpretation of measured PELDOR distances on
the function of a protein is a comparison of the distances with a protein structure (Chapter
2). Until today, no protein structure of the TRAP transporter membrane domains was ex-
perimentally determined and only two models are available (Mulligan et al., 2012,
Ovchinnikov et al., 2014). Additionally, also many functional characteristics of the TRAP
transporter membrane domains are unknown, such as binding of the substrate, interaction
with the SBP or influence of the lipids in the environment. Due to the unknown structure,
the PELDOR studies in the following chapter are more focused on qualitative changes of
the detected PELDOR time traces upon addition of a compound than on a structural inter-
pretation of distinct conformational changes. Furthermore, the PELDOR results can be pos-

sibly used for a comparison and experimental validation of the two available protein models.
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5.2 Development of a spin labelling strategy for HiSiaQM

All functional studies of the TRAP transporter membrane domains with EPR spectroscopy
in the following chapter were performed with the cysteine-reactive nitroxide spin label
MTSSL. If not mentioned otherwise, the HiSiaQM protein was extracted and stabilized in

DDM detergent micelles for all experiments.

5.2.1 Initial spin labelling approaches

As a first step in preparation of a spin labelled variant of TRAP transporter membrane do-
mains, the binding of MTSSL to the wildtype proteins VcSiaQM and HiSiaQM was ana-
lysed. Both proteins have several native cysteines, 6 cysteines in VcSiaQM and 5 in HiSi-
aQM. According to the sequence-based TMH-topology models from Mulligan et al.
(Mulligan et al., 2012), the cysteines in VcSiaQM are all located in TMHSs, whereas HiSi-
aQM has two cysteines in transmembrane-helices and three cysteines in cytoplasmic loops
(Figure 5-1 A and B, red circles). Using these models, a reliable prognosis of label accessi-
ble cysteines is not possible, even if several cysteines are predicted in the membrane region
and presumably have no or only a low accessibility. To analyse the labelling of the native
cysteines, the wildtype proteins were therefore treated with the spin label during Ni?*-AC
elution, as described in the standard labelling procedure for soluble proteins (Chapter
9.1.6.1). For VcSiaQM, in one spin labelling experiment only the half protein sample was
used for labelling, while the other one was separated and used to identify aggregation or
other changes of the protein that occurs due to the labelling addition. Both protein samples
were loaded onto a SEC column and the chromatograms revealed a similar elution profile
without a change of aggregation peak between the untreated and spin labelled sample (Fig-
ure SI-20).

In the next step, labelling approaches of both proteins after standard purification were ana-
lysed with X-band cw-EPR at room temperature to investigate the labelling procedure. The
measuring parameters such as protein concentration or number of averaged scans were
changed and optimized during the first cw-EPR experiments and the spectra in Figure 5-1
and Figure 5-2 must be compared with caution. Nonetheless, they were used for a first esti-
mation of the quality of the labelling procedure on the membrane domains.
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Figure 5-1: Initial labelling of TRAP transporter membrane domains. A) TMH-topology prediction of
the VcSiaQM domains, the Q-domain is represented in yellow and the M-domain in blue (Mulligan et al.,
2011). The postulated positions of cysteines are marked with red circles. B) Same as A) but for HiSiaQM with
a connecting TMH in grey. C) X-band RT cw-EPR spectrum (normalized) of VcSiaQM wildtype after label-
ling with cysteine reactive nitroxide spin label MTSSL (200 uM protein, 500 scans). The labelling was per-
formed with the standard protocol for soluble proteins (Chapter 9.1.6.1). Comparable labelling of HiSiaQM
is shown in Figure 5-2 A.

In the spectra of both proteins, a clear signal of triplets for a nitroxide spin label was ob-
served (Figure 5-1 C and Figure 5-2 A). However, both spectra consist of at least two dif-
ferent kinds of triplets, a more isotropic one and a more anisotropic one. These features are
caused by two different subsets of spin labels in the solution with a different rotation corre-

lation time (NejatyJahromy and Schubert, 2014). The isotropic spectrum indicated a subset
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with a higher mobility and is presumably caused by a free, unbound spin label and the ani-

sotropic with a lower mobility might be result from a protein-bounded label.

The cw-EPR spectra of both membrane proteins suggest that at least one native cysteine
was accessible for the label and also that excess, unbound label was not successfully sepa-
rated from the protein with a SEC run. Consequently, prior to PELDOR spectroscopy for
functional studies, these two features needed to be either clarified or prevented. The un-
bound spin label should be removed from the protein solution to reduce intermolecular spin
label interactions. Additionally, to correlate a subsequent PELDOR experiment with the
function of the protein, the spin labels need to be introduced into the protein at known po-
sitions. Therefore, different ways to enhance the selectivity of labelling, such as unnatural
amino acids or mutations of native cysteines were attempted and described in the following
chapters. Due to a simultaneous obtained higher protein yield for HiSiaQM than for
VcSiaQM (Chapter 4.2), the further experiments were focused on the membrane domains
HiSiaQM.

5.2.2 Optimization of the spin labelling procedure

During the optimization of the labelling selectivity in the following chapters, the labelling
procedure was simultaneously customized to enhance the labelling efficiency. The free ex-
cess label was successfully separated from the sample by changing the labelling step from
the elution step of the Ni?*-AC to a washing step. After this label-washing step, the Ni%*-
AC column was washed in an additionally step with standard buffer to remove the unbound
label. After elution of the protein and a subsequent SEC run, the cw-EPR spectrum revealed
a clear change to the initial recorded spectrum (Figure 5-2 A and B). The spectrum had only
an anisotropic signal that is typical for a nitroxide spin label attached to a biomolecule, while
the isotropic signal of a highly mobile spin label species was not detected. This showed that
in contrast to a SEC run, a washing step on the Ni?*-AC column was able to separate the
free label from the protein solution.

By using this labelling procedure, the incubation time between the spin label and the target
protein was strongly reduced and also the concentration of spin label in the washing step
was lower than in the elution step. These factors resulted in a decreased labelling efficiency,

as directly visible from the cw-EPR spectra in Figure 5-2 B. To increase the labelling
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efficiency, the procedure was further modified in several steps and trials. In the final proto-
col, the HiSiaQM protein was eluted from the Ni?*-AC after a washing step with reducing
agent and directly supplemented with MTSSL. After incubation overnight at 4 °C and a
buffer change to remove imidazole, a second Ni?*-AC was performed to separate the free
excess label from the protein. The protein on the Ni?*-AC column was washed with standard

buffer, eluted in the similar way as before and finally purified with SEC.
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Figure 5-2: Optimization of spin labelling procedure for HiSiaQM. A) X-band RT cw-EPR spectrum of
initial labelling with standard labelling protocol for soluble proteins after elution of Ni2*-AC (143 pM protein,
350 scans). All four spectra from the figure are normalized on the same scale. B) X-band RT cw-EPR spectrum
with labelling during Ni?*-AC washing step (105 uM protein, 900 scans). The reason for the small signal at
3440 G was possibly caused by an unknown artefact. C) X-band RT cw-EPR spectrum of a HiSiaQM single
cysteine mutant with standard labelling procedure analogous to B) (50 uM protein, 350 scans). D) X-band RT
cw-EPR spectrum of same mutant as C) but with optimized labelling procedure (50 pM protein, 350 scans).
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The labelling protocol was initially applied to the single cysteine mutant K393C of HiSi-
aQM (introduced in Chapter 5.3). For a direct comparison, the same single cysteine mutant
was labelled with the old procedure. The cw-EPR spectra of both samples, with label addi-
tion in the elution (old protocol) or in a washing step (new protocol) are shown in Figure
5-2 C and D and revealed a clearly higher intensity of the cw-EPR spectrum with the opti-
mized labelling procedure. A similar effect was observed in Q-band field-sweep spectra,
performed prior to each PELDOR measurement, with a significantly increased echo signal

intensity (Figure SI-21).

5.2.3 Selective spin labelling of HiSiaQM

The labelling experiments with the HiSiaQM wildtype protein resulted in an unselective
binding of MTSSL, presumably due to the native cysteines. In a first attempt to increase the
selectivity, the incorporation of unnatural, noncanonical amino acids (UAA) into the HiSi-
aQM protein sequence was tested, together with Mariam Abd EI Fatah during her bachelor
thesis. The UAAs have the advantage that they can be introduced into a protein with only
minimal invasive changes of the sequence and subsequently labelled with a spin centre via
a specific functional group (Fleissner et al., 2009, Kucher et al., 2017). Alternatively, UAAS
are described that directly contain a spin centre and need no further modification or labelling
after reconstitution into the protein sequence (Schmidt et al., 2014). To receive a double
spin labelled HiSiaQM mutant for PELDOR distance measurements, only two amino acids
need to be varied and the remaining protein, especially cysteine residues that are presumably
relevant for function, can remain unchanged. For introduction of UAAS into the protein
sequence during expression, an amber stop codon (TAG) was mutated at desired position.
A suppressor plasmid with an UAA-specific tRNA/synthetase gene was co-transformed into
the E. coli cells and should guarantee the incorporation of the UAA during expression of
the protein (Fleissner et al., 2009, Wang et al., 2001).

For the membrane domains HiSiaQM, two amber codon constructs were initially created to
decrease the risk of accidental choice of a functionally relevant position. The amino acids
E121 and E312 were chosen due to their polarity and an accompanying possible higher
chance of surface accessibility than for hydrophobic residues that might be covered by the

detergent. Further, these amino acids have been postulated to be located in regions between
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a TMH and an extramembrane loop, which should represent a more rigid state of the label-

ling positions (Mulligan et al., 2012).

The incorporation of two UAAs, L-4-acetylphenylalanine (pAcF) and N-propagyl-lysine
(PrK), in the HiSiaQM constructs were analysed in several test-expressions (Chatterjee et
al., 2013, Nguyen et al., 2009, Young et al., 2011). Experimental conditions such as the
UAA concentrations, expression temperature and incubation time were varied. Addition-
ally, different available suppressor plasmids were used for the corresponding unnatural
amino acids, pEVolAcF and pUIltraCNF for pAcF and pEVolPylIRSAF and pEVolPyl-
RSWT for PrK (Chatterjee et al., 2013, Nguyen et al., 2009, Plass et al., 2011, Young et al.,
2011). For none of the tested expression conditions, a full-length protein was observed on a
His-tag specific western blot. Only smaller protein fragments were detectable, presumably
corresponding to a truncated protein (not shown). If the necessary concentration of UAAs
or tRNA is not present during expression, the amber codon would result in a terminated
protein. Overall, the usage of UAAs for selective spin labelling was not successful and could
not be used for labelling of HiSiaQM.

As an alternative attempt for selective labelling of HiSiaQM, the initially used site-directed
spin labelling of cysteines was modified. Based on the unselective labelling reaction of the
wildtype protein with five native cysteines (Figure 5-2 A), these cysteines were mutated
individually to amino acids that are not able to bind MTSSL. The constructed mutants were
all expressed and purified, and the accessibility of the remaining cysteines for the spin label
MTSSL was investigated through labelling. The final purification step (SEC run and corre-
sponding SDS-PAGE) of each HiSiaQM mutant is shown in Figure SI-22 and the corre-
sponding cw-EPR spectra for detection of the nitroxide spin label in Figure 5-3 A. Clearly,
all cw-EPR spectra from mutants with a remaining cysteine in the protein sequence revealed
an immobilized spin label which was presumably bound to the biomolecule. In contrast, the
cysteine-free mutant of HiSiaQM indicated indeed only a minimal amount of spin label
signal with a significant decrease of the signal intensity compared to the other mutants (Fig-
ure 5-3 A). The cysteine-free mutant was purified and labelled in a second batch to exclude
experimental errors. Importantly, the corresponding cw-EPR spectrum of this second batch
showed a similar result as the first protein batch. The comparison of the cw-EPR spectra for
the mutants with one and without cysteines suggested a labelling of cysteine 94. However,
a mutant with single change of this cysteine 94 showed also a successful binding of MTSSL
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to HiSiaQM (Figure S1-23). These spin labelling experiments revealed that more than one
of the native cysteines in HiSiaQM is accessible and can bind the nitroxide spin label. The

cysteine-free mutant is thus the only observed construct that is suitable for selective spin

labelling.
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Figure 5-3: Mutations of HiSiaQM for selective labelling. A) Stacked X-band RT cw-EPR spectra from
HiSiaQM wildtype and mutants with various number of native cysteines. The mutated residues are given next
to the spectra. All spectra are illustrated on the same scale and were recorded under the same conditions (350
scans, 70 uM protein). B) Functional growth assay of AranT E. coli cells (SEV'Y 3) with the TRAP transporter
HiSiaPQM as wildtype (green) and with several mutated native cysteines (black) (Severi et al., 2010). The
cells were grown in an environment with sialic acid as single carbon source and the growth was detected with
the optical density at 600 nm. A negative control cell culture without TRAP transporter is shown in red. A
detailed description of the assay is given in Chapter 9.2.1 and Figure 6-12.
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Before this HiSiaQM construct could be used for further applications, especially for func-
tional studies, the functionality of the protein after mutagenesis of the native cysteines was
confirmed. For this, a TRAP transporter specific in vivo cell growth assay from the lab of
Gavin H. Thomas (University of York) was used (see Chapter 9.2.1 and Figure 6-12 for a
detailed description). The central component of this assay is a modified E. coli strain
(SEVY3), which cell growth depends on the uptake of the nutrient sialic acid from the en-
vironment with the artificial introduced sialic acid TRAP transporter HiSiaPQM (Severi et
al., 2010). Mutagenesis of essential amino acids in the TRAP transporter proteins will con-
sequently result in a non-observable growth of the cell culture (Fischer et al., 2015). To
analyse the function of the cysteine-free HiSiaQM construct, cysteine mutations were intro-
duced into the TRAP transporter HiSiaPQM gene for the growth assay. The growth rates of
cysteine-mutants, including the non-cysteine mutants, as well as for positive and negative
control cultures, are shown in Figure 5-3 B. Except the negative control without a trans-
porter system for sialic acid, all cell cultures showed an increase of the cell density. Even
though, the growth of the cysteine mutants is slightly decreased, particularly for the cyste-
ine-free mutant, the TRAP transporter mutants were still functionally active and the cyste-
ine-free construct was used as starting point for selective spin labelling approaches of HiSi-
aQM.

5.3 Spin labelling of HiSiaQM cysteine mutants for PELDOR spectroscopy

In the following chapters, several cysteine mutants of HiSiaQM were designed and investi-
gated with EPR spectroscopy. All cysteine mutations were inserted into the cysteine-free
construct C94A C325S C334S C400S C458S of HiSiaQM. For the sake of a clearer illus-
trations and a better readability, only the inserted artificial cysteines are mentioned below.

5.3.1 Single cysteine mutants of HiSiaQM

Based on the cysteine-free HiSiaQM construct, artificial cysteines were mutated into the
protein to generate several single cysteine mutants. The positions of these cysteines were
selected on the basis of the TMH-topology model (Mulligan et al., 2012). They were intro-

duced into postulated loops between two transmembrane helices on both predicted sides of
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the membrane protein. The choice of mutated amino acids was based on the hydrophilic
properties of the residues and polar amino acids were used which should guarantee a high
solvent accessibility and no steric hindrance by the detergent micelle. The locations of the
mutated residues were distributed over the whole protein in both domains to generate useful
sets of labelling locations that can be later used as starting point for the construction of

double mutants for distance measurements.
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Figure 5-4: Spin labelling of HiSiaQM single cysteine mutants. A) TMH-topology prediction of HiSiaQM,
the Q-domain is represented in yellow and the M-domain in blue (Mulligan et al., 2012). The postulated po-
sitions of mutated, native cysteines are marked with red circles and for new, introduced cysteines with green
circles. B-G) X-band RT cw-EPR spectra of single cysteine mutants at mentioned positions. The optimized
spin labelling procedure from Chapter 5.2 was used for all mutants. All cw-EPR spectra were recorded with
the same experimental parameters, similar protein concentrations and normalized on the same scale.
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Overall, six single cysteine mutants of HiSiaQM were constructed (Figure 5-4 A, green
circles). The mutants were expressed, purified and labelled with the above described, opti-
mized labelling procedure. The SEC profile of each mutant, as well as a corresponding SDS-
PAGE gel, are illustrated in Figure SI-24. For the most labelled single cysteine mutants,
except K273R1, the SEC runs revealed a lowered protein yield compared to a HiSiaQM
wildtype purification. Additionally, the mutant K393R1 showed an increase of aggregated
protein in the SEC elution profile, which was separated during the SEC run. Nevertheless,

all SDS-gels indicated bands for HiSiaQM without significant amounts of impurities.

Afterwards, the spin labelled HiSiaQM single cysteine mutants were all analysed with cw-
EPR spectroscopy (Figure 5-4 B-G). The spectra indicated a signal of a nitroxide spin label
with clear anisotropic triplet peaks and by this, suggested a successful binding of the
MTSSL to the introduced cysteines. However, the intensity of the detected signal was rather
low and due to the low SNR, a confident quantitative analysis for determination of labelling
efficiency was not possible. Though, the cw-EPR spectra of different cysteine mutants re-
vealed small changes of the signal, especially in the spectral region at around 3420 G. These
features were presumably caused by a varied mobility of the label at these positions and
support the successful labelling procedure at different positions in the protein
(NejatyJahromy and Schubert, 2014).

5.3.2 Double cysteine mutants of HiSiaQM

As proposed in previous studies on TRAP transporters, HiSiaQM is presumed to be func-
tionally active as single protein and not fused into dimeric or oligomeric complex (Mulligan
et al., 2011). Consequently, to investigate the function of the protein by PELDOR spectros-
copy, double spin labelled mutants were required. For this, the designed and characterised
label positions from the single cysteine mutants were used as starting point and a variety of
double mutants were constructed. The double mutants are presented in Figure 5-5 A on the
TMH topology prediction with black arrows between the involved cysteines (Mulligan et
al., 2012). Double mutants with label positions on different sides of the membrane, with

cysteines in only the Q- or M-domains and between both domains were constructed.

Overall, six double cysteine mutants were prepared and labelled during purification, in the

same way as the single cysteine mutants. The final SEC and SDS-gel of each mutant are
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shown in Figure SI-25 and confirmed the successful purification with very few contamina-
tions in the final sample. However, all four double mutants with a cysteine at position 393
showed again a significant amount of aggregated protein in the SEC run, in contrast to the
other mutants. This observation, in combination with similar results from the K393R1 single

mutant, suggested an important functionality of lysine 393 for the stability of the protein.
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Figure 5-5: Spin labelling of HiSiaQM double cysteine mutants A) TMH-topology prediction of HiSiaQM,
the Q-domain is represented in yellow and the M-domain in blue (Mulligan et al., 2012). The postulated po-
sitions of mutated, native cysteines are marked with red circles and for new, introduced cysteines with green
circles. Constructed double cysteine mutants for distance measurements are presented with black arrows. B-
G) X-band RT cw-EPR spectra of double cysteine mutant at mentioned positions. The optimized spin labelling
procedure from Chapter 5.2 was used. All cw-EPR spectra were recorded with the same experimental param-
eters, similar protein concentrations and normalized on the same scale.
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After separation of the aggregates with SEC, all mutants were concentrated and analysed
with cw-EPR spectroscopy. The spectra of all six double mutants revealed anisotropic sig-
nals for immobilized, protein-bound nitroxide spin labels (Figure 5-5 B-G). Again, the sig-
nal intensities were rather low, even though increased SNRs were observed in comparison
to the single mutants. These higher labelling efficiencies were likely caused by the second
labelling positions. However, the background from the double mutant spectrum was still too
noisy for an unambiguous determination of the label quantification. An estimation with low
experimental certainty revealed labelling efficiencies of around 40-50% for the double mu-
tants. Analogous to the single cysteine mutants, qualitative differences of the cw-EPR spec-
tra were observable in the first peak at around 3420 G. These features indicated again a
varied mobility of the spin labels at the different cysteine positions. Overall, the use of arti-
ficially introduced cysteines allowed the selective spin labelling of HiSiaQM with MTSSL
with low, but useful labelling efficiencies, and the subsequent analysis of the mutants with

PELDOR spectroscopy.

5.3.3 Spin labelled HiSiaQM in protein-bounded nanodiscs

For several membrane proteins in other studies, essential interactions of the protein with
membrane lipids could been proven (Gupta et al., 2017, Laganowsky et al., 2014, Martens
etal., 2016, Martens et al., 2018, Sanders et al., 2018). In Chapter 4.3, the successful recon-
stitution of HiSiaQM into MSP-nanodiscs with a lipid bilayer was presented. In the follow-
ing chapter, this membrane mimetic system was combined with spin labelled double cyste-
ine mutants, to study a potential influence of the environment, the detergent micelle or lipid

bilayer, towards the conformational state of HiSiaQM.

For this, the single spin labelled mutant K273R1 and the double mutant E41R1-K235R1
were used. The latter one was an additionally prepared mutant that was also used for other
studies. Both spin labelled mutants were reconstituted into the nanodiscs according to the
standard protocol (Chapter 9.1.5). The SEC runs are shown in Figure 5-6 and indicated the
previously described two peaks that are typical for HiSiaQM reconstitutions (Figure 4-6).
Notably, the intensity of the first peak is slightly decreased, particularly for the double mu-
tant. The SDS-PAGE (Figure SI-26) revealed the expected two bands for HiSiaQM and

MSP1 and therefore the fractions from the first peak were concentrated and investigated
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with cw-EPR spectroscopy. Anisotropic nitroxide signals were observable but the compar-
ison with cw-EPR spectra for same mutants before reconstitution revealed a strongly de-
creased signal intensity and lower SNR of the spectra (Figure 5-6). One possible reason for
this observation was a different protein concentration between HiSiaQM in the nanodiscs
and in detergent micelles. The membrane scaffold proteins and the DMPC lipids, as well as
the presence of empty nanodiscs, hindered an accurate determination of the HiSiaQM con-
centration in the nanodisc sample. However, slight amounts of immobilized spin labels were
detected and the reconstituted HiSiaQM mutants were investigated in the following chapters

with PELDOR spectroscopy.
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Figure 5-6: Reconstitution of spin labelled HiSiaQM in protein-bounded nanodiscs. A) SEC run of HiSi-
aQM K273R1 after reconstitution into MSP-nanodiscs with DMPC lipids on an SD 200 10/300 column
(buffer: standard QM-buffer without detergent and glycerol). B) X-band RT cw-EPR spectra of the first pro-
tein-nanodisc peak in A) (top) and the same mutant in DDM micelles (bottom). The same experimental spec-
trometer settings were used and the spectra are illustrated on the same scale. C-D) Same as A-B) but for
HiSiaQM E41R1 K235R1 double mutant.
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One interesting observation was made during reconstitution of two other spin labelled mu-
tants into MSP-nanodiscs (K393R1 and K273R1-K393R1). After standard overnight dialy-
sis, a white precipitant was visible in the protein solution for both mutants. The precipitant
was separated by centrifugation and the supernatant applied onto a SEC column. The result-
ing chromatograms revealed only one peak, corresponding to the second peak of the
wildtype protein reconstitution (Figure SI-26). Additionally, the SDS-gels indicated just an
observable protein band for MSP1, which suggested the aggregation of the spin labelled
HiSiaQM mutants during reconstitution (Figure SI-26). These observations are in agree-
ment with the previously detected high degree of aggregation of HiSiaQM mutants with
mutated lysine residue 393. Due to an unknown effect of this mutation onto the protein, the
protein constructs with mutation K393C were further analysed and interpreted with caution.

5.3.4 Spin labelling of HiSiaQM in polymer-bounded nanodiscs

In addition to the protein-bounded nanodiscs, the HiSiaQM membrane domains were also
successfully reconstituted into SMA polymer-bounded nanodiscs (Chapter 4.4). As men-
tioned before, the great advantage of the polymer-based extraction is the solubilization of
membrane proteins in their native lipid bilayer. To investigate a possible influence of the
native lipid bilayer to the conformational state of HiSiaQM with PELDOR spectroscopy,
HiSiaQM cysteine mutants were reconstituted into SMA-nanodiscs and incubated with the
spin label MTSSL. Noticeable, no spin labelling experiments or PELDOR spectroscopy
measurements with SMA polymer extracted membrane proteins were published until today.
Based on the labelling experiences with DDM detergent micelles, two double cysteine mu-
tants were expressed and extracted into SMA polymer-bounded nanodiscs and labelled with
the optimized labelling strategy during purification (K62C-K78C and E41C-K62C). The
SEC runs of both mutants and SDS-gels are illustrated in Figure SI-27 and revealed a typical
result with a few impurities in the sample that were already observed and characterized for

HiSiaQM wildtype experiments before (Chapter 4.4).

The cw-EPR spectra of both double spin labelled mutants showed the typical signal for an
immobilized nitroxide spin label (Figure 5-7 A). The intensities of the signals were slightly
lower than for the same mutants in detergent micelles (Figure 5-7 B). Possible explanations

for this might be the quite high amounts of impurities or a deviating protein concentration
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in the nanodisc samples, due to UV/Vis absorption of SMA at 280 nm (Oluwole et al.,
2017a). Because of the high amounts of impurities, the SMA-extraction and labelling pro-
cedure was repeated for the cysteine-free HiSiaQM mutant (SEC and SDS-gel in Figure
SI-27). Surprisingly, the cw-EPR spectrum showed a clear, anisotropic nitroxide spin label
spectrum, similar to the double cysteine mutants (Figure 5-7 A). To rule out experimental
errors, a control experiment with a second batch of cysteine-free HiSiaQM was repeated,
resulting in a very similar cw-EPR spectrum. In contrast, the same HiSiaQM cysteine-free
mutant in detergent micelles showed no spin label signal (Figure 5-7 B). These results sug-
gested a non-selective labelling of the SMA polymer-bounded nanodiscs, possibly caused

by an interaction of the spin label with impurities or the native lipid bilayer.
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Figure 5-7: Spin labelling of HiSiaQM cysteines mutants in SMA-nanodiscs. A) X-band RT cw-EPR
spectra for HiSiaQM without cysteine and two double cysteine mutants after extraction in SMA polymer
nanodiscs. The proteins were labelled with same procedure as DDM detergent samples. The spectra were
detected with equal experimental set-up and illustrated on the same scale. B) Same as A) but with HiSiaQM
solubilized in DDM micelles. C) X-band RT cw-EPR spectra of a 100 uM MTSSL solution without additives
and after addition of 6.6% of SMA and DIBMA polymer with the same experimental set-up and scale.
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During investigations of SMA-nanodisc samples with cw-EPR spectroscopy, a decrease of
the spin label signal intensity over time was detected. To validate this observation, a control
measurement with unbound MTSSL in solution without and with addition of the polymers
SMA and DIBMA were performed. The cw-EPR spectra revealed an isotropic signal for all
three samples with a significant decrease of signal intensity for samples with supplemented
SMA or DIBMA polymers (Figure 5-7 C). The reason for this influence of the two polymers
on the spin label signal in a cw-EPR experiment remained elusive. As mentioned before,
there are currently no studies available in which polymer extracted membrane proteins are
labelled and analysed with cw-EPR or PELDOR spectroscopy. Overall, due to an unselec-
tive labelling and unknown influence of the polymer on the spin label MTSSL, HiSiaQM
in polymer-bounded nanodiscs were not used for PELDOR spectroscopy.

5.4 PELDOR spectroscopy on HiSiaQM

After selective spin labelling, the HiSiaQM mutants were analysed with PELDOR spectros-
copy. As described before, due to the unknown structure of the protein, the distance meas-
urements were more focused on qualitative changes of the detected PELDOR time traces
than on a structural interpretation of distinct conformational changes. The experiments were
performed in detergent micelles, measurements in protein-bounded nanodiscs are men-

tioned.

5.4.1 PELDOR measurements on HiSiaQM

The first PELDOR experiments were performed with single spin labelled mutants of HiSi-
aQM to investigate a possible dimerization or oligomerization of the membrane domains.
The PELDOR time traces of six single mutants are presented in Figure 5-8. All spectra
indicated an initial decrease of the signals but no clear oscillations. Interestingly, the de-
crease of the time traces was more pronounced for the single mutants located in the Q-
domain (E41R1, K62R1 and K78R1) than for M-domain mutations (K273R1, K393R1 and
R573R1), resulting in a higher modulation depth of the first three mutants.

The observed non-oscillation PELDOR time traces may result from an intermolecular cou-

pling or background decay without a defined distance between two or more spin labels.
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Another possible explanation, especially for the PELDOR time traces of spin labels in the
Q-domain, might be indeed a flexible HiSiaQM dimer or oligomer with a broad distribution
of distances between the spin labels. However, with the detected PELDOR time traces, a
possible dimerization or oligomerization of HiSiaQM in solution can be neither reliably

confirmed, nor negated.
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Figure 5-8: PELDOR time traces for HiSiaQM single mutants. A-F) Raw Q-band PELDOR time traces
for HiSiaQM single cysteine mutants after labelling with MTSSL, corresponding to the cw-EPR samples in
Figure 5-4. All PELDOR samples were prepared and measured with the same concentration and in the same
way.

Following these experiments, the double spin labelled HiSiaQM mutants were investigated.
The raw PELDOR time traces of six double mutants are presented in Figure 5-9 and revealed
significant changes for different label positions. For example, for three mutants (K393R1-
R573R1, K62R1-K78R1 and E41R1-K62R1) an initial fast decay of the PELDOR time
traces was observed, indicating a rather short distance between the spin labels. Interestingly,
the two spin labels of each of the three mutants are located in the same domain of HiSiaQM.
The other three mutants, either with spin labels in the same (K273R1-K393R1) or different
domains (K62R1-K393R1 and E41R1-K393R1), showed a long decay of the PELDOR time
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trace. Again, this could be result from a background decay of intermolecular coupled spins
or from a broad distribution of distances between the two introduced spin labels. For all six
PELDOR time traces, the modulation depth was around 10%-30% and by this, significantly
deeper than for the single mutants (Figure 5-8 and Figure 5-9). However, none of the HiSi-
aQM double mutants showed a clear oscillation in the PELDOR time traces. Especially for
the first three mentioned double mutants, K393R1-R573R1, K62R1-K78R1 and E41R1-
K62R1, this might be caused by a high conformational flexibility between the two spin label
positions in HiSiaQM. For the other three mutants, it remained elusive if the signal results
from a background decay or indicates a long distance with large oscillation frequency,

which are not resolved due to the length of the time trace.
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Figure 5-9: PELDOR time traces for HiSiaQM double mutants. A-F) Raw Q-band PELDOR time traces
for HiSiaQM double cysteine mutants after labelling with spin label MTSSL, corresponding to the cw-EPR
samples in Figure 5-5. All PELDOR samples were prepared and measured with the same concentration in the
same way.

For comparison of the PELDOR results with the protein model, distance distributions were
calculated with DeerAnalysis (Jeschke et al., 2006) (Figure 5-10 B and C). Further, in silico
distance distributions were simulated with determination of spin label ensembles on the
protein model from Ovchinnikov et al. with the mtsslWizard software (Figure 5-10 A and
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C) (Hagelueken et al., 2015, Ovchinnikov et al., 2014). The in silico distances were addi-

tional used for simulations of PELDOR time traces, to validate the oscillation that would be

expected for the theoretical distance (Figure 5-10 D, calculated by Dinar Abdullin, Univer-

sity of Bonn).
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Figure 5-10: Comparison of PELDOR distances with HiSiaQM model. A) Model of HiSiaQM after
Ovchinnikov et al. (Ovchinnikov et al., 2014) with views from the cytoplasmic (left) and periplasmic (right)

166



PELDOR spectroscopy on HiSiaQM

side. The Q-domain is presented in yellow and the M-domain in blue. Spin label ensembles of MTSSL (green)
at the cysteine-mutated positions were calculated with mtsslWizard (Hagelueken et al., 2015). B) Raw Q-band
PELDOR time traces for HiSiaQM double cysteine mutants, the background-corrections are indicated as black
lines and were calculated with DeerAnalysis (Jeschke et al., 2006). C) PELDOR distance distributions (black
lines) with validation (grey areas) from experiments in B), calculated with DeerAnalysis (Jeschke et al., 2006).
The in silico distances (grey-white strips) were calculated with the mtsslWizard (Hagelueken et al., 2015) by
using the protein model in A). D) Simulations of PELDOR time traces from the in silico distance distributions
from C) (calculated by Dinar Abdullin, University of Bonn).

As expected from the experimental time traces without oscillations, the PELDOR distance
distributions were quite broad. For example, for the three mutants K393R1-R573R1,
K62R1-K78R1 and E41R1-K62R1, the experimental distances were in a range of 2-5 nm.
Nevertheless, the comparison of the simulated distances from the protein model showed a
good fit to these experimental data (Figure 5-10 C). But importantly, due to the broad dis-
tributions, the comparison of the protein model with the experimental data must be validated
with care. For the other three mutants, K273R1-K393R1, K62R1-K393R1 and E41R1-
K393R1, the experimental PELDOR distance distributions were even broader and more un-
specific, due to the long decay of the time traces. According to the protein model, mutant
K273R1-K393R1 indicated a distance that would be shorter than 2 nm and by this in the
limiting distance region of PELDOR spectroscopy (Jeschke, 2012). For mutant E41R1-
K393R1, the simulated distance was quite large and it might be possible, that the PELDOR
time trace was too short to describe the oscillation for such a distance in a sufficient manner.
However, as mentioned before, it remained elusive if the experimental PELDOR time traces
for these three double mutants are caused by a background decay, a too small time scale of
the experimental time trace or a very high structural flexibility of the protein. A reliable
comparison between the experimental results and the protein model was therefore not pos-

sible.

5.4.2 PELDOR on HiSiaQM with addition of transporter important components

To investigate the transport mechanism by changes of the PELDOR time traces, the
PELDOR experiments of certain HiSiaQM spin labelled mutants were performed after sup-

plementation of compounds that potentially interact with the membrane domains.

For classical secondary transporters, the binding of their substrate by the transmembrane

domains was observed in binding studies and in crystal structures (Reyes et al., 2009,
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Weyand et al., 2008). However, for SBP-dependent TRAP transporters, a binding of the
substrate was only described for the SBP and not for the membrane domains (Johnston et
al., 2008, Muller et al., 2006). To investigate such an interaction for HiSiaQM and a possibly
accompanying change or stabilization of a conformational state, the double mutants E41R1-
K62R1 and K393R1-R573R1 were treated with an excess of NeuSAc. These two mutants
were chosen, due to their presence in both membrane domains and the previously observed
distance features in their PELDOR time traces. For the PELDOR experiments after addition
of Neu5Ac, both mutants again revealed a fast decay of the PELDOR time traces. However,
the comparison with the measurements without substrate showed no significant change,
suggesting no changes of conformational states through the presence of the substrate (Figure
5-11 A and B).

As known from previous studies, TRAP transporters have an additional SBP which is es-
sential for substrate transport and postulated to deliver the substrate to the transmembrane
domains through formation of a tripartite complex (Forward et al., 1997, Mulligan et al.,
2011). Importantly, the formation of the tripartite complex is based on assumptions such as
the mechanisms of ABC transporters and has never been observed experimentally before,
including experiments in our group (personal communication with Janin Glanzer, Univer-
sity of Bonn). To investigate the formation of a tripartite complex and similar as before, an
accompanying change of stabilization of a conformational state of HiSiaQM, PELDOR ex-
periments after addition of HiSiaP were performed. As before, the two double mutants
E41R1-K62R1 and K393R1-R573R1 were used. The PELDOR time traces are shown in
Figure 5-11 C and D and revealed again no significant changes that would represent another

distance between the spin labels.

To exclude a tripartite complex formation without conformational rearrangement of the spin
labelled regions in the two HiSiaQM mutants, single spin labelled HiSiaQM mutants were
supplemented with a single spin labelled HiSiaP protein. In the case of a defined tripartite
complex formation of the transporter domains, a single distance should be obtained in the
PELDOR experiment. For this approach, a single cysteine HiSiaP mutant with a mutational
introduced cysteine into the backbone helix of the protein at position K254C were prepared
and labelled, similar as for the homologous protein VcSiaP in a previous study (Peter et al.,
2021) (SEC, SDS-PAGE and cw-EPR spectrum are shown in Figure SI-28). Due to a second
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labelled species, the PELDOR time trace changed but no modulation or oscillation was de-

tected that would be expected for a defined distance (Figure 5-11 E and F).
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Figure 5-11: PELDOR time traces for labelled HiSiaQM with additives. A) Raw Q-band PELDOR time
traces for HiSiaQM mutant E41R1-K62R1 without additives (black) and after supplementation of native trans-
porter substrate sialic acid (blue) (20 mM sialic acid). A schematic of the transporter components that were
present in the experiment are given above. B) Same as A) but for other cysteine mutant and with 1 mM sialic
acid. C) Same as A) but with addition of HiSiaP wildtype protein (red) in 1:1 ratio (1 mM sialic acid). D)
Same as C) but for cysteine double mutant K393R1-R573R1. E) Raw Q-band PELDOR time traces for HiSi-
aQM mutant K62R1 without (black) and with addition of single spin labelled mutant HiSiaP K254R1 (ma-
genta) in 1:1 ratio (1 mM sialic acid). F) Same as E) but for HiSiaQM K393R1.

In the next experiments, the influence of the membrane mimetic system was investigated in
asimilar way, by analysing changes in the PELDOR time traces for different measurements.
Because the spin labelling of HiSiaQM in polymer-nanodiscs with native membranes was

unselective, the focus was set on a comparison between HiSiaQM in detergent micelles and

169



Functional studies of TRAP transporter membrane domains with EPR spectroscopy

after reconstitution into an artificial lipid bilayer in protein-bounded nanodiscs. For this ex-
periment, the single spin labelled mutant K273R1 and the double mutant E41R1-K235R1
were used (Figure 5-6). The PELDOR time traces of the double spin labelled mutant in
detergent micelles and protein-bounded nanodiscs are shown in Figure 5-12 A and revealed
a comparable result with no changes that would refer to a changed conformational state. In
contrast, for the single spin labelled mutant, the PELDOR time traces showed indeed small
differences with a changed background between the two membrane mimetic systems (Fig-
ure 5-12 B). However, the time traces for the single mutant in both membrane mimetic
systems yielded no certain or defined signals that indicated a changed conformational state
as a consequence of another membrane mimetic system around the membrane protein. Pos-

sible reasons for the different time traces are discussed in the following Chapter 5.5.
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Figure 5-12: PELDOR time traces for labelled HiSiaQM in detergent micelles and protein-bounded
nanodiscs. A) Raw Q-band PELDOR time traces for HiSiaQM mutant E41R1-K235R1 in DDM detergent
micelles (black) and after reconstitution in protein-bounded nanodiscs (green). For comparison, the back-
ground of the PELDOR time traces were normalized to the same scale. B) Same as A) but with HiSiaQM
single cysteine mutant K273R1 and without normalization of the background.

5.5 Discussion and conclusion

The sections above report the progress from an unselectively labelled HiSiaQM protein to-
wards several PELDOR measurements with the membrane domains under several condi-
tions and in two membrane mimetic systems. Overall, a selective labelling procedure with
good labelling efficiency was established and several mutants were analysed with PELDOR

spectroscopy for measurements of distances between spin labels.
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5.5.1 PELDOR spectroscopy uncovers a high structural flexibility of HiSiaQM

The recorded PELDOR time traces of the HiSiaQM double mutants revealed broad distri-
butions of the spin label distances, visible as no or only a low oscillation of the PELDOR
time traces. These results suggest a high structural flexibility of the membrane protein in
solution with no specific conformational state. The analysed mutants further showed par-
tially differences in the time traces, suggesting a different conformational flexibility be-
tween the labelled positions for selected double mutants. Such a structural flexibility and
the resulting broad distance distributions for membrane proteins were observed several
times before in different PELDOR experiments, for example for the secondary multidrug
transporter MdfA (Yardeni et al., 2019), the secondary MATE transporter NorM (Claxton
et al., 2018), the ABC transporter McjD (Bountra et al., 2017), the secondary sugar trans-
porter vSGLT (Paz et al., 2018) and for bacteriorhodopsin (Orwick-Rydmark et al., 2012).
Especially for secondary membrane transporter, such a high structural flexibility is consid-
ered to be necessary for the function of the protein (Boudker and Verdon, 2010, Oldham et
al., 2007, Thomas and Tampé, 2020). According to these models, the substrate translocation
in secondary transporters includes at least a rearrangement of the transmembrane helices
between an outward open to an inward open conformation. If none of these conformational
states are stabilized in solution, the protein is presumably able to switch uncontrolled be-
tween these states. The positioning of the spin labels for distance measurements in such

regions will result in broad distance distribution.

One additional effect for membrane proteins that can cause or promote a destabilization of
defined conformational states is the change of the environment from the native lipid bilayer
to a membrane mimetic system. In a recent study on secondary transporters, a conserved
cytoplasmic network of amino acids was identified that is responsible for the change be-
tween conformational states of the proteins (Martens et al., 2018). In that work, nanodisc
preparations showed an interaction of lipids with this network, resulting in a strong influ-
ence on the conformational changes. The strength of interaction and influence depended
also on the type of lipid, PE (phosphatidylethanolamine) for example showed a higher effect
on the conformational change from the outward-faced to the inward-faced conformation
than PC (phosphatidylcholine) (Martens et al., 2018). This study suggests that the removal
of the native lipids can have an enormous effect on the stabilization of conformational states

and encourage uncontrolled switching between these states, as presumably observed with
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PELDOR spectroscopy for HiSiaQM. The previous study may also explain the unchanged
PELDOR time traces after reconstitution of HiSiaQM into protein-bounded nanodiscs. Be-
cause the influence of the lipids on the conformational states changed for different lipids,
the use of only one kind of lipid for the HiSiaQM nanodiscs might not fulfil such a necessary

interaction.

The observed changed background for the PELDOR time trace of single spin labelled HiSi-
aQM in detergent micelles and protein-bounded nanodiscs possibly results from different
sizes of the membrane mimetic systems. Due to this, the distance between two membrane
proteins is different for the two systems, including the distance of coupled intermolecular
spin labels. For the case of the double spin labelled mutant, the PELDOR signal is mainly
caused by an intramolecular coupling and no changes were detectable. Even if no structural
features could be obtained from the PELDOR experiments in different membrane mimetic
systems, especially the single labelled mutant indicated the successful reconstitution of
HiSiaQM into the nanodiscs.

5.5.2 Influence of additives on the conformational states of HiSiaQM

Because broad distance distributions were expected for the PELDOR experiments on HiSi-
aQM, one focus was set on changes in the detected distance upon addition of transporter-
important components. The addition of the substrate sialic acid revealed no changes of the
conformational state, which could result from either no binding of the substrate through
HiSiaQM or no influence on the conformational state of the protein. A missing, direct bind-
ing of the substrate by the membrane domains might be an interesting observation that
would indicate a different behaviour between TRAP transporters and classical secondary
transporters, which are known to directly bind the substrate (Reyes et al., 2009, Weyand et
al., 2008). This particularity might explain the essential presence of all three TRAP trans-
porter components and highlights the SBP-dependence for substrate translocation (Forward
etal., 1997, Mulligan et al., 2011). However, for a reliable hypothesis, the unable substrate
binding through the membrane domains need to be confirmed with further binding experi-

ments, for example with ITC or SPR measurements.

The possible inability of direct interaction between sialic acid and the membrane domains

promotes the idea of a tripartite complex formation of all transporter domains, as postulated
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for the function of TRAP transporter in previous work (Mulligan et al., 2011). However,
with different set-ups regarding the spin label position, no formation of a tripartite complex
was observed in the present PELDOR experiments. As mentioned above, these observations
are in accordance with previous studies, in which the tripartite complex was never observed
and described before by using other methods for example cw-EPR spectroscopy, microscale
thermophoresis or analytical SEC (personal communication with Janin Glanzer, University
of Bonn). One possible factor that can decrease the tripartite complex formation is the high
structural flexibility of the membrane domains in the detergent micelles, as observed in the
PELDOR experiments without additives. It might be possible, that the SBP can only interact
with a certain conformation of HiSiaQM that is present in the native membranes but un-
derrepresented or even not exist in the detergent solubilized protein. However, the reasons
for the undetected tripartite complex might be manifold and for following studies, many
more experimental parameters should be modified to possibly promote the complex for-
mation, for example another membrane mimetic system or the presence of a sodium-ion
gradient. Additionally, the complex formation should also be simultaneously analysed with
alternative binding methods, to exclude an influence of the modified cysteines and intro-

duced spin labels.

5.5.3 Outlook

The PELDOR experiments on the TRAP transporter membrane domains revealed new in-
sights into the conformational states of HiSiaQM and also showed the uncertainty that arises
from such distance determining experiments without a known protein structure. Therefore,
a main goal prior to following PELDOR experiments should be the determination of the
protein structure. This will not only allow a better cross-validation of the PELDOR results
but also enhance the prediction of suitable labelling sites. Essential parameters such as label
accessibility or measurable distance between two label positions can be determined on a
protein structure with a much higher certainty as with the TMH topology model. As shown
in a previous study on a secondary transporter, the choice of labelling positions for PELDOR
experiments can have a crucial influence on the detected distance between the spin labels
(Claxton et al., 2018). In this study on another membrane protein, the change of labelling

positions by just a few amino acid numbers resulted in significant different detected distance
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distributions and by this, allowed a more sensitive investigation of conformational changes.
Alternatively, without the availability of a protein structure, the preparation of more mutants
can be helpful to get a mutant by chance with a more defined distance and an accompanying

sharper distance distribution in the PELDOR experiment.

As mentioned in the discussion above, the analysis of the PELDOR experiments suggests
several experiments that might be interesting for further studies of the TRAP transporter
membrane domains. One possibility for example is a further variation of additives or con-
ditions such as the salt concentration or pH-value, that showed a strong influence on the
conformational states of another secondary transporter in a recent study (Claxton et al.,
2018). Another central point that should be considered is the impact of the membrane mi-
metic system on the protein. For further studies, the use of a variation of artificial lipids in
protein-bounded nanodiscs can be crucial to analyse the function of HiSiaQM. Another
promising approach regarding the environment of the membrane protein, that would possi-
bly circumvent challenges from the detergent micelles or protein-bounded nanodiscs ap-
proaches, are polymer-bounded nanodiscs. However, these reconstitutions showed an inex-
plicable incompatibility with the nitroxide spin label MTSSL in the cw-EPR experiments.
One alternative is the use of other types of spin labels such as trityl radicals, which are more
inert and might facilitate functional EPR studies in this system (Fleck et al., 2020). If suc-
cessful, these experiments would present the first functional PELDOR studies on solubilized
membrane proteins in their native lipid bilayer and can importantly increase the knowledge

about protein-lipid interaction.
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Chapter 6

Nanobodies for TRAP transporter

membrane domains

Preamble:

The immunization of an alpaca was carried out by Paul-Albert Kénig and Jan Tédtmann
from the nanobody core facility of the University of Bonn. Further, the facility performed
the phage display, as well as the first identification steps of the nanobodies. The SPR meas-
urements were performed with Karl Gatterdam from the Institute of Structural Biology
(ISB), University of Bonn.
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6.1 Nanobodies - small helpers for structural biology

A promising tool for protein structure elucidation that was successfully used in several stud-
ies during the last years are nanobodies (Muyldermans, 2013). Nanobodies are functional
parts from an antigen-binding domain of heavy-chain antibodies that can be standardly gen-
erated within months through immunization of a camelid with the target antigen protein
(Pardon et al., 2014). In general, nanobodies are small and stable proteins with a molecular
weight of around 15 kDa and they have a high affinity and specificity in the nanomolar

range to the target protein (Pardon et al., 2014).

During the last years, nanobodies have an increasing field of application in research, diag-
nostics and therapeutics, for example fluorescent nanobodies for detection of antigens in
living cells, marking of epidermal growth factor receptor proteins from cancer cells for a
positron emission tomography (PET) detection or neutralization of bacterial toxins
(Hussack et al., 2011a, Rothbauer et al., 2006, VVosjan et al., 2011). In the last months, the
urgent need and search for drugs against SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) is also partially focused on nanobodies and in several studies, an influence
and inhibiting effect of nanobodies against specific target proteins from the virus could be
observed (Hanke et al., 2020, Huo et al., 2020, Koenig et al., 2021, Wrapp et al., 2020,
Xiang et al., 2020). In addition to these applications, the specific binders are often used as
supporting tools for structure determination of proteins and were already successfully ap-
plied to membrane proteins for X-ray crystallography (Rasmussen et al., 2011b, Rasmussen
et al., 2011a). The advantage of nanobodies during structure elucidation is their ability to
bind specific epitopes and by this, support the formation and stabilization of weakly popu-
lated conformational states or complexes (Pardon et al., 2014). For membrane proteins, es-
pecially fully membrane embedded secondary active transporters in a large detergent mi-
celle or nanodiscs reconstitution, the binding of nanobodies also increases the region for
crystal forming intermolecular interactions and by this, enhance the crystallization proce-

dure to yield higher quality diffraction data.

Further, nanobodies are also helpful for structural studies with cryo-EM and several high-
resolution EM protein structures in complex with a nanobody or a nanobody-derived binder
were recently described (Hofmann et al., 2019, Laverty et al., 2019, Uchanski et al., 2021).
In one of these examples, a nanobody facilitated the structural description of the ABC export
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transporter TmrAB in eight different conformational states (Hofmann et al., 2019). The spe-
cific binding of the nanobody was used to break a twofold pseudo symmetry of the two
functional domains that hindered the processing towards a protein model. The determination
of the different conformational states allowed a detailed description of the function during
transport of this membrane protein. In another examples, an enlarged nanobody construct,
named megabody, was used to solve a high-resolution structure of a B3-GABAA receptor
with cryo-EM (Uchanski et al., 2021). The specific binding-megabody can facilitate to over-
come the size-limitation of cryo-EM and to prevent a possible preferentially particle orien-

tation during vitrification (Uchanski et al., 2021).

Despite the application of nanobodies for structure determination, they can be used for func-
tional investigations of membrane proteins. As presented before, nanobodies are for exam-
ple helpful during PELDOR spectroscopy studies as target of the necessary spin label, such
that the investigated membrane protein does not have to be modified (Galazzo et al., 2020).
Another interesting application of nanobodies regarding membrane proteins is a disrupting
effect onto the transport function, as observed for the vitamin B12 ABC transporter BtuCD-
F and a vesicular glutamate secondary transporter (VGLUT) (Mireku et al., 2017, Schenck
et al., 2017). Here, the addition of a specific nanobody revealed a reduced transport of the
substrate through blocking of conformational states or essential interactions and can be
thereby potentially used as compound to selectively inhibit the transport process.

6.2 Initial identification and production of nanobodies for HiSiaQM
6.2.1 HiSiaQM purification for alpaca immunization

This chapter describes the way towards obtaining of specific nanobodies from an alpaca for
the TRAP transporter membrane domains HiSiaQM. An overview about the entire proce-
dure is given in Figure 6-1. The immunization of an alpaca for generation of nanobodies
was accomplished with the HiSiaQM wildtype protein. The protein was recombinantly ex-
pressed in LB medium, extracted and solubilized with DDM detergent and purified after the
established standard protocol using Ni?*-AC and SEC (Chapter 9.1.4.2). The protein was
concentrated to 3.5 mg/mL, flash frozen in 11 aliquots with 60 puL and provided to the nano-

body core facility (University of Bonn).
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| Production of HiSiaQMPPM wildtype |

|

| Alpaca immunization |

!

| Blood collection and preparation |

|

| Nb-library construction |

| Production of HiSiaQMPPM/SMA 235 biotin | — l

| HiSiaQM immobilization |

|F—‘roduction of HiSiaQMPPMSMA 273 biotin | 1t |

Phage display

l Supernatant ELISA with HiSiaQM binders l

|

| Nanobody expression and purification |
l ELISA

| Binding characterization | analytical SEC

1 SPR

Functional and structural
investigations with HiSiaQM

Figure 6-1: Overview about process of generating nanobodies. The figure was adapted and modified after
(Dmitriev et al., 2016) and (Pardon et al., 2014).

For identification of binding nanobodies in the following chapters, the HiSiaQM protein,
had to be immobilized on several stationary phases as a nanobody-antigen. In the standard
procedure for soluble proteins, the antigens are often randomly biotinylated using unselec-
tively labelling of lysines and subsequent immobilized on a streptavidin coated surface
(Schmidt et al., 2016a). The unselective labelling of presumably several lysines on the sur-
face of the protein provides a mostly successful immobilization in different orientations that
ensure the accessibility of many possible nanobody binding sites. Unfortunately, due to the
membrane mimetic system, the solvent accessible regions for membrane proteins are lim-
ited, especially for small, fully membrane embedded secondary transporter such as TRAP

transporters.
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Therefore, for all immobilization steps, two single cysteine HiSiaQM mutants, that were
designed in the previous PELDOR experiments (Chapter 5.3.1), were selectively labelled
with a maleimide-functionalized biotin reagent. Noticeable, these single cysteine-mutants
were based on the cysteine-free HiSiaQM in which five native cysteines were mutated to an
alanine or a serine (Chapter 5.3.1). However, the native cysteines are mainly predicted in
the transmembrane regions (Figure 5-1) and a binding of the nanobodies to these positions,
that might be disrupted in the cysteine-free mutant, is rather unlikely. The positions of the
artificially introduced cysteines were selected on the basis of the two available topology
models of HiSiaQM, which can be distinguished by the direction of the second transmem-
brane helix of the M-domain (Figure 6-2 A) (Mulligan et al., 2012, Ovchinnikov et al.,
2014). The two cysteines were positioned in the loop before and after the second transmem-
brane helix, creating the single cysteine mutants K235C and K273C, respectively. Even
though the positions were chosen using a model, the cysteine positions on different sides of
the models should guarantee that every side was once available for immobilization and once
as free side for nanobody binding (Figure 6-2 B). Nevertheless, even though the exact ori-
entation of the membrane protein was unknown, a nanobody that is selected with this

method may contain information about a side-selectivity.

The two single cysteine mutants K235C and K273C were purified with solubilization in
DDM detergent micelles and once with extraction in SMA-nanodiscs and labelled with the
biotin reagent during purification as described in Chapter 9.1.6.3. The final SECs and cor-
responding SDS-gels are shown Figure 6-2 C. The chromatograms of the detergent solubil-
ized mutants revealed sharp, monodisperse peaks at 11 mL elution volume, similar to the
wildtype. Small amounts of aggregated proteins were obtained in the void volume and suc-
cessfully separated from the protein peak. The SDS-PAGEs of the fractions from the main
peak indicated a high purity of the target HiSiaQM protein. The SECs for HiSiaQM in pol-
ymer-bounded nanodiscs showed a high amount of aggregated protein but also a well sepa-
rated protein peak at around 11 mL elution volume (Figure 6-2 C). While the protein con-
centration for the mutant K235-biotin was too low for detection on an SDS-PAGE and for
further use, the SDS-PAGE for mutant K273-biotin indicated an expected protein band
around 55 kDa.
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Figure 6-2: Immobilization strategy for HiSiaQM and purified mutants. A) TMH-topologies of HiSiaQM
after Mulligan et al. (Mulligan et al., 2012) (top) and after Ovchinnikov et al. (Ovchinnikov et al., 2014)
(bottom). The Q-domain is coloured in yellow, the M-domain in blue and the connecting TMH in grey. The
positions of the artificial introduced cysteines for biotinylation are marked in red. B) Immobilization strategy
of the protein HiSiaQM on a surface with periplasmic side (side of N-terminus, left) and with cytoplasmic
side (side of C-terminus, right) by using selective biotinylated single cysteine mutant. The DDM-detergent is
presented in grey oval circles and the colour of the QM-domain is similar to A). C) SEC runs of biotinylated
HiSiaQM mutants K235C (left) and K273C (right) in DDM detergent micelles (top) and polymer-bounded
nanodisc (bottom) (SD 200 10/300). The corresponding SDS-gels are shown on the right side of the SEC.
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6.2.2 ldentification of binding nanobodies

After immunization of an alpaca, collection and preparation of a blood sample and construc-
tion of a nanobody library, a phage display was the first step in isolation and identification
of HiSiaQM specific nanobodies (performed by the nanobody core facility, University of
Bonn) (Figure 6-1). For panning of the phages, the biotinylated HiSiaQM mutants K235-
biotin and K273-biotin in detergent micelles were immobilized as antigens on a streptavi-
din-coated surface. After the first panning, around 60 phage-infected colonies were obtained
for the antigen HiSiaQM K235-biotin and 96 colonies for HiSiaQM K273-biotin (Figure
6-3 A). Due to the low number of colonies in both approaches, no second round for further

selection was carried out.

All observed colonies from both antigens were cultivated in small-scale approaches and
nanobodies were expressed with partially leakage into the supernatant of these cultures. The
supernatants were subsequently used for an enzyme-linked immunosorbent assay (ELISA).
For each supernatant, five ELISAs with different antigens were performed, as illustrated
schematically in Figure 6-3 B. The specific biotinylated mutants were immobilized on a
streptavidin-coated surface and the HiSiaQM wildtype sample and GST (control) were
added directly on the ELISA plate without further modification. The mutant HiSiaQM
K235-biotin in SMA-bounded nanodiscs were not used, due to the low yield of protein after
purification. The number of binding hits between the nanobodies in the supernatants and the
different HiSiaQM antigens are shown in Figure 6-3 B. Overall, 31 wells from different
supernatants were identified with positive binding hits. The nanobody plasmids for all hits
were analysed via sequencing for the determination of the corresponding nanobody se-
quence. The resulting sequences are listed in Figure SI-29 in connection with the HiSiaQM
antigens that were used for the panning and ELISA. The 31 unique sequences were clustered

into 9 different nanobody groups, based on a sequence difference of 3% (Figure SI-29).

The positive hits for the different ELISA antigens clearly showed the advantage of the single
biotinylated HiSiaQM mutants in contrast to the wildtype protein. For the wildtype, only
four hits with three different sequences were identified, while the use of mutant K273-biotin
in detergent micelles resulted in a total number of 20 hits. The small number of hits for the
wildtype protein can be caused by at least two possible reasons, a low quantity of immobi-

lized protein on the surface or a preferred immobilization orientation, which result in a
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blocking of the nanobody epitopes. But importantly, the wildtype protein also revealed bind-
ing for one nanobody (5), that was not observed with one of the other immobilization strat-
egies. This strongly supports that the simultaneous use of the wildtype protein was also
helpful to obtain a maximum number of potential nanobodies. Interestingly, the HiSiaQM
235-biotin mutant in DDM detergent micelles showed no positive hits in both ELISAs, even
though several colonies after phage display were observed for this mutant. Possibly, this
effect was caused by an experimental error or an unfavoured effect of this HiSiaQM mutant

such as a fast aggregation, but a concrete explanation remained elusive.

A Panning of phage display B Supernatant - ELISA
Antigens Hits Antigens Hits

| HiSiaQMPOM wildtype | ——> [I]
| HiSiaQMPDM 273-Biotin | =

HiSiaQMPDM 235_Bjotin | => [HiSiaQMPPM 235-Biotin | —> [1]
[ HisiaQMSMA 273-Biotin | —> [[]
GST (control) > n

| HiSiaQMPOM wildtype | == [T1]
| HiSiaQMPPM 273-Biotin | =
HiSiaQMDDM 273-Biotin | => [HisiaQMPDM 235-Biotin | —> [[]
| HiSiaQMSMA 273-Biotin | —>

GST (control) > n

Figure 6-3: Templates and hits of pannings and ELISAs. A) The templates that are used for two different
panning approaches are shown in bright grey and the hits from each template in dark grey. B) The different
antigens that were used in a supernatant ELISA with the positive hits from the panning are shown in bright
grey and the number of positive hits for each ELISA is shown in dark grey. The sequence of each hit is shown
in Figure SI-29 in connection with the used HiSiaQM mutants.

In contrast, for the HiSiaQM (DDM) antigen 273-biotin in the ELISAs, a clear dependence
of the identified nanobodies for the different panning antigens was observed. For the com-
bination of HiSiaQM 273-biotin (DDM) in the panning and subsequent ELISA, a high num-
ber of 19 hits was detected. On the other hand, from the colonies after HiSiaQM (DDM)
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235-biotin panning, only one hit was observable in the ELISA with HiSiaQM (DDM) 273-
biotin (Figure 6-3). However, because no binding hits in the ELISA for the antigen HiSi-
aQM (DDM) 235-biotin were observed after panning with the same antigen, the reliability

of a side-selective nanobody identification is quite low.
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Figure 6-4: Identified nanobodies for HiSiaQM. A) Sequence alignment and conservation of the identified
nanobodies (Nb), calculated with Clustal Omega (Sievers et al., 2011) and illustrated with Jalview
(Waterhouse et al., 2009). The three complementarity-determining regions (CDRs) are marked. B) Average
distance tree of the nine nanobodies from A), calculated with Jalview by percentage identity (Waterhouse et
al., 2009).
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The usage of different membrane mimetic systems for the HiSiaQM antigens revealed some
inconsistent binding hits in the ELISAs, compared to the corresponding mutant in detergent
micelles. However, the characterization of nanobody binding to HiSiaQM in polymer-
bounded nanodiscs in the following chapters indicated an incompatibility of this membrane
mimetic system with nanobodies, summarized and discussed in Chapter 6.5.2. Therefore, a
reliable interpretation of the ELISA results with this antigen is not feasible. Importantly, all
ten hits for the polymer-bounded nanodisc antigen were also observed with the detergent-

solubilized antigens (Figure 6-3 and Figure SI-29).

Nevertheless, several nanobodies with variations in their sequences were successfully iden-
tified as specific TRAP transporter binders. The results from the use of different antigens
during the identification procedure support the advantage of several constructs and immo-
bilization strategies of membrane proteins to generate a useful set of nanobodies. Further-
more, the identification of unique nanobodies with different antigens provided nanobodies
with diverse binding properties. From each of the nine clustered nanobody groups, one rep-
resentative nanobody was chosen for further investigations (nanobody (Nb) 1-9, Figure 6-4
A). The comparison of the nanobody sequences clearly revealed the three nanobody-specific
complementarity-determining regions (CDRs), which are mainly responsible for the bind-
ing of the antigen (Figure 6-4 A) (Dmitriev et al., 2016). The phylogeny of the nanobodies
in Figure 6-4 B represents the sequence similarity of the nanobodies and was used for a
comparison with subsequent analysed binding behaviour, such as competitive binding stud-

ies for an epitope mapping (Chapter 6.3.4).

6.2.3 Expression and purification of nanobodies

For a more detailed analysis of the binding between the membrane protein HiSiaQM and
the identified nanobodies, the latter ones were expressed and purified in separated small-
scale approaches. The purity of the final protein fraction from each nanobody was checked
via SDS-PAGE (Figure 6-5). All fractions indicated a clean protein band of around 15 kDa
(molecular weights ranking from 13.5-15.6 kDa). The yields of all nanobodies were suffi-

cient for first binding experiments.

For further functional and structural investigations, especially for crystallization attempts,

higher amounts of the nanobodies were required. Therefore, after initial characterization of
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the binding in Chapter 6.3, the nanobodies 1, 3, 4, 5, 6 and 9 with an unambiguous binding
to HiSiaQM were expressed in approaches with 1 L medium. Despite higher yields, the
protein was purified with a SEC column, which usually increase the purity of the protein
sample compared to the small-scale approach. The SDS-gels of SEC fractions from all six
purified nanobodies are presented in Figure SI-30. All nanobodies were obtained with only

small impurities and with a yield of around 10-40 mg per L medium.
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Figure 6-5: Small scale purification of nanobodies. SDS-PAGE of the nine identified nanobodies for HiSi-
aQM after small-scale expression and purification (1 pg protein was used for each fraction).

6.3 Binding characterization of HiSiaQM nanobodies
6.3.1 Clean-up ELISA

After first identification of the binding nanobody in the previous chapter, a second ELISA
was performed with purified nanobodies. This experiment should confirm or negate the
binding of nanobodies from the previous experiments and in case of positive hits, should
give a first impression of the binding strength. As before, three HiSiaQM antigens (HiSi-
aQM (DDM) K237-biotin, HiSiaQM (DDM) K235-biotin and HiSiaQM (SMA) K273-bi-
otin) were immobilized onto an ELISA plate surface via streptavidin-biotin interaction.

Figure 6-6 A illustrates the result of the ELISA for the antigen HiSiaQM 273-biotin in de-
tergent micelles after incubation with the nine purified nanobodies. To estimate the binding
strength, each nanobody was used in a concentration gradient. For five nanobodies (Nb 3,
4,5, 6 and 9), a binding was observed with clear dependence of the signal intensity on the

concentration (Figure 6-6 A). For comparison and quantification, the absorption of each
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well in an ELISA plate was measured and plotted against the nanobody concentration (Fig-
ure 6-6 B-D). The ELISAs for the different HiSiaQM antigens showed only a detectable
binding of the nanobodies for HiSiaQM K273-biotin mutant in detergent micelles. For this
antigen, if the highest concentration of the nanobody is assumed as saturated signal, the
affinity for nanobody 5 and 9 can be roughly estimate to a low nM-range binding affinity.
Similar to the first ELISA experiments with nanobodies from a culture supernatant, the an-
tigen HiSiaQM K235-biotin in DDM indicated no binding of any of the nine nanobodies,
even if nanobody 1 and 5 are exclusively obtained from the panning approach with this
functionalized HiSiaQM mutant. Also, for the antigen HiSiaQM K273-biotin in SMA pol-
ymer nanodiscs, no binding of any nanobody was detected in the ELISA, presumably due
to the incompatibility that is described in the following chapters (Figure 6-6 D).
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Figure 6-6: Clean-up ELISA with purified nanobodies. A) ELISA plate with 9 different nanobodies in
dilution series from top to bottom with the antigen HiSiaQM K273-biotin in detergent micelles. The yellow
colour results from the TMB blotting solution and indicated positive binding of nanobodies to the antigen. B)
Signal intensity of the ELISA plate from A) at 450 nm in a dilution series with six different nanobody con-
centrations for each of the 9 nanobodies. C) Same as B) but with antigen HiSiaQM K235-biotin in DDM
detergent micelles. D) Same as B) but with antigen HiSiaQM K273-biotin in SMA-bounded nanodiscs.

186



Binding characterization of HiSiaQM nanobodies

Nonetheless, the ELISAs with purified nanobodies confirmed the binding of 5 nanobodies,
while the remaining 4 nanobodies showed no interaction. The results of the two different
biotinylated HiSiaQM proteins in detergent micelles were consistent with the results from
the first ELISA experiment. Only the antigen HiSiaQM (DDM) 273-biotin showed a bind-
ing of nanobodies, while the mutant 235-biotin from the other side of the membrane protein
indicated no nanobody binding at all. This might result from an inaccessibility of the nano-
body binding regions in the later mutant or another unwanted effect, such as protein aggre-
gation for the mutant HiSiaQM (DDM) 235-biotin.

6.3.2 Analytical SEC

The binding of nanobodies to HiSiaQM was further investigated with analytical SEC. This
method has the advantage that no binding partner need to be immobilized and the binding
can be analysed with freely diffusing proteins. Consequently, all epitopes should be availa-
ble for binding, similar to the conditions during immunization of the alpaca, and no binding
should be inhibited or disrupted through blocking or destroying of an epitope. Further, this
study allows the use of the wildtype HiSiaQM protein instead of the single-cysteine mutants.
These mutants were modified at six different positions, the deleted 5 native cysteines and
the introduced single artificial cysteine, which can disturb the structure of an epitope. On
the other hand, the analytical SEC gives only a rough tendency about a binding process and
the accurate prediction of a binding strength from the elution chromatogram is hard to

achieve.

All analytical runs were performed on an Agilent HPLC system with an automatic sample
loader to guarantee a high reproducibility of the loaded quantities. First, all proteins were
analysed with the identical set-up in a single component run with same quantities as in the
subsequent mixed sample runs. The resulting single component chromatograms were used
as standards for comparison and detection of differences in the two component runs with
mixed nanobody and HiSiaQM. In the two component experiments, a 1:1 ratio between
nanobody and HiSiaQM was applied onto the SEC-column (except nanobody 5 with molar
ratio of 1:0.84).
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6.3.2.1 SEC with detergent-solubilized HiSiaQM and nanobodies

The chromatograms for all nanobody runs with HiSiaQM solubilized in DDM-detergent
micelles are shown in Figure 6-7 (blue). The single component run with HiSiaQM showed
a protein peak with two maxima at 18-19 min retention time. Even though the protein was
previously purified with the standard protocol, such a double peak was never observed in
the purification SEC or in any other purification of HiSiaQM before (Chapter 4.2). Due to
the usage of an analytical column and another chromatography system in the present exper-

iments, the reason for this observation was not further investigated.

The single component runs with each of the nine nanobodies resulted in a sharp, monodis-
perse peak at around 27 min retention time, except for nanobody 5 (Figure 6-7 E, orange).
The protein signal for this nanobody indicated a bulky shape and was shifted to a higher
retention time, into the region of the total column volume time of 34 min. Importantly, also
the SEC during purification of this nanobody showed such a behaviour (not shown). How-
ever, the SDS-PAGE of the purification of nanobody 5 showed a clear protein band at ex-
pected position and also the clean-up ELISA showed a distinctly binding. The unexpected
behaviour of nanobody 5 during SEC are therefore presumably caused by an interaction

with the SEC column or an untypical structural feature.

The SEC elution profiles of the two component runs with HiSiaQM and each nanobody are
shown in overlay with the single component runs (Figure 6-7 A-J, magenta). To confirm a
nanobody binding, an unspecific nanobody with another antigen was used as negative, non-
binding control (Figure 6-7 J, Nb X, provided by Anja Kopp, University of Bonn). For a
better validation, this nanobody was used in two different molar ratios. As expected for the
case of no binding, the Nb X peak at 27 min showed no or only a small decrease between
the single and two component runs. Even for a low amount of Nb X, the small nanobody
peak was unchanged after addition of HiSiaQM (Figure 6-7 J, dotted line). In contrast, for
all other nanobodies, the detected signal of the nanobody showed a clear intensity decrease
after incubation with HiSiaQM, compared with single nanobody runs. Especially nanobody
1 with a rather small peak in the single component run indicated an unambiguous effect, no
nanobody peak was obtained after incubation with HiSiaQM (Figure 6-7 A). In contrast,
nanobody 8 showed the qualitatively smallest decrease of the nanobody peak (Figure 6-7
H).
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Figure 6-7: SEC-analysis of nanobody binding with detergent-solubilized HiSiaQM. A-1) SEC runs on
an Agilent HPLC system (SD 200 3.2/300, buffer: 50 mM KHzPOs (pH 7.8), 200 mM NaCl, 0.035% DDM).
The experiments with single nanobody are shown in orange, the runs with HiSiaQM wildtype in DDM in blue
and the runs of both components are shown in magenta. The mixed sample were prepared with the same
amount of each protein as used in the single component runs. Both proteins were mixed in a molar ratio of 1:1
(except Nb 5, with a molar ratio of 1:0.84, due to low concentration of nanobody). J) Same as A-1) but with
nanobody (Nb X) for another antigen than HiSiaQM. The dotted line presents the run with 1:1 mix of HiSiaQM

and nanobody and the solid line a 1:7 ratio of HiSiaQM to Nb X.

189



Nanobodies for TRAP transporter membrane domains

As a consequence of the decreased nanobody peak intensity, the absorption peak at position
for HiSiaQM showed a clear increase for the most nanobodies after mixing of HiSiaQM
and nanobody, compared to the HiSiaQM single run. Only for the two runs of HiSiaQM
with nanobody 4 and 8, no or only a small increase was detected. For the control nanobody
X, the HiSiaQM peaks were not increased between the single and two component runs.
Contrary, the HiSiaQM peak is slightly decreased for this run which was presumably caused
by a small peak broadening. The observation of a decreased absorption for the nanobody
peak and an increased absorption for the HiSiaQM peak in the two component runs suggests
the successful binding of the nanobody to HiSiaQM and the elution of the complex from
the SEC column. Indeed, a shift of the retention time for the HiSiaQM peak, caused by the
HiSiaQM-nanobody complex, was not obtained, presumably due to the small size of the
nanobodies in comparison to the HiSiaQM protein in micelles (15 kDa and 140 kDa, re-
spectively). Nonetheless, the analytical SEC-runs showed evidence of binding between the
wildtype HiSiaQM in detergent micelles and all nine nanobodies. However, for the nano-
bodies 4, 5 and 8, the binding is ambiguous and could not be confirmed with certainty from
these experiments. On the other hand, the nanobodies 1, 2, 3, 6, 7 and 9, showed a clear
change of the elution profile of the SEC runs and were classified as presumably good HiSi-

aQM binding nanobodies.

The comparison of these binding results from analytical SEC with the ELISA from Chapter
6.3.1 revealed a nice fit of successful binding for nanobody 3, 6, and 9 to HiSiaQM. The
three nanobodies 1, 2 and 7 showed no binding in the ELISA but a clear tendency of a
HiSiaQM-nanobody complex in the analytical SEC. In contrast, for the nanobodies 4 and 5,
only the ELISAS revealed a clear binding. For nanobody 8, none of the two methods re-
vealed an obvious binding process, which classifies this nanobody as unspecific or low af-
finity binder. To further characterise the nanobodies and to quantify the binding behaviour,
SPR experiments are present in Chapter 6.3.3.

6.3.2.2 SEC with HiSiaQM in polymer-bounded nanodiscs and nanobodies

In analogy to the ELISA experiments, the analytical SEC runs were repeated with HiSiaQM
solubilized in SMA polymer-bounded nanodiscs. By using the same set-up as before for

detergent solubilized protein, the SEC runs revealed undefined elution profiles with
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absorption peaks at higher volumes than the column volume. A change of the set-up from
the Agilent HPLC system to an FPLC Akta pure system allowed the detection of the protein
at expected elution volume of around 1 mL by using the same column (Figure SI-31). The
first test runs on the Akta pure system with the identical column as before revealed the
disadvantage that the samples were loaded manually, and that the system is not customized
for such small volumes as the Agilent HPLC. The manual load of the sample had a lower
reproducibility than the automatic sample application on the HPLC machine and the inten-
sity of absorption from all samples were significantly lower than expected from the experi-
ments before (Figure SI-31). Further, two HiSiaQM single component test-runs with the
same amount of protein resulted in broad elution profiles with up to 3 peaks and with a
strongly varied absorbance intensity (Figure SI-31).

Overall, the analytical SEC studies with SMA polymer-bounded nanodiscs revealed some
unexpected incompatibilities that were not described until today. Due to these uncertainties,
analytical SEC runs of HiSiaQM in polymer-bounded nanodiscs could not be used for the
investigation of nanobody binding. Possible reasons for these incompatibilities and unex-
pected behaviour of polymer-bounded nanodiscs with the HPLC system and analytical SEC

are discussed in Chapter 6.5.

6.3.3 Single cycle kinetics experiments with SPR

Surface-plasmon resonance (SPR) was used as third method to investigate and characterise
the nanobody binding to the TRAP transporter membrane domains HiSiaQM. In contrast to
the other two methods, ELISA and analytical SEC that were used before, SPR allows not
only the qualitative confirmation of binding, but also reveals information about the strength
and kinetics of the binding process. For an SPR experiment, one binding partner is immo-
bilized on a surface and the interaction with another protein or compound, which is rinsed
over the immobilized protein, is detected. Analogous to the panning and ELISA experi-
ments, the two biotinylated mutants of HiSiaQM K235-biotin and K273-biotin in detergent
micelles were used for immobilization and to investigate side-specificity of the nanobodies
(Figure 6-2). The proteins were immobilized on a streptavidin-coated SPR-chip (Chapter
9.2.6). In addition to the detergent stabilized proteins, HiSiaQM K273-biotin in SMA pol-

ymer-bounded nanodiscs was also investigated. However, it was not possible to immobilize
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this protein on the surface and no useful SPR-signal was obtained. Therefore, similar to the
analytical SEC experiments, binding studies for the nanobodies with SPR was not feasible
for HiSiaQM in polymer-bounded nanodiscs.
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Figure 6-8: SPR experiments of HiSiaQM K273-biotin and nanobodies. A-H) Sensorgrams of the SPR
single cycle kinetics experiments for HiSiaQM nanobody with HiSiaQM K273-biotin in DDM detergent mi-
celles as immobilized binding target. The relative response of the surface is shown as orange line, the fit to
the experimental data as black line.
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The SPR sensorgrams of immobilized HiSiaQM K273-biotin in detergent micelles are
shown in Figure 6-8. Due to the chip design with eight flow cells and the observation of no
or even low binding for nanobody 8 in the previous studies, this nanobody was not analysed
in the SPR experiments. The other nanobodies were injected in single cycle kinetics exper-
iments on immobilized HiSiaQM in different flow cells. For this, the concentration of the
nanobodies was increased for each injection with only short, incomplete dissociation steps.
All nanobodies, except nanobody 1, showed a clear binding to the immobilized HiSiaQM
(Figure 6-8, orange). The single cycle sensorgrams of the binding nanobodies revealed a
clear association signal, partially a short steady state and a dissociation after injection with
larger observed time scale for the last injection. Further, all sensorgrams for the seven nano-
bodies revealed defined characteristics of the association and dissociation during and after
injection. For example, nanobodies 2, 4 and 7 showed a fast increase of the response after
injection and a fast decrease after injection. This suggested a faster binding kinetics than for
example for nanobodies 5, 6 or 9. Especially for nanobody 9, the dissociation after the last
injection revealed a slow dissociation of the nanobody from HiSiaQM. The unsuccessful
binding of nanobody 1 was in good agreement with the accomplished ELISAs. Interestingly,
this nanobody 1 derived from one of the two nanobody groups (1 and 5), for which no
positive binding was observed with HiSiaQM K273-biotin in DDM in the first ELISA.

To describe and analyse the SPR data, the single cycle kinetics sensorgrams were fitted
automatically with the SPR software (Figure 6-8). The dissociation constant Kp and the
kinetic parameters of association (kon) and dissociation (kofr) are summarized in Table 6-1.
For all seven nanobodies with an observed binding, the dissociation constants were deter-
mined to high affinities with low or sub nM concentrations. Nanobody 3, 6 and 9 were
identified as the strongest binders with high affinities of 640, 640 and 360 pM, respectively.
Interestingly, these were also the only nanobodies for which a binding was observed in all
binding studies, in the ELISAS, analytical SEC and SPR. Nevertheless, also nanobody 4
with the weakest binding affinity of around 10 nM was classified as binder with a high
affinity and is for example still higher than the affinity between TRAP transporter SBPs and
their substrate sialic acid of around 50-200 nM (Figure 3-4). The kinetic parameters for the
eight nanobodies revealed large differences for the eight nanobodies, suggesting different
binding behaviours. For example, nanobodies 2, 4 and 7 revealed a fast dissociation from

the immobilized HiSiaQM membrane domains, also clearly visible from the decrease of the
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response after final injection. In contrast, the other nanobodies, especially nanobodies 6 and

9, showed a clearly slower dissociation after binding to HiSiaQM (Table 6-1).

Table 6-1: Dissociation constants and Kinetic parameters of SPR experiments with eight nanobodies
and immobilized HiSiaQM 273-biotin.

Ko [NM] Kon [M1s1] Koft [s71]
Nanobody 2 9.83 1.94 + 106 19.0+ 103
Nanobody 3 0.64 3.01+10° 1.91+10°
Nanobody 4 10.40 0.47 » 10° 492103
Nanobody 5 1.06 1.01«10° 1.07 - 103
Nanobody 6 0.64 1.54 « 10° 0.98+ 103
Nanobody 7 4.88 1.62 « 10° 7.92+10°%
Nanobody 9 0.36 1.27 » 10° 0.46 1073

The SPR experiments were repeated with the second mutant, HiSiaQM K235-biotin in de-
tergent micelles, to also present the other side of the membrane domains for binding, as
postulated by the two protein models in Figure 6-2. The SPR sensorgrams of the single cycle
kinetics experiments for the same eight nanobodies as before revealed a strongly changed
behaviour compared to the first immobilized HiSiaQM mutant. Only for nanobodies 4 and
5, a binding to immobilized HiSiaQM K235-biotin was observed (Figure 6-9). Additionally,
just nanobody 4 revealed a sensorgram with good enough quality for fitting and analysing
of binding parameters. Nanobody 5 indicated an observable binding process for the first
injections but an undefined response signal for the later injections. This overall reduced
binding of nanobodies to HiSiaQM K235-biotin compared to K273-biotin was in agreement
with both ELISAS, in which only positive hits were detected for K273-biotin. The dissoci-
ation constant for nanobody 4 to HiSiaQM K235-biotin was determined to be around 27 nM
and was thereby still high, but also 1.5 times weaker than for the other HiSiaQM mutant
(Table 6-2). The kinetics of the binding process of nanobody 4 were in the same range for
the two different immobilized HiSiaQM mutants. The overall comparably binding charac-
teristic for this nanobody, by using two different immobilized HiSiaQM proteins, suggests

the same binding mechanism to both HiSiaQM mutants.
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Figure 6-9: SPR experiments of HiSiaQM 235-biotin and nanobodies. A-B) Sensorgrams of the SPR sin-
gle cycle kinetics experiments for HiSiaQM nanobodies with HiSiaQM K235-biotin in DDM detergent mi-
celles as immobilized binding target. The relative response of the surface is shown as orange line, the fit to
the experimental data as black line.

Table 6-2: Dissociation constants and kinetic parameters of SPR experiment with one nanobody and
immobilized HiSiaQM 235-biotin.

KD [nM] kon [M-ls-l] koff [S-l]
Nanobody 4 26.8 0.14 -10° 3.68 +10°3

6.3.4 Binding regions of nanobodies on HiSiaQM

After verification and classification of the binding between HiSiaQM and several
nanobodies in the SPR experiments, the binding nanobodies were used to determine relative
binding regions on HiSiaQM. For these measurements, only the immobilized HiSiaQM
K273-biotin mutant was used, as for this mutant several binding nanbodies were observed.
For the determination of the binding regions, the nanobodies were applied in a defined way
on HiSiaQM to investigate competitive binding processes. First, one nanobody was applied
onto the immobilized HiSiaQM until a steady state of binding was observed. Afterwards, a
second nanobody was injected into the same flow cell under constant injection of the first
nanobody. The signal of the sensorgram during application of the second nanobody
indicates, if the first applied nanobody blocks the binding region of the second nanobody or
if both nanobodies can simultaneously bind to HiSiaQM. By using each of the seven
nanobodies as first and as second nanobody and measure all possible combinations of the

nanobodies, an overview about relative binding regions on HiSiaQM was created.
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Figure 6-10: SPR-measurements of competitive binding experiments. A) SPR sensorgrams with nanobody
2 in the first injection. The different colours of the lines correspond to the nanobody from the second injection,
as shown in the bottom right corner of the figure. The time points at which injection of first and second nano-
body started are highlighted with black arrows. B-G) Same as A) but with different saturated nanobodies in
the first injection, as mentioned in the figure.
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The competetive binding experiments for all nanobody combinations are illustrated in Fig-
ure 6-10. The sensorgrams for nanobody 2 as first nanobody are good examples, in which
different effects after application of the second nanobodies were observed (Figure 6-10 A).
After binding of nanobody 2 in the first application, nanobodies 4 and 5 showed an
association to the immobilized HiSiaQM protein in the second injection. In contrast, the
signal after injection of the other four nanobodies remained unchanged. These observations
suggest that nanobody 2 blocked the binding sites for the nanobodies 3, 6, 7 and 9 on
HiSiaQM. From these results it could be already predicted that nanobodies 2, 3, 6, 7 and 9
bind to a similar region and that binding of nanobody 4 and 5 are independent from
nanobody 2. In accordance to that, for example the measurements with nanobody 5 at first
appplied binder indicated a binding for nanobodies 2, 3, 6 and 7 and no interaction between
HiSiaQM and nanobody 4 in the second injection (Figure 6-10 D).

The data of all competitive binding experiments from Figure 6-10 are summarized in Figure
6-11. It allows a fast determination of the relative binding regions that are targeted by the
nanobodies and which nanobodies can be combined for simultaneously binding. Overall,
the seven nanobodies that were identified as binders for HiSiaQM were assigned to two
different binding regions. The first region is targeted by the nanobodies 2, 3, 6, 7 and 9 and
the second region by nanobodies 4 and 5. This result fits to the sequence identity of all
nanobodies in Figure 6-4, in which nanobodies 4 and 5 showed a high sequence similarity
and the remaining nanobodies are more different. Thereby, for these two nanobodies, the
binding to one specific epitope can be assumed. The other five nanobodies have larger se-
quence differences and it cannot be excluded if these nanobodies bind to one or more
epitopes in the same protein region and by this, blocking the binding position for the other

nanobody.

The results from this binding map fits also nicely to the previous side-specific single cycle
kinetics SPR experiments. Only for nanobodies 4 and 5, which presumably target the same
epitope on HiSiaQM, a binding was observed for the HiSiaQM K235-biotin mutant (Figure
6-9). Therefore, the functionalization or immobilization of HiSiaQM at position K235 pre-
sumably destroyed or disrupted the accessibility of the binding region for nanobodies 2, 3,
6, 7 and 9. A possible binding model for the HiSiaQM specific nanobodies which summa-

rizes and describes the observations is given in the discussion (Chapter 6.5).
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Figure 6-11: Binding map of HiSiaQM nanobodies. Summarized, observed binding in the competitive ex-
periments from Figure 6-10 are marked as green hook and no detectable binding as red cross. For cases of
weak binding, the combinations are marked with a green “w”.

6.4 Functional studies of TRAP transporters with nanobodies
6.4.1 Sialic acid dependent in vivo growth assay

The nanobodies that were produced and characterised as binders for the TRAP transporter
membrane domains HiSiaQM were further used to study an influence through binding on
the function of the transporter. For this purpose, an in vivo cell growth assay was used,
which were designed and provided from the group of Gavin H. Thomas (University of York)
(Chapter 9.2.1). This assay was already used in Chapter 5.2.3 to analyse the function of
HiSiaQM cysteine mutants and in previous publications (Fischer et al., 2015, Severi et al.,
2010). This assay is based on a modified E. coli strain with knockout of the native sialic
acid transporter nanT (E. coli 4nanT, also named SEVY3). Consequently, if only sialic acid
is provided to the cells as carbon source for the generation of energy, the E. coli AnanT
strain is not able to grow. If an external, artificial sialic acid transporter, such as the TRAP
transporter HiSiaPQM, is provided to the cells, they can incorporate sialic acid, metabolise
it and show a normal growth (Severi et al., 2010).

In the present study, the cells were supplemented with the TRAP transporter HiSiaPQM and
with one of the transporter-specific nanobody (Figure 6-12). For this purpose, the nanobody
genes were cloned into the alternative expression vector pET28a with kanamycin resistance

that allowed a co-transformation with the HiSiaPQM gene containing vector with ampicillin
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resistance into the SEV'Y3 cells. To investigate a possible influence of the nanobodies with
binding to a specific side of the membrane protein, each nanobody gene was cloned into the
pET28a vector without and with pelB signal sequence for export in the periplasm after ex-
pression. Thus, in separated experiments, the nanobodies were either accumulated in the
cytoplasm or periplasm and could interact selectively with both sides of HiSiaQM (Figure
6-12).
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Figure 6-12: Schematic of TRAP transporter growth assay with nanobodies. A) A AnanT E. coli strain
was used and supplemented with a HiSiaPQM transporter plasmid for sialic acid dependent growth of the
cells. To investigate the influence of nanobodies, a nanobody plasmid was co-transformed into the cells with-
out pelB signal sequence (-). Consequently, the nanobodies are accumulated in the cytoplasm (HiSiaP is illus-
trated in red, HiSiaQM in blue and yellow, sialic acid in cyan, the membranes in grey. Nanobody PDB-ID:
5U64 (Koch et al., 2017), HiSiaP PDB-IDs: 2CEY (Muller et al., 2006) and 3B50 (Johnston et al., 2008)). B)
Same as A) but with nanobody fused to a pelB signal sequence (magenta) for export and accumulation in the
periplasm.

The sialic acid depended growth assay of SEVY3 cells can be performed on agar plates or

in liquid medium cultures. Due to a possible constant detection and quantification of the cell
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growth at several time periods in liquid medium cultures, these experiments provided a
highly sensitive read-out for a changed growth behaviour. The cell culture growth was an-
alysed over several hours with measurements of the optical density at 600 nm and optimal
time points for monitoring of high growth rates were initially tested in several experiments.
As a positive control, a culture with HiSiaPQM and an empty pET28a vector without nano-
body sequence was prepared. As before for the analytical SEC (Chapter 6.3.2.1), the unspe-
cific nanobody X was also cloned into the vector with and without the pelB sequence and
used as control sample. A negative control culture without HiSiaPQM and without nano-
body was additionally used to confirm the absence of any other nutrient than sialic acid and
the success of the washing step for removing of LB medium from the precultures. The
growth experiments were repeated for each nanobody and with comparable results but due

to changed starting points of growth, the data were not combined in one data set.

The results of the detected cell growth for SEVY 3 cells with HiSiaPQM and different nano-
bodies over several hours are illustrated in Figure 6-13 (repeating experiments in Figure
SI-34). The positive control (green) showed a constant cell growth between 12-20 hours
after preparation of the cultures, while the optical density of the negative control (red) did
not increase during the entire experiment. Importantly, the control Nb X demonstrated for
both constructs, with and without pelB sequence, a comparable cell growth to the positive
sample. This observation confirmed no general influence of the nanobody expression or
unspecific nanobody interactions on the growth rates of the cells. For all nine nanobodies
that were not fused to the pelB sequence and are therefore located in the cytoplasm, the
detected growth curves were comparable to the positive sample and the control nanobody
X (Figure 6-13 A). Interestingly, for most cell cultures with nanobodies that were exported
into the periplasm, a significant change in the growth curves compared to the control sam-
ples was observed (Figure 6-13 B, Figure SI-34). Except nanobody 1 and 8, all other seven
nanobodies showed a clearly reduced growth of the cell cultures between 12-20 hours after
preparation. The strongest effect was obtained for nanobody 7, followed by nanobody 6.
Even after 24 hours, the optical density of cell cultures with these nanobodies was signifi-

cantly lower than for all other nanobodies.

However, for all cell cultures with reduced growth rates, an increase of the optical density
was visible after several hours. The detection of cell growth for a longer time-period is
shown in Figure SI-35 and support this observation. Thereby, none of the nanobody
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supplemented cultures indicated no cell growth, as for the negative control sample. This
behaviour was also observed in a comparable agar plate-based growth assay, which gives
just a yes or no answer about the cell growth and indicated cell growth upon presence of

any nanobody (Figure SI-32 and Figure SI-33).
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Figure 6-13: TRAP transporter growth assay with addition of nanobodies. A) Growth curves of AnanT
E. coli cells in M9-minimal medium supplemented with sialic acid. Cells with the sialic acid TRAP transporter
HiSiaPQM and nanobodies without pelB signal sequence (-pelB) for cytoplasm accumulation after expression
(black) (Nb X is a TRAP transporter unspecific nanobody). For positive control (green), a cell culture without
nanobody was used and for negative control (red), no sialic acid transporter or nanobody was transformed into
the cells (just empty ampicillin vector for resistance). B) Same as A) but the nanobodies were fused to the
pelB sequence (+pelB) for transport into the periplasm (grey). C) Growth rates of selected cell cultures from
A) and B) with strongest inhibition, supplemented with glucose to validate sialic acid-independent growth.
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Figure 6-13 B showed that the two cell cultures with pelB-fused nanobody 1 and 8 had no
alternated or inhibited effects on the growth rates and were comparable to the positive con-
trol. These results fit to the binding characterisation studies from the previous chapters. The
two nanobodies showed overall the lowest binding affinity to the TRAP transporter HiSi-
aQM, for example nanobody 1 in the SPR measurements (Chapter 6.3.3) or nanobody 8 in
the analytical SEC experiments (Chapter 6.3.2) and both nanobodies in the ELISAs (Chap-
ter 6.3.1). Therefore, the observation of no influence of these two nanobodies to the function
of the TRAP transporter, compared to the other nanobodies, are presumably caused by no

or only weak binding.

To ensure that the inhibiting effect was truly related on an interaction between the nanobod-
ies and the TRAP transporter, a control experiment was performed with the two strongest
inhibiting nanobodies. Therefore, the cell growth experiments were repeated with replace-
ment of the sialic acid by glucose. Under this condition, each of the E. coli cultures should
be able to grow, independent from the function of the TRAP transporter. The cell growths
for these measurements are illustrated in Figure 6-13 C and indicated no deviation of the
nanobody supplemented cultures from the positive control. Due to the glucose, also the neg-
ative control cell culture showed a cell growth and indicated simultaneously the strongest
growth, presumably since no kanamycin was added and no expression of TRAP transporter
or nanobodies. Overall, these results excluded any toxic or general, unspecific effects of the
strongest inhibiting nanobodies onto the cell cultures. It suggests the idea of a specific inhi-
bition of the TRAP transporters function which results in a significantly lower sialic acid
uptake into the cells.

The experiments from the last paragraphs demonstrated a significant influence of several
nanobodies to the function of the TRAP transporter HiSiaPQM. The reduced cell growth in
the presence of seven nanobodies, that were previously characterised as strong binders for
HiSiaQM, suggests a direct influence of the nanobody binding on the function of the trans-
porter with a decreasing effect on the activity. Further, since the reduced cell growth was
exclusively observed after export of nanobodies into the periplasm of the cells, the binding
epitopes are presumably located on this periplasmic side of HiSiaQM. A detailed discussion
of the binding and a hypothetical binding model for the nanobody-based inhibition of TRAP
transporters are presented in the discussion (Chapter 6.5).
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6.4.2 Analysis of tripartite complex formation upon nanobody binding

In previous studies, nanobodies were described that can stabilize distinct conformations of
membrane proteins, for example an active state of 32 adrenoceptor or the outward-open
conformation of secondary transporter LacY (Rasmussen et al., 2011a, Smirnova et al.,
2014). For TRAP transporters, the previous PELDOR experiments suggested a high struc-
tural flexibility of the membrane domains in solution (Chapter 5.5.1), which was postulated
as one possible reason for the undescribed tripartite complex between the SBP and the mem-
brane domains. In the present chapter, analytical SEC was used to investigate, if the nano-
body binding promotes a conformation of HiSiaQM that is able to form a P-QM complex,
which was postulated as essential for the function of the transporter (Forward et al., 1997,
Mulligan et al., 2011).

The analytical SEC runs were performed in a similar way as before for the nanobody bind-
ing experiments, with investigation of changes in the elution profiles between single and
mixed component runs. For a specific detection, the HiSiaP single cysteine mutant K254C
was previously labelled with the fluorophore fluorescein-maleimide, after standard expres-
sion and purification (SEC and SDS-gel are shown Figure SI-36). The single component
runs of both transporter components, HiSiaQM and HiSiaP, are shown in Figure 6-14 A and
B. For HiSiaP, the absorption of fluorescein at 495 nm was detected additionally to the
protein absorption at 280 nm. This facilitated the detection of a changed elution behaviour,
especially a shift of the specific absorption into the HiSiaQM protein peak region. Subse-
quently to the single runs, HiSiaQM was combined with a nanobody and the labelled
HiSiaP, and the mixture was loaded onto the analytical SEC. For the experiments in Figure
6-14, a sialic acid supplemented buffer was used (1 mM, ratios of components are given in
description of Figure 6-14). Overall, the absorption at 495 nm for all SEC runs with HiSi-
aQM and different nanobodies revealed no differences for the eluted volume of HiSiaP
(Figure 6-14 C). The repetition of the experiments without sialic acid in the buffer showed
the same result (Figure S1-37). Consequently, the binding of the nanobodies stabilized no
conformation of HiSiaQM that promotes the formation of the tripartite complex with
HiSiaP.
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Figure 6-14: Interaction of P- and QM-domains upon addition of nanobodies. A) SEC run of HiSiaQM
with detection of elution absorption at 280 nm and 495 nm (SD 200 3.2/300, Agilent HPLC system). The
standard protein DDM buffer was supplemented with 1 mM sialic acid (experiments without sialic acid are
shown in Figure SI-37). B) Same as A) but with HiSiaP K254-fluorescein. C) Same set-up as A) but just the
absorption at 495 nm is shown. The chromatograms correspond to a mixed sample of HiSiaQM and HiSiaP
K254-fluorescein (top) and addition of each nanobody (1-9). The ratio between the components were chosen
to be 1:1:2 for HiSiaQM to nanobody to HiSiaP.

6.5 Discussion and conclusion
6.5.1 Confirmation of HiSiaQM model from nanobody binding

The results from the side-selective nanobody binding characterisation and from the in vivo
assay can be combined and used for experimental validation of the current protein models
of HiSiaQM (Figure 6-2). The in vivo experiments indicated only an observable effect if the
nanobodies are present on the periplasmic side of the transporter protein. This observation
strongly suggests that the binding regions of all nanobodies are located on this side of the
protein. Additionally, the binding studies with SPR experiments and ELISAs indicated a
much better binding for all nanobodies, visible as higher number of binding nanobodies and
higher affinities, during the immobilization of HiSiaQM K273-biotin compared to HiSi-
aQM K235-biotin.
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Figure 6-15: Immobilization variants and conformation of HiSiaQM model through nanobody binding.
A) HiSiaQM model from Ovchinnikov et al. (Ovchinnikov et al., 2014), immobilized on a surface via position
K273. The periplasmic side is shown in red and nanobody binding is assumed on this side (hanobodies for
two different binding regions in orange and green, PDB-1D: 5U64 (Koch et al., 2017)). The detergent micelle
is indicated in grey. B) Same model as A) but immobilized with HiSiaQM K235-biotin. C-D) Same as A-B)
but with protein model for HiSiaQM from Mulligan et al. (Mulligan et al., 2011), in which the biotin-positions
are postulated the other way around.

The two protein models with both immobilization possibilities are schematically shown in
Figure 6-15. Importantly for the model validation, all nanobody binding regions are pre-
sumed to be located on the periplasmic side of the protein, the side of the HiSiaQM C-
terminus. In this case, the observed better binding for immobilized HiSiaQM K273-biotin
supports the protein model of Ovchinnikov et al. (Ovchinnikov et al., 2014). In this model,
the K273 is located on the cytoplasmic side and an immobilization of HiSiaQM with this
position will provide a high accessibility of the periplasmic side for nanobody binding (Fig-
ure 6-15 A). In contrast, for the protein model from Mulligan et al. (Mulligan et al., 2011),
the immobilization of HiSiaQM K235-biotin will provide a high accessibility of the
periplasmic side. However, for this immobilization strategy, only for two nanobodies a

weaker binding was observed in the SPR experiments. Consequently, this lower
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accessibility of binding regions for mutant HiSiaQM K235-biotin are in agreement with the
model from Ovchinnikov et al. (Ovchinnikov et al., 2014), in which the periplasmic side is
nearly located at the immobilization surface (Figure 6-15 B). As seen from the determina-
tion of binding regions with SPR experiments, only the binding region for nanobody 4 and
5 is accessible by immobilization of this mutant, while the other one for nanobody 2, 3, 6,
7 and 9 is inaccessible or disrupted through the introduced biotin-label. Importantly, these
conclusions, as well as the protein model, are based on several assumptions and must be
interpreted with care. Nevertheless, no further information about the HiSiaQM structure is
known until today and the combination of several results from this chapter represents the

first experimental confirmation of one HiSiaQM model structure.

6.5.2 Failure of nanobody binding studies with HiSiaQM in SMA-bounded nanodiscs

Due to a previous described important impact of the hydrophobic environment onto a mem-
brane proteins function and structure, the characterization of the TRAP transporter nano-
bodies were additionally performed with HiSiaQM in polymer-bounded nanodiscs (Chapter
4.4) (Guptaetal., 2017, Laganowsky et al., 2014, Martens et al., 2016, Martens et al., 2018,
Sanders et al., 2018). Overall, even if some nanobodies were identified as binders to HiSi-
aQM in SMA-nanodiscs in the first ELISA, the subsequent binding studies with different

methods were mostly unsuccessful and uninterpretable.

The reason for the incompatibilities of HiSiaQM in SMA-nanodiscs remained unclear, it
might be due to the physically properties of the polymer belt around the nanodiscs or the
native membrane components inside the nanodisc. The current knowledge about this rela-
tively new system, particularly the handling and behaviour during different bioanalytical
experiments, is still sparse, as already mentioned in Chapter 4. For example, SPR experi-
ments of SMA-nanodiscs with native membranes are not described until today. Experiments
in this work indicated an unsuccessful injection and immobilization of HiSiaQM in poly-
mer-nanodiscs on the SPR-chip, by using comparable parameters and conditions as for the
detergent samples. A similar effect was observed for the analytical SEC on the Agilent
HPLC machine. Possible reasons for this incompatibility are stainless steel HPLC compo-
nents, which are removed in a bio-inert version of the HPLC machine. The change to a

bioinert FPLC system partially solved this problem but the eluted absorption intensities still
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fluctuated strongly. Additionally, the washing procedure of the SEC column after several
HiSiaQM-nanodisc runs indicated a high amount of eluted protein that presumably results
from HiSiaQM-nanodiscs which stick on the SEC column. Overall, the experimental obser-
vations in bioanalytical studies with HiSiaQM in SMA-nanodiscs revealed great differences
to the detergent samples that hinder the successful characterization of nanobody binding to

HiSiaQM in this second membrane mimetic system.

Additional to these methodical problems, it was observed that mixing of HiSiaQM in SMA-
nanodiscs and one of the nanobody in high concentrations led to an instantaneous precipi-
tation of the sample. This was not only observable for all nine TRAP transporter-specific
nanobodies after addition to HiSiaQM, but also for the addition of these nanobodies to other
SMA-nanodiscs reconstituted membrane proteins. Similar to the technically problems, this
behaviour was never described before. The aggregation with various combinations of nano-
bodies and SMA-nanodisc samples indicated a general intolerance of both components. It
could be possible, that either the nanobodies disrupt the nanodisc-assembly and the mem-
brane protein aggregates after decomposition of the nanodisc or that the surface of the SMA-
nanodiscs, in particularly the polymer itself, interacts with the nanobodies and encourages
their aggregation. As alternative to the SMA polymer, the studies can be repeated in further
experiments with DIBMA polymer nanodiscs with changed physical properties (Chapter
4.1) (Oluwole et al., 2017a). However, the initial test-extractions with this polymer indi-
cated lower yields and higher impurities for HiSiaQM and should be therefore improved

before such experiments (Chapter 4.4).

6.5.3 Hypothetical mechanism for the nanobody-inhibition of TRAP transporters

The addition of several strong binding nanobodies to the periplasmic side of the TRAP
transporter showed an inhibiting influence on the transporter function in an in vivo cell
growth assay. A comparable inhibition through nanobodies was already observed for the
transporters BtuCD-F for vitamin B12 (Mireku et al., 2017) and VGLUT for glutamate
(Schenck et al., 2017) and through an antibody fragment for Mn(l1l) MntABC transporter
(Ahuja et al., 2015). However, for the BtuCD-F and MntABC transporters, the specific
binders target the SBPs and block the initial substrate binding process and presumably have

no interaction with the membrane domains, in contrast to the TRAP transporter nanobodies
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from the present work. On the basis of the hypothetical transport mechanism of TRAP trans-
porters, several different inhibiting mechanisms are conceivable (Figure 6-16) (Mulligan et
al., 2011): (I) the coupling of sodium-ions is disrupted, (1) the nanobody blocks the channel
for substrate translocation, (111) a conformational state of QM-domains which for example
cannot interact with the P-domain is induced and stabilized or (IV) the nanobody disturb the
P-QM interaction.

The mechanism of an inhibiting effect through nanobody binding on the entrance and cou-
pling of a sodium-ion (1) into the membrane protein cannot be exclude from presented ex-
periments (Figure 6-16 A). However, since an inhibiting effect was obtained for nanobodies
of both binding regions, it is unlikely that both regions are connected to sodium-ion inter-
acting residues in HiSiaQM. The same conclusion can be used for mechanism (lIl), the
blocking of the substrate translocation pathway (Figure 6-16 B). However, this mechanism
presumably involves more amino acid residues than for the sodium-ion interaction, which
increases the probability of an inhibiting effect through nanobodies that bind to different
regions. The third potential inhibiting mechanism is based on a stabilization of a certain
conformation of HiSiaQM that is functionally inactive (Figure 6-16 C). As mentioned
above, such an influence of binding nanobodies were described before for other membrane
proteins (Rasmussen et al., 2011a, Smirnova et al., 2014). However, to validate such an
effect of the TRAP transporter nanobodies, further experiments are necessary. In this con-
text, one interesting experiment might be the addition of the nanobodies during PELDOR
distance measurements of HiSiaQM, as these experiments without any addition revealed a
high structural flexibility.

The fourth inhibiting mechanism of disrupting the SBP-membrane domains interaction has
presumably the lowest specificity of the nanobody binding regions and is therefore probably
the most obvious one (1V) (Figure 6-16 D). Even if nanobodies are comparable small pro-
teins, they still have the half of the size of the P-domain of TRAP transporters (around 15
kDa to 33 kDa, respectively). If the affinity for the SBP to the membrane domains in TRAP
transporters is assumed in a comparable range to ABC transporter systems with low nano-
molar or picomolar concentrations, the binding strength is in a similar range as for the nano-
bodies (Lewinson et al., 2010, Qasem-Abdullah et al., 2017, Vigonsky et al., 2013). But
importantly, until today the binding affinity of TRAP transporter SBPs is not described
which might be due to a low affinity or other reasons such as inconvenient buffer or
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solubilization conditions. Nonetheless, such a competing binding situation between a nano-
body and the SBP presumably lowers the formation of the tripartite complex between SBP
and membrane domains and lead to a reduced transport of the substrate. This influence
might just reduce the functionality and not totally inhibit the transporter, which can also
explain the slow, but detectable growth of the cell cultures after a longer time. Even if this
fourth mechanism is the most obvious one, the mentioned inhibition of the secondary trans-
porter VGLUT without an SBP suggests that also the first three mechanisms are possible
(Schenck et al., 2017).

Sodium-ion blocking (l) Substrate blocking (I1)
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Figure 6-16: Hypothetical mechanisms of nanobody-based inhibition of TRAP transporters. A-D) Four
possible inhibiting mechanism through nanobody binding (PDB-1D: 5U64, orange (Koch et al., 2017)). The
QM-domains are presented in yellow and blue, the P-domains (open: PDB-ID 2CEY (Mdller et al., 2006),
closed: PDB-1D: 3B50 (Johnston et al., 2008)) in red with the substrate in cyan. The sodium-ions are shown
as purple squares.
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6.5.4 Outlook

The nanobodies that were generated and characterised in this chapter are a useful tool for
many further investigations of the TRAP transporter membrane domains. They have already
been used in first trials for structural investigations with X-ray crystallography to enhance
necessary crystal contacts or in cryo-EM to increase the particle size and improve the data
processing (Chapter 7). For this purpose, one strong binding nanobody was also successfully
enlarged to a 60 kDa megabody, which is presented and characterized in Chapter 7.6. Since
the structure of TRAP transporter membrane domains is still unknown, the nanobodies

strongly increase the chance of a structure determination for both methods.

Further, the observed nanobody-based inhibition of the TRAP transporters function repre-
sents an interesting starting point for development of specific drugs against H. influenzae.
As described in the introduction, the sialic acid uptake with the TRAP transporter
HiSiaPQM is coupled to the virulence of the pathogen H. influenzae (Severi et al., 2005,
Severi et al., 2007). Therefore, a compound that inhibits the TRAP transporter HiSiaPQM
has the potential to act as a bacteria specific, bacteriostatic antibiotic or represents a starting
point for development of specific drugs. The nanobodies from the present work are the first
described compounds that showed an inhibiting effect on the function of the TRAP trans-
porter HiSiaPQM.

In terms of antibiotic compounds, one advantage of the inhibiting nanobodies is that they
just need to overpass the outer membrane into the periplasm and no crossing of the inner
membrane. One possible mechanism for crossing the outer membrane is the incorporation
of the nanobodies into liposomes and a later fusion of the liposomes with the outer mem-
brane. Such experiments were already successfully performed for the delivering of an anti-
biotic into the periplasm (Wang et al., 2016). This procedure can presumably ensure a high
concentration of nanobodies in the periplasm without any modification of the nanobody
sequence, such as uptake-mediating peptides (cell-penetrating peptides, CPP or antimicro-
bial peptides, AMP) that are often fused to molecules for crossing of the inner membrane
(Derakhshankhah and Jafari, 2018, Lee et al., 2019, Reinhardt and Neundorf, 2016). Alter-
natively, phage therapy with bioengineered phages can be used to deliver the nanobody
genes into a bacterium (Altamirano and Barr, 2019). Doing this, the bacteria themselves

express the nanobodies, similar as the E. coli cells in the growth assay. Since the nanobodies
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are still large molecules compared to the most antibiotic compounds, the description of the
nanobody-inhibiting mechanism on a molecular level with HiSiaQM-nanobody complex
structures can serve as starting point for the design of small molecules with similar inhibit-
ing properties. Further to the strategies for accumulation in the periplasm, the combination
of nanobodies with different binding regions, especially those with the strongest inhibiting
effect, should be tested. If these nanobodies bind different epitopes or have different inhib-
iting mechanisms, the combined usage might increase the overall inhibiting effect. Addi-
tional, if available, HiSiaP specific nanobodies can be used in combination with the pre-

sented HiSiaQM nanobodies, which will probably further increase an inhibiting effect.
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Chapter 7

Structural Investigations of TRAP

transporter membrane domains

Preamble:

The cryo-EM sample preparations and data processing were performed in collaboration with
Veronika Heinz and Christine Ziegler from the University of Regensburg. The cryo-EM
data sets were recorded at the Center for Integrative and Translational Bioimaging (Bettina
Battcher) of the University of Wiirzburg and with Alexandre Durand at the IGBMC (Insti-
tute of Genetics and Molecular and Cellular Biology) in Strasbourg (FR).
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7.1 X-ray crystallography and cryo-EM for membrane proteins

The most important and often most challenging task during studies of proteins is the de-
scription of their molecular structure. Such a structure allows to analyse and postulate spe-
cific amino acid interactions and binding characteristics of functional domains, and often
immensely increase the understanding of the function of a protein. Until today, the world of
macromolecular structures is mainly built up from three methods, X-ray crystallography
(154264 structures, 88.4% from all structures), nuclear magnetic resonance (NMR, 13285
structures, 7.6%) and electron microscopy (EM, 6989 structures, 4.0%) (PDB,
www.rcsb.org, access date 17.02.2021). While each method has its own advantages and
disadvantages, the overall importance of structure determining methods for the understand-
ing of nearly all processes in living cells is emphasized when considering the Nobel prices
in this field. Every of the three methods or pioneering results which are closely related to a
protein structure determination were awarded with at least one Nobel price, X-ray crystal-
lography for example in 1946, 1962, 1964, 1972, 2006, 2009 and 2012, NMR in 2002 and
cryo-EM in 2017 (Nobel Media AB 2020).

The first membrane protein structures were solved around 40 years ago, at low resolution
of around 7 A in 1975 and at high resolution of around 3 A in 1985 with X-ray crystallog-
raphy (Deisenhofer et al., 1985, Henderson and Unwin, 1975). Until today, this method is
mainly responsible for the exponential growth of described structures in the last years, in-
cluding the description of 50% of all unigue membrane protein structures between 2011-
2016 (Hendrickson, 2016). X-ray crystallography protein structures allow a detailed insight
into the biomolecules with high-resolutions and by this, provide a fundamental basis for
functional description. Due to the high importance, the method is steadily further developed
and modified regarding the crystallization process with automatization, the improvement of
data collection in resolution and time saving and the simplification of structure refinement
and building. One crucial and often limiting step for X-ray crystallography of proteins is the
preparation of protein crystals, which rely on defined intermolecular distances between pro-
tein chains to build up a 3-dimensional crystal. These intermolecular interactions are espe-
cially low for membrane proteins due to the essential presence of a membrane mimetic sys-

tem around the hydrophobic protein regions. This might be one of the reasons, why despite
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the large numbers of membrane protein encoding ORFs in all types of organisms less than

3% of all protein structures are assigned to membrane proteins (Chapter 4.1).

The two other commonly used methods, NMR and cryo-EM, avoid the limiting step of pro-
tein crystallization. However, also these methods have important limitations and challenges
for protein structure determination. For example, NMR is limited in the size of the biomol-
ecule with a maximum molecular weight of around 30-50 kDa (subunit size) (Gauto et al.,
2019). For the most membrane proteins, this limitation represents an exclusion criterion and
therefore less than 1% of the NMR structures in the PDB are related to membrane proteins
(112 of 13285, PDB, www.rcsh.org, access date: 17.02.2021). Additionally, these structures

are often just smaller domains or helices and not complete membrane protein structures.

This proportion of membrane protein structures to the overall determined structures by a
single method changed drastically for the method of cryo-EM. In this, around 19% of the
published structures are related to the class of membrane proteins (1311 of 6989, PDB,
www.rcsh.org, access date: 17.02.2021). Especially the development during the last decades
in hardware and in software for data processing, led to an important improvement of the
resolution in EM (Frank, 2017, Merk et al., 2016, Nogales, 2016). Through these develop-
ments, cryo-EM has become a competitive method in the field of structural biology in the
last years. Protein EM-structures can be described nowadays with high resolution, for ex-
amples with up to 1.22 A of a soluble protein or 1.9 A for a membrane protein (Flores et al.,
2020, Nakane et al., 2020). Further, the successful detection of smaller single particles en-
ables the investigation of a larger number of proteins with cryo-EM and today, structure

determination of proteins smaller than 100 kDa is possible (Herzik et al., 2019).

Importantly for membrane proteins, cryo-EM is compatible with the commonly used mem-
brane mimetic systems, with detergent micelles and the presented lipid bilayer nanodiscs in
both forms, protein- and polymer-bounded (Arkhipova et al., 2020, Sun et al., 2018, Tang
et al., 2019). The usage of nanodiscs in cryo-EM has also the advantage that the size of the
particles is increased by a molecular weight of around 100 kDa (Efremov et al., 2017). This
can be a crucial modification, as these larger particles are more easy to detect and was al-
ready successfully applied for small transporters with no or only small outer-membrane do-
mains (Arkhipova et al., 2020, Gao et al., 2016). Additional to the methodical properties of

cryo-EM, which represent a high compatibility for structure determination of membrane
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proteins, the method also facilitates the observation of several protein conformations in a
short time or even in the same experiment (Arkhipova et al., 2020, Hofmann et al., 2019).
Especially the recent work of Hofmann et al. (Hofmann et al., 2019) revealed an unprece-
dented insight into the dynamic of an ABC transporter with description of eight different
conformational states at high resolution. As mentioned before, conformational changes are
generally essential for transport of a substrate and a simplified and faster detection of dif-
ferent conformational states strongly supports a better description of the full function.

In the present work, a combined approach of both methods, X-ray crystallography and cryo-
EM, was used to study the protein structure of the HiSiaQM membrane protein. Since both
methods rely on a different experimental preparation and diverse requirements on the pro-
tein, this combined approach should increase the probability to determine the structure of

the membrane proteins.

7.2 Preparation and diffraction of HiSiaQM crystals

In the following chapter, approaches with varied conditions and intermediate goals for de-
termination of the HiSiaQM protein structure with X-ray crystallography are presented. For
all crystallization trials with HiSiaQM, 3-DDM detergent was used standardly for extraction
and purification and was replaced in a washing step during Ni>*-AC with a-DDM. The use
of this alternative DDM conformer should improve the crystallization of the TRAP trans-
porter membrane domains, as reported by Nien-Jen Hu (National Chung Hsing University,

Taiwan, personal communication).

An example purification of HiSiaQM wildtype protein in detergent micelles for crystalliza-
tion is illustrated in Figure 7-1, based on the optimized protocol that was elaborated in
Chapter 4.2. The protein was purified as described in Chapter 9.1.4.2 by using 25 mM im-
idazole during the washing step on the Ni?*-AC for reduction of impurities and contami-
nants. During this step, the detergent was changed to a-DDM. The subsequent SEC elution
profile illustrated a main protein peak for HiSiaQM at around 12 mL elution volume and
small amounts of aggregated protein that were separated (Figure 7-1 A). The protein peak
was analysed via SDS-PAGE, which confirmed a high quality of pure HiSiaQM protein
with minimal contaminations (Figure 7-1 B). The corresponding SEC fractions were com-

bined, concentrated to around 15 mg/mL and used for crystallization.
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Figure 7-1: Purification of HiSiaQM for crystallization. A) SEC run of HiSiaQM after Ni2*-AC on an SD
200 10/300 column (buffer: 50 mM KHPO4 (pH 7.8), 200 mM Tris, 10% Glycerol, 0.035% o-DDM). B)
SDS-PAGE of HiSiaQM purification with fractions of the Ni?*-AC elution (*), the protein standard (M) and
from the SEC run in A).

7.2.1 Crystallization of transporter domains

As a first crystallization attempt, the membrane domains HiSiaQM were used without any
supplements. In addition to all available standard protein crystallization screens (see Chap-
ter 10.1), commercial screens that are optimized for membrane proteins, MemGold and
MemGold Il (both Molecular Dimensions, UK) were used. In several conditions, crystalli-
zation was observed after a few weeks. Especially the PACT screen showed a large number
of hits (Figure 7-2 A-C). Most of the observed crystals had a prism or rod shape and were
large enough for diffraction experiments. The diffraction images of three crystals with the
highest resolution are shown in Figure 7-2. Unambiguously, the recorded diffraction spots
revealed the evidence of protein crystals and excluded salt crystals. Even if diffraction spots
were clearly visible, the resolution of the diffraction spots was detected at around 20 A,

which was far too low for a further processing and determination of a structure.

As a further approach, the membrane domains HiSiaQM were co-crystallized with HiSiaP
and the native substrate sialic acid. Doing this, some crystallization conditions might pro-
mote the formation and crystallization of the tripartite complex. Albeit the complex was
never observed experimentally before, the crystal lattice might stabilize the weak tripartite
complex. The P-domain in complex with the DDM-stabilized membrane domains will in-
creases the number of possible intermolecular interactions, which are necessary for for-

mation of well-ordered protein crystals.
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PACTA3 PACT B4

MemGold E11

Figure 7-2: Crystals and diffraction images of HiSiaQM. A-C) Top: Conditions with resulting crystals in
a sitting drop, imaged shortly before collecting for diffraction. Bottom: Diffraction images, the limiting, outer
circle represents a resolution of 15 A. In the case of a possible indexing, the resulting space group of the
diffraction images are given. D-F) Same as A-C) but with HiSiaQM-HiSiaP mixture.
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In addition to increased intermolecular interactions, the structure of the P-domain had al-
ready been described in different conformational states on an atomic scale. Therefore, if the
P-domain is part of the crystal, it can be used as a search model for molecular replacement.
As before, crystallization was obtained in several conditions and example crystals are illus-
trated in Figure 7-2 D-E. Most of the crystals have a similar rod or a prism shape as the
HiSiaQM crystals before. The diffraction resolution of these crystals was quite low with
diffraction spots at a maximum resolution of 20-25 A. Due to the simultaneous progress in
other crystallization trials in the following chapters, these crystallization trials were not fur-

ther optimized or investigated to get better diffraction crystals.

7.2.2 Crystallization of HiSiaQM with nanobodies

The generation of HiSiaQM specific nanobodies (Chapter 6) enabled the co-crystallization
of the membrane domains HiSiaQM with a specific binder. The advantages of specific bind-
ers are similar to those of the tripartite complex from the paragraph above. The binders
represent an outer-membrane domain and increase the possibility of intermolecular interac-
tions. In contrast to the SBP, the nanobodies were successfully characterized as strong bind-
ers with high affinities in the nanomolar range (Chapter 6). The possibility of a HiSiaQM-
nanobody complex in the crystallization trial is therefore high. Further, the structure of the
nanobodies is known and they can potentially be used for molecular replacement during
phasing. Due to the detection and description of nanobodies for two different binding re-
gions (Chapter 6.3.4), binders for different regions on HiSiaQM were simultaneously used

to increase the mentioned advantages.

For co-crystallization, the membrane domains were supplemented with the strong binding
nanobody 3 and in another approach with nanobody 3 and 4, as these two nanobodies were
identified as binders for two different regions. Growth of single crystals was observed in
several conditions and screens, particularly with the most crystals in the MemGold screen
(Figure 7-3). The shape of the observed crystals from this protein mixture varied for differ-
ent conditions. For example, the crystals in condition MemGold D7 had a bipyramidal
shape, while condition MemGold F12 crystallized as needles and MemGold E5 and H11
with an unregular plate (Figure 7-3). The diffraction images of two nanobodies revealed an

overall higher resolution than with one nanobody. Additionally, the resolution of these

219



Structural investigations of TRAP transporter membrane domains

crystals was higher than in the previous experiments without additives or addition of HiSiaP.
The best diffracting crystal in MemGold H11 was recorded in a recent diffraction experi-
ment with a resolution of up to 5 A (Figure 7-3 E). This crystal showed by far the best
resolution from all crystals that were investigated and allowed for the first time a further
processing. The parameters of the crystal after indexing and integration are shown in Figure
7-3 E. From the diffraction spots, an orthorhombic crystal system was determined with unit
cell parameters of 102.2, 123.1 and 142.3 A. The calculation of the cell content resulted in
an estimated solvent content of 72.6% and 45.1% for a monomer or a dimer of HiSiaQM-
nanobody complex in the unit cell, respectively (calculated with MATTPROB (Kantardjieff
and Rupp, 2003, Matthews, 1968, Weichenberger and Rupp, 2014)). However, the protein
crystal was measured recently and the phases for calculation of the electron density and

model building could not be reconstructed until today.

In contrast, the other crystallization conditions from Figure 7-3 with resolutions up to 10-
15 A were already optimized each in 48 new solutions by variation of the initial pH-value
and the salt and precipitant concentration. For optimization of MemGold D1, 10 conditions
with possible protein crystals were detected. The shape of most crystals was similar to the
original prism-shaped crystals in MemGold D1, even though also crystals were formed with
a bipyramidal-shape (Figure SI-38). The diffraction images revealed an increase of the dif-
fraction resolution compared to the initial experiment. However, the best crystals showed a
resolution of around 10-11 A. For optimization of condition MemGold F12, crystals were
only obtained at an incubation temperature of 4 °C. Similar to the original condition, the
crystals have a rod-shaped appearance. The diffraction of these crystals was limited by a
maximum resolution of 10 A (Figure SI-38). Further, the conditions MemGold E5 and
MemGold D7 were optimized and crystals were obtained for each optimization after several
days (Figure SI-38). The observed crystals had a similar crystal shape as the corresponding
initial conditions. The diffraction images revealed an increase of the resolution to 8 A, which
is still too low for determination of the protein structure. Overall, the crystallization trials
with the TRAP transporter specific nanobodies showed an important increase of the quality
of the protein crystals with better resolutions of the diffraction images than in crystallization
trials without nanobodies. Nonetheless, the resolution of all crystals was low and further
possibilities to receive higher diffraction crystals and to facilitate the processing procedure

are discussed in Chapter 7.7.
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11.63 7684 704 720 97.8% 3.7% 3.5% 7680  60.60 4.0% 99.7
8.34 12777 1142 1143 99.9% 5.0% 4.5% 12776  44.14 5.3% 99.9
6.84 18749 1437 1437 100.0% 14.5% 14.1% 18749  15.90 15.0% 99.8
5.94 22695 1656 1658 99.9% 70.8% 74.7% 22695 3.89 73.6% 95.0
5.32 24215 1881 1882 99.9% 126.4% 134.0% 24215 2.03 131.7% 90.0
4.86 25193 2038 2039 100.0% 151.7% 160.7% 25193 1.65 158.3% 88.9
4.50 30183 2250 2251 100.0% 228.5% 243.6% 30183 1.14 237.6% 83.9
4.22 32701 2372 2372 100.0% 404.2% 429.6% 32701 0.69 419.7% 40.4
3.98 31183 2377 2504 94.9% 580.4% 628.0% 31152 0.43 603.7% 15.8

total 205380 15857 16006 99.1% 14.1% 14.5% 205344 8.50 14.8% 99.7

Figure 7-3: Crystals and diffraction images of HiSiaQM with nanobodies 3 and 4. A-D) Top: Conditions
with resulting crystals in a sitting drop, imaged shortly before collecting for diffraction. Bottom: Diffraction
images, the limiting, outer circles represent the resolution of the diffraction image. E) Highest resolution crys-
tal of HiSiaQM with nanobody 3 and 4 from crystallization condition MemGold H11. The recorded diffraction
images for this crystal were processed with XDS (Kabsch, 2010) and the results are listed.
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7.3 EM of HiSiaQM in protein-bounded nanodiscs

In addition to the structural investigations with X-ray crystallography, it was also attempted
to determine the structure of HiSiaQM with cryo-EM. The SEC runs, EM sample prepara-
tions, data recording and processing were performed in cooperation with Veronika Heinz
and further members from the group of Christine Ziegler from the University of Regens-
burg.

7.3.1 Sample preparation for EM

Immediately before the preparation of the EM samples in the following chapters, the protein
samples were loaded on a SEC column. This procedure was used to guarantee that any traces
of aggregates were removed from the sample and to yield particles with a homogenous size.
The first attempt of a sample preparation for structure determination with cryo-EM was
performed with HiSiaQM in the protein-bounded nanodiscs (Chapter 4.3). The reconstitu-
tion should create particles with a size of ~10 nm that are large enough for investigations
with cryo-EM (Arkhipova et al., 2020, Efremov et al., 2017, Ritchie et al., 2009).

The reconstitution approaches and SEC runs for initial EM sample preparation are shown
in Figure 7-4. To receive a high protein concentration after SEC without a concentration
step that was assumed to promote formation of new aggregates, a large amount of protein
was applied onto the SEC column. For this, around 10 HiSiaQM standard purifications, each
from protein expression in 10 L LB medium, were pooled and used in three batches for
nanodisc reconstitutions. The SDS-gel of the three batches before SEC revealed a low quan-
tity of impurities and clear protein bands for HiSiaQM and MSP1 (Figure 7-4 A). The SEC
of the first batch resulted in a broad elution peak with unsuccessful separated maxima, as
observed for reconstitutions before (Figure 7-4 B, compare Chapter 4.3). Same result was
obtained for batch number 3 (Figure 7-4 D). In contrast, batch 2 showed the peak with two
separated maxima, as expected from previous experiments, with also clear separation of a
small fraction of aggregates at around 7.5 mL (Figure 7-4 C). The only differences between
the three reconstitution batches were the use of separately purified MSP1. However, since
all MSPs were all purified in the identical way with equal quality checks, the reason for the
different SEC profiles remained unknown.
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Figure 7-4: MSP-nanodisc reconstitutions of HiSiaQM for EM. A) SDS-PAGE with samples of three sep-
arated nanodisc reconstitution batches in large scale approaches. The two main bands in each sample corre-
spond to HiSiaQM and MSP1 (around 50 kDa and 25 kDa, respectively). B) SEC run of reconstitution after
dialysis from batch 1 (column: SD 200 10/300, buffer: 50 mM Tris (pH 7.8), 50 mM NaCl). C-D) Same as A)
but for the other batches. Fractions of the SEC that were used for EM sample preparations are marked.

7.3.2 Negative stain EM of HiSiaQM in MSP-nanodiscs

Initially, negative stain EM was used to characterize the protein samples concerning particle
size and shape, particle concentration and impurities with aggregated fragments. Due to the
inconsistent SEC elution profiles, different fractionated samples from SEC runs of batch 2
and 3 were investigated with EM after negative staining (Figure 7-4 C and D). Representa-
tive images that were recorded for the different eluted fractions are illustrated in Figure 7-5
for batch 2 and Figure S1-39 for batch 3. The images from the first protein peak of batch 2
after a 1:100-dilution revealed detectable, single particles in a satisfying concentration and
a low degree of aggregation (Figure 7-5 A). The particles have an overall homogeneous size

distribution and a shape that was expected for a nanodiscs sample. The size of the particles
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was estimated to around 11-13 nm, which correlates quite well with the described size for
MSP1-nanodiscs of 9.8 nm (Ritchie et al., 2009). The images also revealed a preferable top-
view orientation of the nanodiscs, but side-views were also clearly observable. Also, a few
side-views were visible with formed dimers or also higher oligomers up to 4-5 single nano-
discs, by sticking the top and bottom of the nanodiscs together (Figure 7-5 A). This obser-
vation is presumably caused by the nanodiscs assembly under the negative stain conditions,
as samples with other proteins also showed this effect (personal communication with Ve-

ronika Heinz, University of Regensburg).

B Batch 2, Peak 2.

C Batch 2, Peak 1 D Batch 2, Peak 2

Figure 7-5: Negative stain EM of HiSiaQM in MSP-nanodiscs. A) Negative stain EM image of HiSiaQM
reconstituted into MSP-nanodiscs. The sample was taken from the first SEC-fraction in Figure 7-4 C and
diluted by a factor of 100. The solution was stained with 2% uranyl acetate on glow charged grids. B) Same
as A) but for the second SEC-fraction in Figure 7-4 C. C) 2D classes from several negative stain EM images
from protein sample that was used in A). D) Same as C) but with protein sample from B).
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The negative stain EM image for the second SEC protein peak of batch 2 revealed similar
particles which seems to be slightly smaller than for the first SEC fraction (Figure 7-5 B).
An obvious difference in the EM images between the two SEC fractions was the absence of
dimerized or oligomerized particles in the second peak sample. The negative stain EM im-
ages for SEC fractions from batch 3 revealed a similar result as for batch 2 and a reason for
the different SEC elution profiles was not visible from the single particle observation. For
a more detailed characterization of the nanodiscs from Figure 7-5 A and B, the particles
from recorded images were assigned to 2D classes (Figure 7-5 C and D). This classification
for particles from the first SEC fraction from batch 2 showed preferable top-view orienta-
tion, but also several classes with particles in a side-view orientation were found (Figure
7-5 C). Additionally, 2D classes with dimeric nanodisc particles, as visible in the EM im-
ages, were obtained. Due to the resolution of negative stain EM of around 10-20 A, the
detection of the membrane protein or further structural details were not feasible with this
dataset (Gallagher et al., 2019).

7.3.3 Cryo-EM with HiSiaQM in MSP-nanodiscs

Judged by the characterization of the HiSiaQM-nanodiscs sample with negative stain EM,
the sample was of high purity and homogeneity. Thus, the first SEC fraction of SEC run
from batch 2 was prepared by the group of Christine Ziegler for cryo-EM by vitrification
with a Vitrobot plunge freezer (ThermoFisher Scientific) (experimental parameters in Table
9-9). For this, the sample was carefully concentrated to estimated 2000 mAU to receive an
optimal concentration of the protein, after verification with negative stain EM that this step

caused no aggregation of the sample.

The cryo-EM samples were analysed on a Titan-Krios G3 electron microscope, equipped
with a Falcon 111 camera (Bettina Béttcher, University of Wirzburg, experimental parame-
ters in Table 9-9). An example electron micrograph from the vitrified HiSiaQM nanodiscs
sample is shown in Figure 7-6 A. The image revealed detectable particles in a satisfying
concentration, with numerous visible and distinguishable single particles. Importantly, no
larger aggregates were visible on the micrographs that reduced the amount of detectable
single particles. The detected particles showed a similar shape as before in the negative stain

EM images and indicated the successful vitrification of the nanodiscs. Further, the
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micrographs revealed several orientations of the single particles, top- and side-views were

already visible from the unprocessed images.
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Figure 7-6: Cryo-EM of HiSiaQM in protein-bounded nanodiscs. A) Electron micrograph of HiSiaQM in
MSP-nanodiscs from first SEC-peak of reconstitution batch 2 (Figure 7-4). B) 2D-classes of nanodisc particles
of electron micrographs from same sample as A), processed with cryoSPARC (Punjani et al., 2017). C) 3D
reconstitutions of single particle classes from B) in side-view (top) and top-view (bottom) orientations. The
groups include 47647 (grey), 29143 (yellow) and 23226 (blue) individual observed particles.

Overall, 1759 micrographs were recorded and 1454 were successfully processed for further
analysis. From these images, 631911 single particles were identified and localized in an
autopicking process with an average of 435 particles per image. The assignment of particles
in 2D classes was performed with the software program cryoSPARC (Punjani et al., 2017).
After 10 rounds of classifications, 100043 particles were assigned in 100 classes with well-

defined particles in each class (Figure 7-6 B). The 2D classes revealed a preferred side-view
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orientation of the nanodiscs in the cryo-EM sample, in contrast to the preferred top-view
orientation in the negative stain EM samples. However, also some 2D classes with top-view
orientated particles were observed in the vitrified sample. Interestingly, some 2D classes
with side-view particles revealed regions with little indentation and at these positions, also
a slightly higher density inside the nanodiscs (Figure 7-6 B, green circles). As final pro-
cessing step, the identified particles were used for a 3D ab initio construction in 3 classes.
The resulting 3D models that were obtained are illustrated in Figure 7-6 C. Overall, the
models clearly indicated the expected nanodisc shape. For some positions of the models,
especially the grey coloured model, a high density around the nanodisc was visible, possibly
caused by the MSP1 belt. The inspection of the lipid bilayer and protein region of the nano-
discs revealed only unspecific density with no detectable structural motifs.

The structure of the HiSiaQM protein in the nanodiscs could not be reconstituted, mainly
because of two problems. First, the particle alignment was focused on the nanodisc shape
since no other structural features were visible. This is especially the case for membrane
proteins that are fully-embedded in the membrane and have no large outer-membrane re-
gions, as postulated for HiSiaQM (Mulligan et al., 2011). Such an alignment results in a low
resolution of nanodiscs embedded molecules with an unspecific density. The second prob-
lem might be the indistinguishability of nanodiscs with and without HiSiaQM in the lipid
bilayer. The mixing of these filled and empty nanodiscs reduces the overall resolution of
embedded protein. In the following chapters, several modifications and variations of these
initial EM experiment were performed that should help to overcome these problems and

limitations.

7.4 Nanobodies as tool for HiSiaQM structural analysis with EM

To avoid the mentioned problems from the initial cryo-EM experiments, strong binding
nanobodies from Chapter 6 were used as specific HiSiaQM binders. The binding of the
nanobodies was presumed in the characterization experiments to be on the solvent accessi-
ble periplasmic side of HiSiaQM (Chapter 6). Therefore, a nanobody that binds to the HiSi-
aQM-MSP-nanodisc assembly should be visible as an outer membrane domain. By this it
can be probably used to identify HiSiaQM-nanodiscs and to improve the particle alignment

during classification.
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7.4.1 Sample preparation for EM

A reconstituted HiSiaQM-nanodisc sample was supplemented with a 5 times molar excess
of nanobody 6 which has a binding affinity of 640 pM to HiSiaQM (Chapter 6.3.3). The
high excess guaranteed that every HiSiaQM protein was bound by a nanobody. To remove
excess nanobody and aggregates, a SEC run was performed before EM sample preparation
(Figure 7-7). The first peak at 2 mL elution volume corresponds to HiSiaQM and the second
peak at 2.6 mL to the excess nanobody. The HiSiaQM-nanodisc fraction eluted in a peak
with only one maximum and not in a double peak, as observed before for several other
reconstitutions (Chapter 4.3). This presumably results from the usage of a Superose 6 5/150
SEC-column with a changed separation behaviour than the previously used SD 200 10/300
column. Nevertheless, the nanodisc peak was obtained at the expected position with high
intensity and separated from aggregates and unbound nanobodies, and was therefore used
for preparation of cryo-EM samples. As before for vitrification, the sample was slightly
concentrated to the half of original volume to receive particles with a theoretical absorption
of 2000 mAU. The experimental parameters for vitrification are listed in Table 9-10.
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Figure 7-7: MSP-nanodisc reconstitution of HiSiaQM for EM with nanobody. SEC run of HiSiaQM in
MSP-nanodiscs after incubation with nanobody 6 in 5x molar excess. A Superose 6 increase 5/150 column
was used for this experiment (Akta micro, buffer: 20 mM Tris (pH 8.3), 100 mM NacCl).

7.4.2 Cryo-EM of HiSiaQM with nanobodies

The cryo-EM electron micrographs of HiSiaQM with nanobody 6 were recorded with a

similar set-up as before on a Titan-Krios G3 electron microscope with a Falcon 111 camera
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(Table 9-10, Bettina Bottcher, University of Wirzburg). One exemplary electron micro-
graph of the vitrified sample is shown in Figure 7-8 A. As before, the image revealed an
overall good quality of the sample, without any contaminations or artifacts. Single nanodisc
particles were clearly visible in a satisfying concentration. In the first processing step,
141660 particles were picked from 500 collected images with an average of 286 particles

per image.

Figure 7-8: Cryo-EM of HiSiaQM with nanobody. A) Electron micrograph from vitrified HiSiaQM in
MSP-nanodiscs with addition of nanobody 6 from first SEC peak in Figure 7-7. B) 2D classification of nano-
disc particles and 8 rounds of classifications with RELION (Scheres, 2012). C-D) Larger representation of
two 2D classes from B) (red circles) with presumably structural features of HiSiaQM and nanobody.

The particles were assigned into 2D classes and after 8 rounds of classification, 35052 well
defined nanodisc particles were obtained in 2D classes (Figure 7-8 B). On a first view, these
particles shared a high similarity to the first recorded cryo-EM data set for HiSiaQM without
nanobodies. Again, both orientations of the nanodiscs, side- and top-views, were visible
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with larger proportion of top-view orientations than for the first sample (Figure 7-6 B). On
closer inspection, a few 2D classes contained some additional structural features (Figure 7-8
C and D). For example, one class of particles with a side-view orientation indicated an ad-
ditional density on the side of the nanodiscs. In the case of nanobody binding to HiSiaQM
in a nanodisc, such an observation was expected. Additionally, the class indicated a slightly
changed form compared to side-view particles from the first 2D classes and a higher density
contrast inside the nanodisc, as already observed in the previous dataset (Figure 7-8 C).
Further, also a few top-view particle classes seemed to indicate a structural motif inside the
nanodisc (Figure 7-8 D). However, as before, the further processing of the 2D classes was
unsuccessful and revealed no interpretable density inside the lipid bilayer, as well as no 3D
model with a detectable density for the nanobody on the side of the nanodisc. This might be
presumably caused by the same reasons as for the first dataset, the insufficient separating of
HiSiaQM-filled and empty nanodiscs and no or only two less structural features that can be

used for alignment of the membrane protein inside the nanodiscs.

7.5 Design and characterization of a TRAP transporter megabody

The small molecular weight and size of nanobodies of around 15 kDa are an advantage for
many applications and are also reasons for their high conformational stability and resistance
against external factors such as temperature changes or protease digestion (Dumoulin et al.,
2002, Hussack et al., 2011b). However, as marker for cryo-EM, large molecules with high
binding affinities and antigen specificities, similar as for nanobodies, are needed. One pos-
sible alternative are classical antibodies with a size of around 150 kDa, but these molecules
are more difficult to produce and more expensive than nanobodies, which can be easily
expressed in prokaryotic expression systems with high yields as described in Chapter 6.2.3
(Steeland et al., 2016, Pardon et al., 2014). To prevent such problems or high costs, the
group of Jan Steyart (University of Brussels) developed a nanobody-derived chimeric pro-
tein, called megabody (Uchanski et al., 2021). These proteins are built up from a nanobody,
which was ideally already characterized as strong binder to the antigen, and a larger bacte-
rial protein with an accessible B-turn between two B-sheets. Here, the B-turn adhesin domain

from Helicobacter pylori, called HopQ, was fused to the B-turn between the first and second
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B-sheet of the nanobody to produce a rigid bridge between the two proteins (Figure 7-9 A)
(Uchanski et al., 2021).

7.5.1 Construction and production of nanobody-derived megabody

The cloning routine in this work is based on Uchanski et al. (Uchanski et al., 2019, Uchanski
et al., 2021) and is shown in Figure SI-40. First, a synthetical gene was designed (Figure
SI-40, ordered at GeneArt, Regensburg) with the first conserved -sheet of nanobodies, fol-
lowed by the C-terminal part of HopQ, a linker which fused this C-terminal part to the fol-
lowing N-terminal part and two Sapl cloning sites. The gene was cloned into the nanobody
standard vector pHENG with N-terminal pelB signal sequence and C-terminal Hises-tag. The
resulting construct can serve as a backbone for every nanobody to generate the correspond-
ing HopQ megabody (Figure SI-40). For the present work, HiSiaQM nanobody 3 was
cloned into the megabody-backbone vector via the two restriction sites for Sapl. The result-

ing construct, megabody 3, was verified via sequencing.

The protocol for expression and purification of the megabody is based on the protocol for
nanobodies and the published work of Uchanski et al. (Uchanski et al., 2019, Uchanski et
al., 2021) (Chapter 9.1.4.5). Due to a sparse description of the purification procedure in the
literature, the following steps are described in detail. The postinduction and supernatant
fractions in Figure 7-9 B indicated a strong band at around 55 kDa, corresponding probably
to the megabody protein with a molecular weight of around 60 kDa. Because the protein
was purified for the first time, the Ni?*-AC was treated with a step wise increase of the
imidazole concentration in six elution fractions. The SDS-PAGE of these fractions indicated
again a main, intensive protein band at around 55 kDa protein marker (Figure 7-9 B). All
fractions contained also small quantities of impurities at around 35 and 25 kDa that had the
same elution characteristics on the imidazole gradient as the main protein. The following
SEC showed a monodisperse, sharp single peak in the elution profile with a maximum at
around 85 mL elution volume (Figure 7-9 C). The analysis of the peak with an SDS-PAGE
indicated again a strong band for the protein at around 55 kDa, even though the contamina-
tions from the step before were still present. Due to the different mass of the two bands and
the unsuccessful separation during SEC, as well as the same elution characteristics from the

Ni?*-AC, the two bands were either fragments of the larger protein or have a strong
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interaction with this protein. However, for the use of the megabody in cryo-EM experiments
as specific binder, the quality of the sample after SEC was sufficient and the protein frac-
tions were combined and concentrated for analysis.
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Figure 7-9: Purification results of nanobody-derived megabody 3. A) Protein structure and topology of
sequence of nanobody-derived megabody, based on the bacterial protein HopQ. The nanobody is shown in
yellow and orange, the HopQ in green and the linker between C- and N-terminus of HopQ in red (PDB-ID:
6QD6 (Uchanski et al., 2021)). B) SDS-PAGE with samples from expression, lysis and Ni?*-AC. The elution
of the Ni?*-AC was performed using a stepwise imidazole gradient, with 15.6, 31.3, 62.5, 125, 250 and 500
mM imidazole. C) SEC run with absorption at 280 nm (HiLoad SD 75 16/600, standard buffer) D) SDS-
PAGE of SEC run fractions from C) (* = loaded sample).

7.5.2 Binding characterization of the megabody

After construction, expression and purification of the nanobody-derived megabody 3, the

binding to HiSiaQM was analysed in a similar way as for the nanobodies (Chapter 6.3).
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First, the binding was studied with analytical SEC runs. The experiments were accom-
plished on an HPLC machine, by using the HiSiaQM wildtype antigen solubilized in deter-
gent micelles and in protein-bounded nanodiscs. Due to the troubles with HiSiaQM in SMA-
nanodiscs and the uninterpretable elution profiles from previous experiments, this solubili-
zation technique was not used for the binding studies (Chapter 6.5.2). The chromatograms
of the analytical SEC runs, with single protein loads and mixing of HiSiaQM and megabody
3, are shown in Figure 7-10 A and B for both solubilization methods. In the single compo-
nent runs, the HiSiaQM in detergent micelles eluted with the same double peak profile as
before and HiSiaQM in protein-bounded nanodiscs in a more defined single peak, with a

small shoulder to higher elution volumes (Figure 7-10 A and B, blue chromatograms).

The mixture of megabody and HiSiaQM in both membrane mimetic systems indicated a
clear decrease of the absorption of the megabody peak at around 21 min retention time,
compared to the single megabody run. Additionally, the absorption intensity of the HiSi-
aQM peak at earlier elution times was increased for both membrane mimetic systems. In
contrast to the analytical SEC runs with nanobodies, both chromatograms showed a slightly
shift of the first peak to earlier elution volumes, compared to the HiSiaQM single run (Fig-
ure 7-10 A and B). In case of DDM-stabilized HiSiaQM, the shift was observed with around
0.035 column volumes (CV) (1.2 min, 84 pL) and for the MSP-nanodisc sample, a differ-
ence of 0.018 CVs (0.6 min, 42 uL) was detected. The fact that such a shift was just visible
for experiments with the megabody is presumably caused by the larger size and molecular
weight of around 60 kDa for the megabody compared to 15 kDa of the nanobodies. Overall,
the changed intensities of the peaks and the elution time shift of the first peak suggested the
complex formation of megabody 3 and HiSiaQM in both membrane mimetic systems. The
modification of the nanobody 3 to the megabody 3 was therefore presumably still able to
bind the HiSiaQM antigen.

Beside the binding characterization with analytical SEC, the binding of megabody 3 was
also analysed with SPR, similar as for the nanobodies. Due to the results from corresponding
nanobody 3, which indicated only an interaction with HiSiaQM K273-biotin and no binding
to HiSiaQM K235-biotin, only the first mutant was used as antigen (Chapter 6.3.3). The
sensorgram and the calculated fit are shown in Figure 7-10 C and revealed a defined binding
of the megabody to HiSiaQM K273-biotin. The binding affinity was detected to be de-
creased from 0.64 nM for the nanobody 3 to 15.1 nM for the megabody 3 by a factor of 24.
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The association and dissociation of the megabody indicated a similar behaviour between the
mega- and nanobody, both processes were just slightly faster for the megabody than for the
nanobody (Figure 7-10 C and Table 6-1).
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Figure 7-10: Binding studies with HiSiaQM and megabody 3. A) SEC runs with detected absorbance of
the elution at 280 nm by using an SD 200 3.2/300 column on an Agilent HPLC system (buffer: 50 mM KH2PO4
(pH 7.8), 200 mM NacCl, 0.035% DDM). The experiment with single megabody 3 is shown in green, the single
run with HiSiaQM (wildtype, DDM) in blue and the experiment with mixed sample of HiSiaQM and mega-
body 3 is shown in magenta. The mixed sample were prepared with the same amount of each protein as used
in the single component run. Both proteins were mixed in a molar ratio of 1:1. B) Same as A) but with MSP-
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nanodiscs stabilized HiSiaQM. The same buffer was used but without addition of DDM. C) Sensorgram of
the SPR single cycle kinetics experiment for megabody 3 with immobilized HiSiaQM (DDM) 273-biotin. The
relative response of the surface is shown as green line, the fit to the experimental data as black line. The
binding parameters from the fit are mentioned on the left. D) SPR sensorgram of competitive binding experi-
ment with nanobody 4 used in the first injection and as saturated component and megabody 3 used in the
second injection. E) Same as D) but with megabody 3 in the first and nanobody 4 in the second injection.

In analogy to the competitive experiments with nanobodies, a similar experiment was per-
formed with megabody 3 to investigate if the increasing size of one binding partner leads to
the blocking of a binding region (Chapter 6.3.4). Due to the fact, that megabody 3 has the
same CDRs as nanobody 3, the information from the previous experiments with identified
binding regions were used for the current approach. The competitive binding of nanobody
4 and megabody 3 was confirmed by using both components once for the first and once for
the second injection (Figure 7-10 D and E). As clearly visible from the SPR sensorgrams,
both combinations showed a successful binding after the second injection, similar to the
competitive experiment with the two corresponding nanobodies. Consequently, the increase
of the size from a nano- to a megabody had presumably no influence on the binding of
nanobodies to the other binding region. In summary, the designed and produced megabody
3 contained similar binding properties as the corresponding nanobody 3. The larger protein
was also characterized as strong binder to the membrane domains of TRAP transporter HiSi-

aQM and was used in the following chapter for cryo-EM studies.

7.6 Megabody-bound HiSiaQM for EM structure determination

Similar as for the HiSiaQM-nanobody cryo-EM experiments, the megabody was used as
HiSiaQM specific binder that should represent a large outer membrane domain on the nano-
discs. By this, the identification of HiSiaQM-nanodiscs should be improved and larger
structural features can be probably used as alignment marker for the classification of the

particles.

7.6.1 Sample preparation for EM

The HiSiaQM membrane domains were supplemented with a two times excess of mega-
body 3. The subsequent chromatogram of the SEC run for EM sample preparation is shown
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in Figure 7-11 and had 4 peaks. The first peak was caused by an experimental error, the
fraction collector of the FPLC system was accidentally switched on at this point. The double
peak at around 1.3 mL elution volume revealed the characteristic that was standardly ob-
served for HiSiaQM in MSP-nanodiscs (Chapter 4.3). The last peak was assigned to excess,
unbound megabody in the sample. As for previous experiments, the fractions from the first
maximum in the double peak were used for preparation of the cryo-EM sample, the experi-
mental parameters for vitrification are listed in Table 9-11.
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Figure 7-11: SEC of HiSiaQM with megabody 3. SEC run of HiSiaQM in MSP-nanodiscs after incubation
with megabody 3 in 2 times molar excess. A SD 200 3.2/300 column on an Akta micro system was used
(buffer: 20 mM Tris (pH 7.5), 100 mM NacCl).

7.6.2 Cryo-EM of HiSiaQM with megabody

The cryo-EM images for HiSiaQM in combination with megabody 3 were recorded on a
Titan Krios with a K3 camera at the IGBMC in Strasbourg (FR) (Table 9-11). Because a
first test-processing of the data during recording indicated a detectable density on the side
of the nanodiscs, a large data set with 7263 electron micrographs was collected. An example
micrograph is presented in Figure 7-12 A. As before, nanodisc single particles were visible
in both orientations, in side- and top-views. However, on many micrographs, the particle
concentration was very high and regions with very close or overlapping particles were de-

tected.

236



Megabody-bound HiSiaQM for EM structure determination

C D

Figure 7-12: Cryo-EM results of HiSiaQM with megabody 3. A) Original micrograph from vitrified HiSi-
aQM in MSP-nanodiscs with addition of megabody 3. B) 2D classification of single nanodisc particles with
RELION (Scheres, 2012). The top- and side-view orientations were initially processed separately and merged
into one data set for the presented final 2D classification. C) Selected 2D class with particles in side-view
orientation from B). D) Selected 2D class with particles in top-view orientation from B). E) 3D model from
selected 2D class in B) in two orientations, side- and top-view. The nanodiscs, as well as an attached large
fragment are clearly visible in the reconstructed model with around 15 A resolution.

In contrast to previous processing procedures, in this experiment the two preferable orien-
tations of the nanodiscs were initially handled separately for efficient picking of the particles

and an easier processing during 2D classification. For both pathways, with top- and side-
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view orientation, more than 1 million particles were identified and processed in at least four
rounds of 2D classification. After separation of obviously empty nanodiscs or unusable
junk-particles, the two sets of particles were merged and assigned in one combined 2D clas-
sification (Figure 7-12 B). The finally obtained 2D classes in the side-view orientations
revealed a clear identifiable density on the side of the nanodiscs (Figure 7-12 B and C). The
size of the density was clearly larger than for the nanobody 2D class in Figure 7-8 C and
showed higher resolved structural features. Additionally, this presumably megabody bound
nanodiscs revealed a higher density in the nanodiscs at the binding position of the mega-
body, likely caused by the HiSiaQM protein. For the first time, this cryo-EM 2D classes
presumably revealed a view on the membrane domains of TRAP transporters at low resolu-
tion. A comparison with current protein models is discussed in Chapter 7.7.

In the processed 2D classes, also top-view orientations were observed for the first time with
a significant change in the detected density compared with similar orientations from previ-
ous experiments. Many particles with a small, high density spot in the nanodiscs region
were identified (Figure 7-12 B and D). Since the nanodiscs and megabody-HiSiaQM com-
plex had a strongly differing thickness for observation in the top-view orientation, the con-
trast between these components is higher than for the side-view particles. For some top-
view classes, low resolution structural features were presumably detectable in the predicted
megabody-HiSiaQM density. As for the side-view particles, further comparisons are pre-
sented in the discussion (Chapter 7.7). One interesting observation in the top-view classes
was a preferred position of the HiSiaQM-megabody complex on the outer edge of the nano-
discs, in direct contact with the MSP1 belt (Figure 7-12 D). Such an observation was not
described before and might be caused by an interaction between the HiSiaQM and the

MSP1, especially in the hydrophobic region of both proteins.

Overall, around 50 000 particles with a clearly observable bound megabody were received
from the micrographs and assigned to the 2D classes in Figure 7-12 B. The selected particles
were used for a reconstitution of a 3D model (Figure 7-12 E). This model indicated a clear
density on the side of the nanodiscs, that is caused by the bound megabody. However, a
further processing towards a protein model with higher resolution was not feasible until
today with the standard procedure. Even if the large megabody allowed the unambiguous
identification of HiSiaQM-nanodiscs, the particle alignment was presumably mainly fo-
cused on the nanodiscs and by this, lowers the resolution of the protein inside the nanodiscs.
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7.7 Discussion and conclusion

In the chapter above, several experiments for determination of the protein structure of the
TRAP transporter membrane domains HiSiaQM were described. Even if important steps
and intermediate goals were reached and presented, the structure could not yet be described
at an atomic scale. However, important intermediate steps were reached with both methods,
which pave the way for a determination of the structure in further experiments.

First, the protein structure was tried to solve with X-ray crystallography via protein crystal-
lization. For many different conditions and prepared approaches, crystals were obtained but
for the most crystals, only low-resolution diffraction images could be collected. The use of
HiSiaQM specific nanobodies for co-crystallization improved the protein crystals signifi-
cantly. Presumably due to larger contact areas between the HiSiaQM-nanobody complex,
diffraction resolutions of up to 5 A were obtained. Especially the result from the diffraction
experiment with crystal of condition MemGold H11 are promising for further investigations.
In following experiments, this crystallization condition should be optimized and alternative

techniques for the reconstruction of the phases should be tested.

To receive crystals of HiSiaQM with a higher resolution, several variations should be tested
in following experiments. One important optimization will be the use of smaller detergents,
such as OG or DM (n-octyl-B-D-glucoside, n-decyl-B-D-maltoside) (Newby et al., 2009).
The solubilization of HiSiaQM with the latter detergent was already confirmed in a SEC
run in previous experiments (Figure SI-41). Both alternative detergents form smaller mi-
celles around the membrane protein which might increase the intermolecular interaction
regions and by this, presumably promote the formation of crystals with higher resolution
(Stetsenko and Guskov, 2017). Also, the constructed megabody can be used for co-crystal-
lization to further increase the contact areas. After construction of another megabody with
a nanobody from the other binding region on HiSiaQM and a confirmed simultaneous bind-
ing of both megabodies, the solvent accessible regions might be immensely enlarged
through the attachment of two megabodies. On the other hand, another known megabody
with a molecular weight of 100 kDa, based on the glucosidase YgjK, can be constructed for
HiSiaQM nanobodies and used for co-crystallization (Uchanski et al., 2021). If also for this
construct the simultaneous binding of two different megabodies to HiSiaQM is possible, the
soluble protein proportion of the complex will be around 75%. Even if the crystallization is
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often a trial and error process, these variations in combination with the experience and in-
termediate goals can be used for further crystallization approaches of TRAP transporter
membrane domains HiSiaQM.

In the second part of this chapter, it was tried to determine the protein structure of HiSiaQM
with cryo-EM. Overall, the sample preparation and detection of single nanodisc particles
were successful for several experiments. The processing of the first cryo-EM experiments
with HiSiaQM in nanodiscs failed due to unsuccessful separation of full and empty nano-
discs and alignment of the single particles. To solve these problems, HiSiaQM specific
nano- and megabodies were used for an easier identification of particles in subsequent cryo-
EM experiments. This allowed for the first time the detection of nanodiscs with HiSiaQM
embedded in the lipid bilayer and to distinguish between filled and empty nanodiscs. A
rough alignment of a protein model for HiSiaQM with a nanobody on the corresponding 2D
class is shown in Figure 7-13 A. The HiSiaQM-nanobody model was constructed with the
postulated HiSiaQM model from Ovchinnikov et al. (Ovchinnikov et al., 2014) and with a
nanobody structure, tentatively positioned to one side of the model membrane protein. By
adjustment of the HiSiaQM size with the nanodisc thickness as reference, the protein model
and especially the nanobody fits very nicely to the experimental density (Figure 7-13 A and
B). For the top-view orientation, the models were used in the same scale as adjusted for the
side-view orientation. The turned model with direction of view through the translocation
pathway fits also nicely to the detected bright spot in the nanodiscs. A similar result was
obtained for the overlaying of a HiSiaQM-megabody model, constructed and aligned in a
similar way as the HiSiaQM-nanobody model (Figure 7-13 C and D).

However, even if several 2D classes with obvious HiSiaQM-megabody complexes in dif-
ferent orientations were observed, the data need to be further processed to obtain a 3D struc-
tural model at high-resolution. Especially the nanodisc-assembly that was initially used to
facilitate data collecting and processing, hinders the detection of HiSiaQM in the lipid bi-
layer. One possibility to solve this alignment problem is the use of masks during 2D classi-
fication and a 3D multi body refinement. Doing this, the focus of the particles is tried to set
on the HiSiaQM-megabody complex and the surrounded nanodisc should not be considered.
Even if such a procedure is time-consuming and could not be processed during the present

work, this might be a promising starting point for subsequent processing attempts.
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Nanobody:
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Figure 7-13: Model of HiSiaQM with specific binders in cryo-EM 2D classes. A) Top: 2D class from
Figure 7-8. Bottom: Same 2D class with manual alignment of structural model of HiSiaQM (blue and yellow)
and nanobody (orange) ((Ovchinnikov et al., 2014) and PDB-ID: 5U64 (Koch et al., 2017)). The thickness of
the nanodisc was used as reference for the size of the membrane protein. B) Top: 2D class from Figure 7-8.
Bottom: Same 2D class with alignment of same protein model as in A). The scale of the model was adapted
from A) and inverted by 90°. C) Top: 2D class from Figure 7-12. Bottom: Same 2D class with manual align-
ment of structural model of HiSiaQM (blue and yellow, same as A) and megabody (green, PDB-ID: 6QD6
(Uchanski et al., 2021)). The thickness of the nanodisc was used as reference for the size of the protein model
D) Top: 2D class from Figure 7-12. Bottom: Same 2D class with manual alignment of structural model as in
C). The scale of the model was adapted from C) and inverted by 90°. Importantly, the 2D classes in A-B) and
C-D) are from other data sets with different scales.
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Additional to the processing optimizations, several experimental parameters and conditions
can be optimized for further cryo-EM measurements. As mentioned before, the quality of
the detected particles on the original micrographs was rather low. A repetition of sample
preparation for a higher quality cryo-EM sample might increase the outcoming protein
model. Furthermore, a large number of empty nanodiscs without bound megabody was
picked and if not successfully separated from filled nanodiscs, decrease the quality and res-
olution of a 3D protein structure. In further experiments, affinity pull-downs might be useful
to separate the empty nanodiscs and detect only HiSiaQM particles in the cryo-EM images.
As for the crystallization experiments, the simultaneous use of a second megabody, maybe
with the alternative YgjK protein construct, can facilitate the particle processing (Uchanski
et al., 2021). Additional, HiSiaQM with two bound megabodies might be presumably large
enough to study the structure in detergent micelles. A reconstitution into the nanodiscs will
be therefore not necessary anymore and the HiSiaQM protein might be directly detectable

outside a lipid bilayer.
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In the first results chapter of this work, two important and widely used methods for integra-
tive structural biology, PELDOR and smFRET spectroscopy, were cross-validated in a com-
prehensive experimental comparison. For this, three SBP model systems were used and an-
alysed with both methods in several distance measurements during functional, conforma-
tional changes. Overall, both methods were in good agreement but for several measure-
ments, misleading results were detected in form of inconsistency to the crystal structures.
Diverse reasons, such as protein-label interactions or artifacts caused by the addition of
cryo-protectants were found to be responsible for these deviations. Moreover, this compar-
ison revealed that a combination of both methods is a promising approach to mutually con-

firm the measured distances.

The following chapters were focused on functional and structural studies of TRAP trans-
porters. For the substrate-binding protein VcSiaP, its structure in a substrate-bound state
was described for the first time. It is only the second sialic acid TRAP SBP that was struc-
turally classified in different conformations. A mutational study was used to gain insights
into the substrate-binding process of this protein with five new mutant protein structures
and thermodynamic characterisation. A complex water network between the substrate and
protein was identified as an affinity determinant, similar as previously described for the
homologous protein HiSiaP. Furthermore, SmMFRET was used to observe the dynamics of
the binding process and the results supported the postulated substrate-induced, “Venus-fly-

trap” conformational change of VVcSiaP.

The investigation of the membrane domains from TRAP transporters was the focus of the
main part of this work. Still today, the work with membrane proteins for analytical studies
is challenging, due to the special requirements of the hydrophobic proteins on their envi-

ronment. A reliable and efficient purification routine via detergent solubilization was
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established, which resulted in high-quality samples of the membrane protein. In addition,
recently developed new methods for membrane protein reconstitution, protein- and poly-
mer-bounded nanodiscs, were established for TRAP transporter membrane domains. These
methods allowed the application of subsequent analytical studies on TRAP transporters in
native-like lipid bilayers. Several studies with the polymer-bounded nanodiscs revealed sur-
prising and unknown differences compared to the other membrane mimetic systems. The
TRAP transporters in these assemblies were incompatible with the nitroxide spin label for
PELDOR spectroscopy, analytical SEC on an HPLC device or supplementation with nano-
bodies. The reasons for these complications might be manifold and remained elusive during
the present work. Overall, the studies showed that a simple replacement of classical deter-
gents with the polymers is not straight forward and that the compatibility and behaviour for

undescribed bioanalytical experiments have to be studied in detail.

Nevertheless, the TRAP transporter in the other two membrane mimetic systems, detergent
micelles and protein-bounded nanodiscs, were used in further functional studies, which ben-
efited from the established protocols for purification. For PELDOR spectroscopy studies,
several cysteine-mutants were successfully constructed and purified, and a useful strategy
for specific spin labelling with satisfying labelling efficiencies for the TRAP transporter
membrane domains HiSiaQM was achieved. The PELDOR spectroscopy results indicated
a high conformational flexibility of the membrane domains in detergent micelles, which
resulted in unspecific and broad distance distributions. Further, the addition of transporter
specific components, such as the SBP, revealed no interactions to the TRAP transporter
membrane domains. Particularly the membrane domains environment was postulated to be
very important for the conformational state and suggestions for further functional studies

regarding this influence were presented.

For further functional and structural studies, specific nanobodies for TRAP transporter
membrane domains HiSiaQM were generated and characterized as strong binders with
nano- to picomolar affinities. Through combination of binding and functional studies, the
nanobody binding allowed the experimental validation of the current theoretical HiSiaQM
structure models. Afterwards, one nanobody was engineered to a megabody with similar
binding characteristics and both kinds of TRAP transporter specific binders were used for
structure determination experiments. In both used methods, X-ray crystallography and cryo-
EM, the specific binders increased the quality of the results significantly. Especially the last
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cryo-EM experiments with a megabody allowed the first ever identification of the TRAP
transporter membrane proteins at low-resolution. These studies pave the way with important
intermediate results for an imminent full structural description of TRAP transporter mem-

brane proteins.

Another important result was obtained during studies on the influence of nanobody binding
on the function of TRAP transporter membrane domains. Several nanobodies revealed an
inhibiting effect on the substrate translocation in in vivo studies. To date, this represents the
first observation of a specific inhibition of TRAP transporters and constitutes a promising
fundament for the development of compounds with antibiotic properties. The introduction
chapter of this thesis explained the growing danger of worldwide antibiotic resistance, in-
cluding H. influenzae, which was also assigned from the WHO to the list of bacteria with
urgently need of new antibiotics. Therefore, if the inhibition of the HiSiaPQM TRAP trans-
porter with nanobodies or nanobody-derived small compounds is confirmed for H. influen-
zae, the results of this work represent a highly important discovery for potentially new ther-

apeutic strategies against the pathogen H. influenzae.
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9 Methods

9.1 Synthetical and preliminary methods

This chapter describes all methods and work routines that were used in this thesis to produce
the target proteins, either as native proteins or with desired modification. The expression,
extraction and purification of TRAP transporter membrane domains were optimised during
this work and the optimized protocols are presented. Differences in the methods, which
result from the change of laboratories during the experimental work, are marked as IPTC

(Institute for Physical and Theoretical Chemistry) or ISB (Institute of Structural Biology).

9.1.1 Molecular genetics and cloning
9.1.1.1 Polymerase Chain Reaction (PCR) with QuickChange mutagenesis

The variant of PCR QuickChange mutagenesis described by Liu and Naismith (Liu and
Naismith, 2008) was used to mutate proteins, especially with site-directed mutagenesis for
labelling experiments or functional studies of proteins. The modification of interest was
introduced into the protein encoding gene by using a pair of primers with a defined change
in the base sequence in a polymerase chain reaction. The standard PCR QuickChange reac-

tion mix is shown in Table 9-1 and the temperature-time protocol in Table 9-2.
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Table 9-1: Reaction mix for PCR QuickChange mutagenesis.

Component Stock concentration Volume / Quantity
DNA-template variable Variable / 50-100 ng
Pfu-polymerase 5 units/pL 0.5 puL /2.5 units
Buffer 10x 5uL

dNTPs 10 mM 2uL /0.4 mM
Primer — forward 100 uM 05uL/1uM
Primer — reverse 100 uM 0.5uL/1uM
Water Fill up to 50 pL

Table 9-2: Protocol for PCR QuickChange mutagenesis.

Number of cycles  Temperature [°C]  Time [s] Process

1 95 300 Initial denaturation
95 60 Denaturation

3 Tm, overlap-5 60 Annealing
72 900 Elongation
95 60 Denaturation

15 Tm, non-overlap-5 60 Annealing
72 900 Elongation
95 60 Denaturation

2 43 60 Annealing
72 900 Elongation

9.1.1.2 Polymerase Chain Reaction (PCR)

Standard polymerase chain reaction was used to amplify DNA-fragments, such as genes or
part of a gene, from a plasmid to insert it into another expression vector. Recognition sites
for restriction enzymes were introduced at the ends of the linear DNA strands via non-bind-
ing regions of the primers. The reaction mix for a PCR is shown in Table 9-3 and the tem-
perature-time protocol in Table 9-4. Table 10-15 lists the primer and the corresponding an-

nealing temperatures.
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Table 9-3: Reaction mix for standard PCR.

Component Stock concentration Volume / Quantity
DNA-template variable Variable / 50-100 ng
OptiTag-polymerase 5 units / pL 0.2 uL / 1 units
Buffer 10x 5uL

dNTPs 10 mM 0.4 L /80 puM
Primer — forward 100 uM 0.2uL /0.4 uM
Primer — reverse 100 puM 0.2uL /0.4 uM
Water Fill up to 20 pL

Table 9-4: Protocol for standard PCR.

Number of cycles  Temperature [°C]  Time [s] Process

1 94 120 Initial denaturation
94 15 Denaturation

30 Tm-5 15 Annealing
72 45 Elongation

1 72 480 Final elongation

9.1.1.3 Agarose gel-electrophoresis

Agarose gel-electrophoresis was used to identify DNA fragments after a PCR QuickChange
mutagenesis or to purify DNA fragments from a PCR or restriction digest. The agarose gel
was prepared by adding 1% agarose in TAE buffer and heated up until the agarose was fully
solved. Around 25-50 mL of this liquid mixture, depending on the gel chamber, was imme-
diately supplemented with 0.1% ethidium bromide (3,8-Diamino-5-ethyl-6-phenyl-phenan-
thridinium bromide) solution (IPTC) or the same amount of PEQgreen dye (ISB) for detec-
tion of DNA bands in the gel via UV light absorption. The mixture was transferred into a
gel chamber with a comb to create sample wells and cooled down. After this, the chamber
was put into an electrophoresis cell, filled with TAE buffer. The DNA samples for the gel
were mixed with 6x DNA sample buffer and pipetted into sample wells, together with 2 pL
of a DNA standard marker. To identify DNA after a QuickChange mutagenesis, 5 pL of
PCR sample was supplemented with the DNA sample buffer and loaded onto the gel, while
for a separation of different DNA fragments the whole samples were loaded onto the gel.

For electrophoresis, the gel was run with constant voltage of 100 V for 30 min. The
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migration of DNA fragments was analysed and documented via UV light absorption of the
DNA-dye by a gel imaging system or a bench-top UV light table. If necessary, the detected
DNA fragments were extracted from the agarose gel after electrophoresis. Therefore, the
required DNA band was cut out of the gel and the DNA was extracted from the agarose gel
with the ExtractMe DNA clean-up & gel-out kit, according to the manufactures’ manual.
The concentration of the final DNA elution was measured with a NanoDrop 2000 spectro-
photometer at wavelength of 260/280 nm and stored at -20 °C until further processing.

9.1.1.4 Restriction digestions of DNA

Restriction enzymes were primarily used in this work for digestion of unmutated DNA-
templates from a PCR QuickChange mutagenesis. The restriction endonuclease Dpnl rec-
ognizes the methylated palindromic sequence G™ATC and cuts a DNA plasmid into DNA
fragments. Due to the fact, that only the template DNA of a PCR is methylated through
previous transformation into E. coli cells, the DNA template is digested and the PCR prod-
uct remains intact. For digestion, 45 pL of the DNA sample were mixed with 5 pL Tango
buffer (IPTC) or 5 pL CutSmart buffer (ISB) and 0.5 uL Dpnl enzyme. The solution was
incubated for at least one hour at 37 °C. Subsequently, the restriction enzyme as well as the
other PCR ingredients were removed with PCR purification kit (ExtractMe DNA clean-up
& gel-out (1SB) or QlAquick PCR purification (IPTC)), following the manufactures’ man-

ual.

Further, endonucleases were used for DNA cleavage at desired, specific positions, for ex-
ample to cut off an insert from a DNA plasmid or to prepare a linear DNA fragment for
ligation. With the used endonucleases, overhangs of the DNA are produced which can be
used for ligation (Chapter 9.1.1.5). All enzymes that were used for specific DNA cleavage
are used in combination with the corresponding buffer. The time, temperature and pipetting
schematic for incubation of DNA with the enzymes was done according to the manufac-
tures’ protocol (New England Biolabs). If necessary, enzymes were heat-deactivated after
restriction, also following the manufactures’ protocol. After restriction, linear DNA frag-
ments were purified using a PCR purification kit (ExtractMe DNA clean-up & gel-out) and
cleaved DNA plasmids were separated, analysed and purified by agarose gel electrophore-

SiS.
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Analytical restriction was performed to check the successful ligation of an insert into a vec-
tor, after transformation and mini prepping of the DNA. For this, 3.6 uL of DNA sample
was supplemented with 0.2 pL of each corresponding enzyme and 1 pL CutSmart buffer
and incubated for 30 min at 37 °C. The result was analysed through separation of the diges-

tion fragments by agarose gel electrophoresis.

9.1.1.5 Ligation of DNA

DNA fragments were ligated by using a T4 DNA ligase. This ligase from bacteriophage T4
catalyses the fusion of two sticky or blunt ends of DNA through formation of a phos-
phodiester bond. Due to the use of DNA with sticky ends, the ligation of an insert into a
new vector can be controlled. For a typical reaction, 50 ng of digested vector DNA was
mixed with digested DNA insert in a molar ratio of 1:3. The mixture was supplemented with
2 UL T4 DNA ligase buffer and 0.2 uL T4 DNA ligase and filled up with water to a total
volume of 20 pL. Ligation was performed at 16 °C overnight for at least 14 hours and on

the next day, the ligase was inactivated by incubation at 65 °C for 10 min.

9.1.1.6 Transformation of DNA plasmids into bacteria

Transformation of DNA plasmids into bacterial cells was performed for separation of single
plasmids after a PCR QuickChange mutagenesis or ligation and for recombinant expression
of proteins in E. coli cells. Independently from the used cell lines, all plasmids were trans-
formed into self-produced, chemically competent E. coli cells via heat shock. Previously
prepared 50 uL aliquots of bacteria, that were stored at -80 °C, were thawed on ice for 30
min before supplementation with 3 pL of prechilled DNA plasmid. After 20 min incubation
on ice, the tubes were heat-shocked in a water bath at 42 °C for 45 s and immediately put
back on ice for 2 min. Then, 1 mL of LB medium was added to the bacteria and incubated
for 1 h at 37 °C under constant shaking.

For transformation of DNA into expression cells, 100 pL of the cell suspension were di-
rectly streaked out on a LB-agar plate with corresponding antibiotic, depending on the re-
sistance gene of the transformed plasmid. For transformation of a PCR product, the bacteria

were centrifuged for 5 min at 4000 rpm and 900 pL of the supernatant were discarded. The
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bacteria pellet was resuspended in the remaining liquid and streaked out on a LB-agar plate
with corresponding antibiotics. The agar plates were incubated overnight for at least 12 h at
37 °C to observe growth of single colonies. Afterwards, the agar plates were stored at 4 °C
for several weeks of for further use, single colonies were transferred with a pipette tip into
LB medium supplemented with appropriate antibiotics and let grown overnight at 37 °C.
For a long-time storage of bacteria after successful transformation and as helpful starting
point for later expression approaches, glycerol stocks were prepared from each transfor-
mation for protein expression or growth experiments. For this, 800 pL of the overnight cul-

ture was mixed with 200 uL sterile glycerol in a 2 mL Eppendorf tube and stored at -80 °C.

9.1.1.7 Isolation of plasmid DNA and sequencing

After modification of DNA, for example PCR mutagenesis of or ligation of a gene into a
new vector, the resulting DNA was verified via sequencing. Therefore, overnight cultures
of single colonies on an agar plate after a transformation were prepared by using 10 mL LB
medium (IPTC) or 4 mL LB medium (ISB) with appropriate antibiotics. The plasmid DNA
was isolated using the GeneJET Plasmid kit (IPTC) or ExtratMe Plasmid mini kit (ISB) and
the manufactures’ protocol. After isolation of the DNA, the concentration was determined
with a NanoDrop spectrophotometer by measuring the absorption of the sample at 260/280
nm. Aliquots of the samples were prepared and used for external sequencing of the plasmid
DNA by Microsynth SEQLAB (IPTC) or Eurofins Genomics (ISB). The provided results
were analysed with the Geneious software program regarding the sequence of the bases and

the quality of the sequence signal.

9.1.2 General methods for protein biochemistry
9.1.2.1 SDS-PAGE

The standard method SDS-PAGE (sodium dodecyl sulfate polyacrylamide gelelectrophore-
sis) was used to analyse proteins by separation of their size. More explicit, SDS-PAGE was
used in this work to follow and verify the expression of protein, monitor the purity of a
sample during different purification steps or to use it for functional analysis such as the

formation of protein complexes in solution.
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In this work, only the method of discontinuous electrophoresis with two different gel regions
(stacking and separating gel) was used. The composition of each gel is shown in Table 9-5.
First, the ingredients of the separating gel were combined, poured between two glass plates
and topped with 70% ethanol. After polymerization, the ethanol was discarded and the com-
ponents of the stacking gel were pipetted into one tube, mixed and pipetted on the separating
gel between the two glass plates. For sample application, a comb with 10 or 15 sample wells
was put into the stacking gel and removed after polymerization. The gels were directly used
for electrophoresis or stored in a wet paper at 4 °C for several days. For SDS-PAGE, the gel

is clamped into a gel holder and sink into SDS running buffer in an electrophoresis chamber.

To analyse the proteins in an SDS-PAGE, the samples were treated with SDS sample buffer
(1:4 ratio of SDS sample buffer to protein sample) previous to the electrophoresis. Doing
this, the structure of the proteins was denatured with 3-mercaptoethanol and detergent SDS
from the sample buffer and the intrinsic charges were masked by the anionic detergent SDS.
Apart from SDS-PAGE samples containing the membrane domains of TRAP transporters,
all other protein samples were heated up to 95 °C for 5 min after addition of the SDS sample
buffer to aid the denaturation process. For electrophoresis, the prepared protein samples
were transferred into the sample wells in the stacking gel. A protein marker was pipetted
into a free sample well to estimate the size of protein bands and the electrophoresis was
processed for around 50 min at 175 V (IPTC) or 35 min at 200 V (ISB), until the blue
bromophenol dye reached the bottom of the gel.

Afterwards, the gel was taken out of the glass plates and stained with gentle shaking in
Coomassie staining solution for 10 min. The unspecific colouring of the gels background
was removed by boiling the gel in 700 mL water for 5-10 min (IPTC) or incubating the gel
with warm SDS destain solution under gentle shaking for around 10-20 min (ISB). Finally,
if coloured protein bands were clearly visible, the result was analysed and documented with

an imaging system.

Table 9-5: Composition of gels for SDS-PAGE.

Gel Ingredients Volume
Acrylamide 2.63 mL
Separating gel 15% Separating gel buffer 1.46 mL
H20 1.16 mL
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TEMED 1.76 uL
APS (10%) 58.88 pL
Acrylamide (30%) 2.1 mL
Separating gel buffer 1.46 mL
Separating gel 12% H20 1.69 mL
TEMED 1.76 pL
APS (10%) 58.88 pL
Acrylamide (30%) 225 uL
Stacking gel buffer 175 pL
Stacking gel 5% H20 900 pL
TEMED 1.3puL
APS (10%) 13.25 pL

9.1.2.2 Western Blot

Western Blots were used for detection of specific proteins after SDS-PAGE. This method
was mainly used to analyse different steps of the expression, extraction and purification of
the TRAP transporter membrane domains, due to low quantity of the membrane protein. All
western blots in this work were performed with a primary antibody against a Hiss affinity

tag and a goat anti-mouse HRP conjugated second antibody.

Previous to western blotting, an SDS-PAGE with protein samples that should be detected
with a western blot was performed as described in Chapter 9.1.2.1. In addition to the sam-
ples of interest, 100 ng of a positive control such as TEV protease or the P-domain of TRAP
transporters were loaded into a sample well. These proteins had a known running behaviour
on SDS-PAGE and western blot and the required epitope for the primary antibody. At the
IPTC, a PVDF (polyvinylidene fluoride) membrane with the size of the polyacrylamide gel
was activated with methanol for a few seconds and then washed in 10 mL water for 5 min.
Afterwards, all components for a western blot, the PVDF membrane, the unstained SDS-
PAGE gel and four pieces of blotting paper were equilibrated in transfer buffer for 15 min.
Alternatively, at the 1SB, the components (nitrocellulose membrane) were directly incu-
bated with the corresponding transferbuffer. After that step, the components were assembled
in a way that the SDS-PAGE gel and the blotting membrane are stacked onto each other and
were covered with two blotting papers on both sides. The construct was put into a semi-dry
blotting cell with the blotting membrane facing the cathode and the SDS-PAGE gel facing
the anode. Air bubbles between the different layers were removed by hand. The separated

proteins from the SDS-PAGE gel were blotted onto the membrane at constant amperage of
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300 mA with a maximum voltage of 25 V for 50 min (IPTC) or at constant amperage of 160
mA for 45 min (ISB).

The blotting membrane was transferred into a blocking solution with 5% milk powder in
TBST (IPTC) or PBST (ISB) for one hour at room temperature with gentle shaking to avoid
unspecific binding of antibodies. Before incubation of the primary antibody, the blotting
membrane was washed three times for 10 min with 10 mL TBST (IPTC) or PBST (ISB).
The first antibody was diluted 1:1000 in 5 mL TBST (IPTC) or PBST (ISB) and added to
the membrane for incubation of 90 min at room temperature or preferable incubation over-
night at 4 °C, both with gentle shaking. As next step, the membrane was again washed in
the same way as before and the secondary antibody in a 1:5000 dilution in 10 mL TBST
(IPTC) or PBST (I1SB) was added onto the membrane. After incubation of one hour under
gentle shaking at room temperature, the membrane was finally washed in the same way as
before and the final washing solution was discarded. The secondary antibody was detected
in two different ways: At the IPTC, the blot was developed with 10 mL TMB solution under
gentle shaking, until blue spots were clearly visible (10-30 min). The staining was stopped
by rinsing the membrane with water, the membrane was carefully dried with a heat gun and
documented with an imaging system. At ISB, the blotting membrane was developed with a
western blotting detection reagent and documented with an imaging system.

9.1.2.3 Concentration of proteins

Protein solutions were concentrated for different applications by using a centrifugation filter
with specific size of filter pores. Depending on the volume of protein solution and final
desired volume, different dimensions of centrifugation filters were used (2 mL, 6 mL or 20
mL). Previously to the sample, the filter was centrifuged for 1 min with small amounts of
the corresponding sample buffer for equilibration. Afterwards, the protein solution was
loaded onto the filter and centrifuged corresponding to the manufactures’ instructions. In
general, a MWCO (molecular weight cut off) was chosen that the target protein remained
in the upper solution (Table 9-6). For example, the P-domains of TRAP transporter were
concentrated with a MWCO of 30 kDa and the QM-domains with 100 kDa, due to their

membrane mimetic system around the membrane protein. The concentration process was
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checked continuously and the protein solution above the filter was regularly mixed by pi-

petting.

The final concentration of protein solutions was determined via a NanoDrop spectropho-
tometer by measuring the absorption of the solution at a wavelength of 280 nm. The con-
centration was automatically determined from the NanoDrop software by using the protein-
specific extinction coefficient (Table 9-6). The concentrated protein was directly used for

further purification or experiments or flash-frozen and stored at -80 °C.

9.1.2.4 Chromatography of proteins

Different kinds of chromatography methods were used in this work for purification of pro-
teins. This chapter gives an overview about the two often used chromatography methods
Ni2*-affinity-chromatography (AC) and size-exclusion chromatography (SEC) and the gen-
eral handling of the columns. The use of the chromatography methods for different proteins

as well as specific characteristics are described in Chapter 9.1.4

Ni%*-affinity chromatography

Ni2*-AC was used for purification of His-tagged proteins by specific binding between the
histidines and the Ni-cations on the stationary phase of the column. In this work, Ni?*-AC
was exclusively performed using gravity flow columns. For a standard approach, about 3
mL of Ni-NTA agarose beads suspension in ethanol-water solution was transferred into the
column and the storage buffer was discarded after running through the column. Before ap-
plying to the protein, the Ni-NTA beads were equilibrated with at least 15 times column
volume (CV) of sample buffer which correspond to the protein. The equilibration was
stopped when 2 times CV of the buffer remains and the Ni-NTA beads were resuspended
in the buffer and pipetted to the protein solution. After incubation at variable time and tem-
perature, the suspension was transferred back onto the column and the flowthrough was
running through the column. If necessary, all steps were performed under constant cooling
with a special cooling jacket or in a cold room. Some solutions, such as the flowthrough or
wash buffers without any supplements, were carefully pulled through the column with a
syringe. After elution of the protein, the Ni-NTA agarose beads were washed with 10 CV

of 2 M imidazole solution (pH 8) to remove unspecific binder. Afterwards, the beads were
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washed with 10 CV water and 10 CV 20% ethanol (p.a.) and stored in the ethanol solution
at 4 °C. After 5-10 times of use, the beads were deep cleaned with a standard protocol by
stripping of the Ni-cations from the beads with EDTA (ethylenediaminetetraacetic acid),

different washing steps and reloaded of the beads with a NiSO4 solution.

Size-exclusion chromatography

A SEC was used as standard method for the purification of proteins and was often performed
as last step of a purification process. In addition to preparative application of SEC, it was
also used as an analytical method to characterize proteins regarding their hydrodynamical
radius or to study protein complexes. The SEC columns consist of a stationary phase with
different pore sizes, which produce a specific diffusion volume for each molecule which is
applied onto the column, depending on the hydrodynamic radius. Therefore, a mixture of
proteins or oligomers can efficiently be separated by their specific size in the solution. In
this work, SEC columns with cross-linked agarose material were used with a specific pore
size, depending on the target proteins. All preparative SEC runs were performed on a Akta
FPLC systems or for analytical runs on an Agilent HPLC system. The SEC runs were per-
formed at room temperature (IPTC) or at 4 °C (ISB) after the manufactures’ manuals, espe-
cially regarding the maximal flow rates and column pressures. The columns were equili-
brated with 1.2 CV of the corresponding protein buffer before the protein was loaded onto
the column and after use, the buffer was replaced by 1.2 CV 20% ethanol (p.a) (IPTC) or
water (ISB) for storage of the column.

9.1.3 Generation of nanobodies

Nanobodies were produced for structural and functional investigations of the sialic acid
TRAP transporter membrane domains from Haemophilus influenzae. The first steps, involv-
ing the immunization of alpacas, generation of the nanobody library and phage display were
carried out by the nanobody core facility of the University of Bonn, as partially described
in Schmidt et al. (Schmidt et al., 2016a). The following chapter presents only the main steps

and procedures that are useful for understanding of the corresponding results chapter.
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9.1.3.1 Immunization and nanobody library

As a template for the nanobody production, 700 pL of HiSiaQM wildtype protein with a
total concentration of 3.512 mg/mL was prepared. In the last concentration step, the remain-
ing concentrated protein solution was diluted around a factor 40 with HEPES standard
buffer (50 mM HEPES, pH 7.8, 200 mM NacCl, 0.035% DDM) and the solution was con-
centrated again to 700 pL. The alpaca Picasso was used for immunization with HiSiaQM
for generation of heavy chain-only antibodies. At the moment of immunization, there was
no evidence that the protein sample had any negative effect on the animal. The injections
into the alpaca were repeated several times for a few weeks. After immunization, blood of
the animal was collected and processed, to receive nanobody encoding DNA sequences.
The nanobody sequences were amplified, ligated into a vector and transformed into electro-
competent E. coli TG1 cells to create a nanobody library. The cells were streaked out onto

an agar plate and all colonies were harvest and stored as glycerol stock.

9.1.3.2 Phage display and panning

Phage display was used to identify HiSiaQM binding nanobodies from the created nanobody
library. Therefore, a culture with the nanobody library in E. coli TG1 cells were infected
with helper phages to produce phages with the nanobodies as fusion proteins on their sur-
face. To select HiSiaQM binders, two single cysteine mutants K235C and K273C were bi-
otinylated (Chapter 9.1.6.3) and immobilized via the label on a streptavidin-coated surface.
The phages were added and incubated with the HiSiaQM coated surface for panning and
non-binders were removed in a washing step. The remained phages were eluted and used
for a new infection of E. coli cells. Due to the small number of colonies observed on an agar

plate, only one round of panning was performed with the two HiSiaQM constructs.

9.1.3.3 ELISA and identification

The infected and observed E. coli single colonies were picked and grown in a 96-well plate
for an ELISA. The cultures were induced with IPTG for expression of nanobodies. For the
ELISA of each of the two panning approaches (K235C and K273C), five antigens were

coated onto different ELISA plates. Standard plates were used for non-biotinylated proteins
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and streptavidin-coated plates for biotinylated proteins. The antigens HiSiaQM wildtype
(DDM), HiSiaQM 273C-biotin (DDM), HiSiaQM 235C-biotin (DDM), HiSiaQM 275C-
biotin (SMA) and GST were used for each of the two panning approaches. Each ELISA-
plate was incubated with supernatants from the nanobody expressions and the binding of
nanobodies were detected with antibodies against the nanobody fused HA-tag, that led to a
colouring of TMB solution. For wells with positive binding hits, the corresponding nano-
body-DNA plasmid was extracted and sequenced for identification of nanobodies. The
nanobody sequence of each hit was compared to all other nanobody sequences in a phylo-
genetic tree and sequences with a difference identity of around 3% were clustered in one
nanobody group for further steps. From each group, one nanobody was produced in a small-
scale expression and purification as described in Chapter 9.1.4.4. The purified nanobodies
were used for a second ELISA, again with the same five antigens and immobilization strat-
egies as used for the first ELISA.

9.1.4 Protein expression and purification

This chapter is subdivided into the different proteins that were expressed and purified for
this work. As already mentioned above, optimized and finally used protocols are summa-
rized in this chapter and important developments, variations or tests are presented in the
corresponding result chapters. Table 9-6 summarizes physical properties of the different
wildtype proteins and Table 9-7 the molecular characteristics that were used for standard

procedure, such as tags that were fused to the genes.

Table 9-6: Physical properties of purified proteins without mutations. The parameters were calculated
with ProtParam (Gasteiger et al., 2005). The modifications are specified in Table 9-7.

Protein UniProt modification Mw [Da]  &s0 [M1cm™] pl
L - 34165 23840 5.80
HiSiaP P44542
+ Hise-TEV 37463 29800 5.88
. - 67593 66600 9.18
HiSiaQM P44543 ]
+ Hiswo-TEV 69872 68090 9.09
_ - 33755 36900 5.17
VcSiaP QIKR64 )
+ Hise-TEV 37040 42860 5.39
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VeSiaOM QI9KR65 - | 64941 50880 7.64

QIKR66 + Hisu-TEV 69323 56840 6.89
MSP1 + Hiss 24738 23950 6.02
Nanobody 1 + LPETG-Hiss 15429 20190 5.72
Nanobody 2 + LPETG-Hiss 13459 24075 9.07
Nanobody 3 + LPETG-Hiss 15154 30035 8.00
Nanobody 4 + LPETG-Hiss 14961 21680 8.99
Nanobody 5 + LPETG-Hiss 15545 27180 7.88
Nanobody 6 + LPETG-Hiss 15171 30035 8.94
Nanobody 7 + LPETG-Hiss 14944 28545 8.00
Nanobody 8 + LPETG-Hiss 15001 20190 8.44
Nanobody 9 + LPETG-Hiss 15313 28545 8.01
Megabody 3 + LPETG-Hiss 60296 64790 8.43

Table 9-7: Molecular modifications of proteins for purification.

Protein Vector Tags
Hiss N-term
VcSiaP pBADHISTEV _
TEV cleavage site Ntm
HiSG N-term
HiSiaP pBADHIsTEV _
TEV cleavage site N-tm
Hisa Ntem
VcSiaQM PBADHiSTEV _
TEV cleavage site Ntm
HiSlo N-term
HiSiaQM PBADHiSTEV _
TEV cleavage site N
MSP1 pET28a Hisg \-term
pelB signal peptide Nt™
Nanobodies 1-9  pHENG6 Hisg Cterm

LPETG-sortase motif ¢-tm

pelB signal peptide Nt
Megabody 3 pHENG Hise C-term
LPETG-sortase motif c-term
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9.1.4.1 SBPs of TRAP transporter

The substrate-binding proteins of TRAP transporters, VVcSiaP and HiSiaP, and several mu-
tants of these proteins, were expressed and purified with a standard protocol (Glaenzer et
al., 2017). Importantly, all SiaP proteins were expressed in M9-minimal medium. This is
necessary to avoid contamination of the protein with the substrate sialic acid from nutrient
medium such as LB medium, which leads to a significant proportion of around 20% of
substrate-bound SiaP (personal communication with Janin Glénzer, University of Bonn).
This chapter describes the standard protocol, variations such as labelling procedures during

the purification are mentioned in following chapters.

For protein production, the pPBADHISTEV vectors with corresponding siap genes were
transformed into C43 E. coli cells (Chapter 9.1.1.6). An overnight culture of 10 mL LB
medium with ampicillin (100 pg/mL) was prepared single colony cells from an agar-plate
or from a previous prepared frozen glycerol stock. After incubation overnight at 37 °C and
180 rpm, 5 mL of the preculture was used to inoculate a second preculture in a baffled flask
with 100 mL LB medium and ampicillin (100 pg/mL). The culture was again incubated at
same conditions as before for 8 hours. To remove traces of LB medium, the second
preculture was washed with M9-minimal medium before preparing a main culture. There-
fore, the culture was centrifuged for 15 min at 3000 rcf in two falcon tubes, the supernatants
were discarded and each pellet was resuspended in 50 mL M9-minimal medium without
any supplements. The centrifugation and resuspension steps were repeated two more times

by using fresh M9-minimal medium for each step.

For protein expression, each litre of M9-minimal medium, supplemented with ampicillin
(100 mg/L), sterile MgSO4 (2 mM) and CaCl2 (0.1 mM), was inoculated with 10 mL of the
washed preculture cells. To produce sufficient quantities of proteins, 3-6 L of main cultures
were prepared at the same time. The main cultures were grown for 14-16 h overnight at 37
°C and 180 rpm. The optical density of the cultures at 600 nm (ODsoo) were measured with
a NanoDrop spectrophotometer and the protein expression were induced at an optical den-
sity of 0.6-1 by adding 500 mg/L L(+)-arabinose. The induced cultures were incubated for
3 hat 37 °C and 180 rpm. To harvest the E. coli cells after expression, the cultures were
transferred into 1 L centrifugation bottles and centrifugated for 20 min at 4000 rcf (rotor:

Beckman JLA-8.1000). The supernatants were discarded and the cell pellets were scratched
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and pooled into a 50 mL falcon tube. After weighing the tube, the pellet was directly used

for purification of the protein or stored at -80 °C until further use.

As first step for purification, the cells were lysed to extract the protein from the cytoplasm
into a buffer solution. Therefore, the cell pellet was resuspended under gentle shaking in 5
times excess of standard P-buffer (w/v). The resuspended cells were lysed twice under pres-
sure of 30 kpsi with a cell disruptor (IPTC) or with a sonicator at 40% amplitude for 5 min
with 10 s pulses (5 s breaks) (ISB). During sonification of the cells, the solution was con-
stantly chilled on ice to prevent strong heating. The lysate was subsequently centrifuged for
20 min with 75000 rcf at 4 °C to remove insoluble cell components from the solution (rotor:
Beckmann JA-25.50). The supernatant was mixed for Ni?*-AC with Ni-NTA beads, equili-
brated with standard P-buffer. For binding of the His-tagged protein to the column, the sus-
pension was incubated with gentle rotation for 1 h at room temperature. After that, the so-
lution was transferred to a bench-top column, the flow-through was discarded and the Ni-
NTA-beads were washed with 100 mL standard P-buffer. Finally, the protein was eluted
from the Ni-NTA-beads with 15 mL of elution P-buffer.

Following this step, the protein was purified with an anion-exchange chromatography by
using an ENrich Q 10/100 or a HiTrap Q XL column on a Akta chromatography system.
The columns were equilibrated with 5 CV of No-salt buffer, 5 CV High-salt buffer and again
5 CV No-salt buffer. The elution fraction from Ni?*-AC was diluted with No-salt buffer to
50-100 mL to reduce the salt concentration. The protein sample was loaded onto the column
and eluted with a salt gradient by constant increase of the High-salt buffer percentage. The
elution was monitored by measuring the absorbance at 280 nm and collected by an auto-
matic fraction collector. Proteins, for which the affinity tag should be cleaved off after Ni%*-
AC, were incubated with TEV protease (1:100, TEV protease to SiaP) overnight at 4 °C or
at room temperature for 2 hours. An inverse Ni?*-AC was performed in the similar way as
before, but with the target, cleaved protein in the flowthrough fraction. Due to the efficient
separation of further contaminants with the inverse Ni?*-AC, no anion-exchange chroma-

tography was performed for cleaved proteins.

As final step, the protein was purified with SEC by using a HiLoad SD 75 16/600 or a
HiLoad SD 200 16/600 column, equilibrated with standard P-buffer. If necessary, the pro-

tein solution was concentrated to 5 mL before application onto the column and the elution
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was again monitored with absorbance at 280 nm and collected in fractions. To monitor the
decrease of impurities in the protein sample as well as the identification of SiaP protein in
the elution fraction, SDS-PAGEs were performed for each purification step. The protein
containing fractions were combined, the solution was concentrated to around 20 mg/mL and

directly used for investigations or snap frozen in 100 pL aliquots and stored at -80 °C.

9.1.4.2 Membrane domains of TRAP transporter

The expression and purification processes were based on the work of Mulligan et al.
(Mulligan et al., 2009, Mulligan et al., 2012), but many steps were modified and ultimately

differed considerably from the previous published routines.

For recombinant protein expression of the membrane domains HiSiaQM and VcSiaQM, the
corresponding pBADHISTEV vectors with siagm genes were transformed into MC1061 E.
coli cells (Chapter 9.1.1.6). Around 120 mL LB medium of a preculture with ampicillin
(100 pg/mL) was inoculated with a single colony from an agar-plate or a glycerol stock and
incubated overnight at 37 °C and 180 rpm shaking. On the next day, a main culture was
prepared with 1 L LB medium, supplemented with standard concentration of ampicillin and
10 mL of preculture. For useful amounts of proteins, 10 L LB medium were used at the
same time. The cells were grown at 37 °C with 180 rpm for 2-3 h to an ODeoo of 1 and the
protein expression was induced by adding 50 mg/L L(+)-arabinose. After expression for 2
h at 37 °C and 180 rpm, the cells were harvested with centrifugation in 1 L bottles for 20
min at 4000 rcf (rotor: Beckman JLA-8.1000). The cell pellets were separated from the
supernatant and combined into a 50 mL falcon tube. After weighing of the tube, the pellet
was directly used for purification of the protein or stored at —80 °C until further processing.

For purification, a cell pellet was resuspended in 5 times excess of standard QM-buffer
(w/v) under gentle shaking. The suspension was lysed with either a cell disruptor system
and pressure (IPTC) or with a sonicator (ISB). In the first method, the cell suspension was
lysed in three repetitions with a pressure of 30 kpsi. The lysate after each run was collected
in a glass bottle on ice to guarantee constant cooling. For sonification, the cell suspension
was divided into fractions with maximum 35 mL and each fraction was sonicated 5 times
for 1 min at 40% amplitude. After every minute, the suspension was mixed by inverting the

tube. As for the cell disruptor, the tubes were constantly cooled during sonification. In the
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next step, the lysate was centrifuged with an ultracentrifuge at 300 000 rcf (rotor: Beckman
50.2 Ti) for 1 h at 10 °C. The supernatants were discarded and the membrane pellets were
pooled and resuspended with a homogenizer in 50 mL extraction buffer. For extraction of
the membrane proteins from the native membrane, the solution was incubated overnight
under gentle shaking at 4 °C for the detergent extraction or at 37 °C for extraction with a
polymer. On the next day, the solution was centrifuged in a second ultracentrifugation run
(300 000 rcf, 1h, 10 °C) to separate the extracted membrane proteins from insoluble cell

components.

As first chromatography step, the supernatants from ultracentrifugation were incubated with
Ni-NTA agarose beads, equilibrated in standard QM-buffer, for 2h at 4 °C under gentle
rotation. The suspension was loaded onto a gravity bench-top column at 4 °C or in an ice
rack and the flowthrough was discarded. The Ni-NTA beads were washed with 100 mL
QM-washing buffer for detergent or polymer extracted protein and the protein was eluted
with 15 mL QM-elution buffer. For further purification, the elution was concentrated to 500
pL and loaded onto an equilibrated SEC column SD 200 10/300 or SD increase 200 10/300.
The elution with QM-standard buffer was monitored at 280 nm and fractions were collected
in an automatic fraction collector with 500 pL fraction sizes. Purification process and iden-
tification of QM-domains containing fractions were inspected with SDS-PAGE. SEC-frac-
tions with QM-domains were pooled and concentrated to around 20 mg/mL and directly

used for further experiments or snap-frozen and stored at -80 °C.

For SMA-stabilized QM-domains, the determination of the protein concentration was hard
to determine, due to a strong absorbance of the polymer at 280 nm (Oluwole et al., 2017a).
For this work, the concentration was calculated with an extinction coefficient of 69.09 and

a molecular weight of 69782 Da.

9.1.4.3 Membrane scaffold proteins

Expression and purification of membrane scaffold protein 1 (MSP1) was performed follow-
ing published protocols with slight customizations (Bayburt et al., 2002, Ritchie et al.,
2009).
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For expression, the pET28a vector with mspl gene was transformed into BL21 E. coli cells
and a preculture in 150 mL LB medium, supplemented with kanamycin (50 pug/mL), was
inoculated with a single colony from an agar-plate or a glycerol stock. The culture was
incubated for 4-6 h at 37 °C and 180 rpm until a cell density with an ODsoo of 0.6-0.8 was
reached. The culture was then stored overnight at 4 °C without shaking. A main culture was
prepared with 1 L TB medium, supplemented with kanamycin (50 pg/mL) and 20 mL of
the prechilled preculture. For sufficient protein yields, 6 L of main culture were prepared in
baffled flasks and incubated for around 4 h at 37 °C and 180 rpm, until an ODsoo of 2.5-3.0
was reached. Protein expression was induced by adding 1 mM IPTG to each culture and the
cells were incubated for 1 h at 37 °C and then for 3.5 h at 28 °C, the whole time shaking
with 180 rpm. Afterwards, the cells were harvested by centrifugation in 1 L centrifugation
bottles at 4000 rcf for 15 min (rotor: Beckman JLA-8.1000) and the cell pellets were
scratched and transferred into two 50 mL falcon tube. The tubes were stored at -80 °C or

directly used for purification.

For lysis of the cells, the pellets were resuspended in 2.5 excess of lysis buffer (w/v) under
gentle shaking. Afterwards, the cells were lysed with two runs in a cell disruptor with 30
kpsi or sonicated for 5 min at 40% amplitude with 10 s on and 5 s off pulses. For separation
of insoluble cell components, the lysate was centrifuged for 30 min with 30 000 rcf at 10
°C (rotor: Beckman JA-25.50). The supernatant was mixed with Ni-NTA agarose beads,
equilibrated with basic buffer and incubated for 1 h at room temperature under gentle rota-
tion. After transfer of the Ni-beads to a bench-top gravity column, the flowthrough was
discarded and the column was washed with 12 mL of wash buffer 1 and 2, the standard
buffer and finally with wash buffer 3. Finally, the protein was eluted from the Ni-NTA
agarose beads with 3 times 10 mL of elution buffer. After inspection of the Ni?*-AC frac-
tions with SDS-PAGE, the protein containing elution fractions were combined and concen-
trated to a total volume of 5 mL. This protein solution was further purified with SEC by
using a HiLoad SD 75 16/600, equilibrated with standard buffer. Elution was monitored
with absorption at 280 nm and an SDS-PAGE was run to identify MSP-containing fractions.
These fractions were combined, concentrated to around 10 mg/mL and flash-frozen in liquid

nitrogen for storage at -80 °C.

265



Methods

9.1.4.4 Nanobodies

Nanobodies were expressed and purified in two different ways, a small-scale or a standard
approach with higher yields. Both protocols were provided by the group of Florian Schmidt
(University of Bonn) and the small-scale approach was performed at the laboratories of the
nanobody core facility from the University of Bonn. For both different methods, a pHENG6
vector with nanobody genes were transformed into E. coli WKG6 cells (Chapter 9.1.1.6).

Small-scale approach

For the main culture, 50 mL TB medium were supplemented with 100 pg/ml ampicillin and
inoculated with 1.25 mL of an overnight preculture in LB medium. The culture was grown
at 37 °C at 180 rpm until an ODsoo of 0.6 and induced with final concentration of 1 mM
IPTG. The temperature was decreased to 30 °C and the cultures were incubated overnight
for protein expression. Afterwards, the cultures were harvested by centrifugation for 10 min
at 3000 rcf and 4 °C in 50 mL falcon tubes and the pellets were directly used for periplasmic

extraction.

To extract the nanobodies from the periplasm, the cell pellets were resuspended in 750 pL
TES buffer and incubated under gentle shaking for 1 h at 4 °C before addition of 3.5 mL
0.25x TES buffer and then incubated at the same conditions overnight. Insoluble cell frag-
ments were removed by centrifugation in 15 mL falcon tubes for 10 min at 3000 rcf and 4
°C. For purification, a Ni-NTA spin column was used and every centrifugation step was
performed at 700 rcf for 2 min. The Ni-NTA columns were separated from the storage so-
lution by centrifugation and the beads were equilibrated with 500 pL standard buffer. Sub-
sequently, the beads were resuspended into the extracted protein supernatant and incubated
for 30 min at 4 °C under gentle shaking for binding. Afterwards, the suspension was centri-
fuged to remove non-binding proteins and the beads were washed by centrifugation for three
times with 500 pL wash buffer. After transfer of the columns into new collection tubes, the
proteins were eluted with three times 200 pL elution buffer. For further purification and
buffer change, the eluted nanobodies were pipetted onto an equilibrated PD MiniTrap G-25
column and eluted after the manufactures’ instruction with bench top gravity flow. The re-
sulting protein samples were collected, the concentrations were determined with a

NanoDrop spectrophotometer and the samples were stored at -80 °C.
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High-vield approach

For higher-yield and higher level of purity of nanobodies for further analytical studies, a
preculture with 25 mL LB medium, 100 pug/mL ampicillin and a single colony from an agar
plate or a glycerol stock was grown overnight at 37 °C and 180 rpm. On the next day, a
main culture of 1 L TB medium with appropriate antibiotics was inoculate with 25 mL of
the preculture and grown at 37 °C and 180 rpm, until an ODsoo of 0.6. Protein expression
was induced with addition of IPTG to a total concentration of 1 mM. The cultures were
incubated overnight at 30 °C at 180 rpm and harvested on the next morning by centrifuga-
tion in 1 L centrifugation bottles at 5000 rpm and 4 °C for 20 min (rotor: Beckman JLA-
8.1000). The pellets were collected in 50 mL falcon tubes and stored at -80 °C until further

processing.

The purification of nanobodies was started with extraction of the periplasmic fraction. The
cell pellets were resuspended in 15 mL TES buffer for 1 h under gentle shaking at 4 °C. The
solutions were fractionated into two 50 mL falcon tubes and each fraction was diluted with
35 mL 0.25x TES buffer. For extraction, the suspension was incubated overnight at 4 °C
under gentle shaking. On the next day, the solutions were centrifuged at 8000 rcf for 40 min
(rotor: Beckman JA-25.50) and the supernatant was filtered through a 0.45 um sterile filter
into a new falcon tube. For affinity chromatography, the Ni-NTA agarose beads were equil-
ibrated with 0.25x TES buffer, transferred to the supernatants and incubated for 1 h with
gentle shaking at 4 °C. After pipetting the suspension to a bench-top gravity column, the
flowthrough was discarded and the column was washed with 50 mL of Nb-wash buffer. The
protein was eluted after incubation of the beads for 30 min at 4 °C with 10 mL elution buffer.
For the next step, the elution was concentrated to a total volume of 5 mL and loaded onto a
SEC HilLoad SD 75 16/600 on an Akta system, equilibrated in QM-buffer standard. The
absorbance of the elution was monitored at 280 nm and 2 mL fractions of the elution were
collected. Finally, an SDS-PAGE was performed to identify fractions with nanobodies and
to observe the purification process. Fractions with nanobody were combined, concentrated

to around 20 mg/mL and snap-frozen for storage at -80 °C.
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9.1.4.5 Megabodies

Megabodies were expressed and purified by partially following the procedure from previous
publication (Uchanski et al., 2019, Uchanski et al., 2021) and the protocol for nanobody
expression and purification (Chapter 9.1.4.4). The construction of the megabody gene, con-
sisting of a fusion between HopQ protein and a nanobody, is presented in Chapter 7.5. For
expression, the megabody gene was cloned into a pHENG vector, with fusion to a pelB sig-
nal sequence, and transformed into WK®6 E. coli cells.

For expression, a preculture was prepared with 50 mL LB medium, 100 pug/mL ampicillin
and a single colony of an agar plate or a glycerol stock. After incubation overnight at 37 °C
and 180 rpm, 2 L of TB medium were used for one main culture. Each litre was supple-
mented with appropriate antibiotics and 25 mL of the preculture. The cultures were grown
at 37 °C and 180 rpm until an ODeoo of 0.8 and induced with 1 mM IPTG at final concen-
tration in each litre. The protein was expressed overnight at 28 °C under constant shaking
of 180 rpm. To harvest the cells, the cultures were transferred into 1 L centrifugation bottles
and centrifuged for 20 min with 4000 rpm (rotor: Beckman JLA-8.1000). The supernatant

was discarded and the cells were transferred into two 50 mL falcon tubes.

For lysis of the cells by periplasm extraction, the pellets were resuspended in 15 mL TES
buffer and incubated for 1 h at 4 °C under gentle shaking. After completely resuspension,
35 mL of 0.25x TES buffer was added to each falcon tube and the extraction of the periplasm
was performed with overnight incubation at 4 °C under gentle shaking. On the next day, the
solutions were centrifuged for 40 min with 8000 rcf (rotor: Beckman JA-25.50) at 10 °C to
remove cell fragments and the supernatant was filtered with a sterile 0.45 um filter into a
suspension of Ni-NTA agarose beads, equilibrated with 0.25x TES buffer. The solution was
incubated at 4 °C for 1 h under gentle shaking and then transferred to a bench-top gravity
column. The flowthrough was discarded and the beads were wash-ed with 100 mL standard
buffer, before the protein was eluted with 15 mL elution buffer. For further purification, the
protein was loaded onto an SD 200 16/600 SEC column on an Akta system, equilibrated
with standard buffer. The elution of the SEC-column was monitored with absorbance at 280
nm and collected in 2 mL fractions. After verification of purification process and megabody

containing peaks, the corresponding fractions were combined and concentrated to around
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30 mg/mL. The final protein solution was snap-frozen and stored at -80 °C until further

experiments.

9.1.5 Reconstitution of nanodiscs

This chapter summarizes the developed reconstitution of HiSiaQM membrane domains into
standardly used DMPC-MSP1 nanodiscs. Variations and different tests are shown in the
result Chapter 4.3 and were optimised by Peer Depping during his master thesis. The pro-
cedure of reconstitution is based on previous published work (Bayburt et al., 2002, Ritchie
et al., 2009).

As first step for reconstitution, a lipid buffer containing 50 mM DMPC lipid and 100 mM
Na-cholate was prepared in QM-standard buffer without detergent. The volume of the buffer
depends on the amount of QM-domains that was used for the reconstitution and the final
concentration of Na-cholate in the reconstitution mix, which should be higher than 14 mM.
The lipid buffer was prepared in a glass tube and put into an ultrasonic water bath, until all
components were completely solved. Afterwards, the lipid buffer was supplemented with
purified MSP1 and HiSiaQM, in a molar ratio of 1:80:0.2 (MSP1:DMPC:HiSiaQM). The
solution was diluted by adding standard QM-buffer to final concentrations of 11 mM DMPC
and 22 mM Na-cholate. Preferable, the concentration-range should be between 6 mM/12
mM to 15 mM/30 mM. The reconstitution solution was incubated for 2 h at 26 °C with
gentle shaking of 60 rpm. To remove DDM detergent and Na-cholate from the solution, a
dialysis tube (5-10 cm, 6000-8000 MWCO) was equilibrated in standard QM-buffer for 5
min and the reconstitution solution was pipetted into the tube. The solution was dialysed in
1000 times excess of standard QM-buffer at 26 °C under gentle mixing and the buffer was
refreshed three times after 2 h incubation. The final dialysis step was performed overnight
for at least 16 h. To separate the QM-domains in the nanodiscs from other ingredients and
educts of the incubation solution and to verify the reconstitution into the nanodiscs, a SEC
run was performed after reconstitution. Depending on the application of the reconstitution,
an SD 200 10/300, Superose 6 5/150 or an SD 200 3.2/300 was used. The elution was mon-
itored with absorbance of the solution at 280 nm and detected peaks were analysed with an
SDS-PAGE. Corresponding fractions were combined, concentrated and snap-frozen for

storage at -80 °C or directly used for analytics. The concentration of the nanodiscs were
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determined with a molecular weight of 119 kDa (HiSiaQM: 67.593 kDa and 2 times MSP1:
2 X 24.608 kDa) and an extinction coefficient of 115380 (HiSiaQM: 67480 and MSP1:
23950).

9.1.6 Labelling of proteins

During this work, many proteins were labelled with several types of label for different ap-
plications. Independent from the kind of label or protein, all labels were introduced into the
proteins via surface-accessible cysteines. To prevent intermolecular dimerization or oli-
gomerization of proteins by formation of disulfide-bridges between the cysteines, all pro-
teins were treated with reducing agents such as TCEP or DTT (Tris-(2-carboxyethyl)-phos-
phine and Dithiothreitol) before the labels were added. An overview about the labels that
were used for smFRET or PELDOR spectroscopy distance measurements is presented in

Figure 2-2.

9.1.6.1 Spin labelling

In this work, the frequently used methanethiosulfonate-functionalized nitroxide spin label
MTSSL was used to prepare the proteins for EPR spectroscopy measurements (Berliner et
al., 1982). The labels were attached to the proteins via site-directed spin labelling
(Altenbach et al., 1989, Hubbell et al., 1996). Here, the spin labels are bind to cysteine
residues and thereby allow a specific introduction of labels into the macromolecular struc-

ture.

For spin labelling of stable and soluble proteins such as HiSiaP, MalE or SBD2, the proteins
were previous purified and stored in buffer with a reducing agent such as TCEP or DTT.
Alternatively, the proteins were incubated for at least 30 min with a reducing buffer prior to
the following labelling procedure. To remove the reducing agent, a PD-10 desalting column
was performed after the manufactures’ instructions or alternatively a SEC run, both with
standard buffer for the corresponding protein. The eluted protein fraction was immediately
supplemented with MTSSL in a five-time molar excess per cysteine residue and incubated
for 60 min at room temperature or at 4 °C with gentle shaking. To remove unbound protein,

the label solution was again loaded onto another PD-10 column or SEC column. The protein
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containing elution fractions were concentrated to around 20 mg/mL. Labelling of the mem-
brane domains of TRAP transporter were more demanding and in the present work, a spe-
cific labelling procedure were developed. Individual steps and their impact on the labelling

result are presented in detail in Chapter 5.3.

At final step after each site-directed spin labelling approach, the successful labelling of the
proteins and the remove of unbound, free label was investigated with cw-EPR spectroscopy
(Chapter 9.2.2).

9.1.6.2 Fluorophore labelling

Analogous to spin labelling of proteins, the attachment of fluorophores to proteins were also
performed via site-directed labelling of surface-accessible cysteines. All fluorophores were

functionalized with a cysteine-reactive maleimide group.

The procedure of fluorophore labelling for a HiSiaP single cysteine mutant with fluorescein
was similar to the site-directed spin labelling. The purified protein was loaded onto an equil-
ibrated SD 75 10/300 column to remove the reducing agent. The elution fraction was im-
mediately supplemented with the fluorophore dye in 4 times excess. The solution was incu-
bated overnight at 4 °C under gentle shaking. To remove free label on the next day, the
protein solution was loaded onto a PD-10 column and the protein elution fraction was col-

lected.

For FRET measurements, the proteins were labelled by Christian Gebhardt and other group
members of Thorben Cordes at the University of Munich (de Boer et al., 2019b, Gouridis et
al., 2015, Peter et al., 2020, Peter et al., 2021). The proteins were incubated with ImM DTT
reducing agent and then immobilized on a Ni sepharose 6 fast flow resin (GE healthcare).
The fluorophores were dissolved in 1 mL labelling buffer (50 mM Tris-HCI, pH 7.4-8.0, 50
mM KCI, 5% glycerol) and the resin was incubated at 4 °C with a molar ratio of label to
protein of 20:1. Double cysteines mutants for FRET measurements were incubated with the
two different FRET pair fluorophores at the same time. After 2-4 h labelling, the column
was washed with 3 mL labelling buffer 1 and 2 (50 mM Tris-HCI, pH 7.4-8.0, 150 mM KCl,
50% glycerol) to remove excess label. The protein was eluted with elution buffer (50 mM
Tris-HCI, pH 7.4-8.0, 150 mM KCI, 5% glycerol, 500 mM imidazole). All fluorophore
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labelled proteins were finally loaded onto a SEC SD 75 10/300 column, equilibrated in cor-
responding protein buffer. During elution, the absorbance at 280 nm and specific absorb-
ances of the attached fluorophores were detected to verify the successful labelling proce-
dure. The protein containing elution fractions were combined, concentrated and snap-frozen

for storage at -80 °C or directly used for investigations.

9.1.6.3 Biotin labelling

For immobilization of the QM-domains of TRAP transporters on streptavidin-coated sur-
faces, a biotin-label was attached to the protein. The biotin-label was used as maleimide-
functionalized linker label and attached to two single cysteine mutants of HiSiaQM (K235C
and K273C). The labelling procedure was adapted from the experience and optimization of
site-directed spin labelling of HiSiaQM with MTSSL (Chapter 5.3).

The labelling of HiSiaQM was performed during the purification step with Ni?*-AC (Chap-
ter 9.1.4.2). After the protein was bound to the Ni-NTA agarose beads and washed with 100
mL imidazole-buffer, the beads were washed with 50 mL reducing-buffer to prevent inter-
molecular disulfide bridges. Afterwards, the reducing buffer was removed from the column
with 50 mL standard buffer and the protein was eluted with 15 mL elution buffer, supple-
mented with 100 times excess of biotin-maleimide label. For high labelling efficiencies, the
solution was incubated overnight under gentle shaking at 4 °C. In a final step, the protein
was further purified and the unbound excess label was removed by a SEC run on an SD 200
10/300 column with standard buffer.

9.2 Analytical methods
9.2.1 Invivo functional TRAP transporter assay

A bacterial growth assay was used to investigate the function of TRAP transporters, regard-
ing the influence of different mutations in the protein sequence or the addition of trans-
porter-specific components. Central component of this assay is a modified E. coli cell strain,
BW25113 AnanT (also named SEVY3), provided by the group of Gavin H. Thomas (Uni-
versity of York) (Fischer et al., 2015, Severi et al., 2010). In these E. coli cells, the gene
nanT of the native sialic acid transporter is knocked out. This transporter is responsible for
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sialic acid uptake and predicted to be the only uptake route for E. coli cells (Vimr et al.,
2004, Vimr and Troy, 1985). Furthermore, from these studies it is also known that native E.
coli cells can catabolise exogenous sialic acid with a sialic acid aldolase (nanA) to pyruvate
and the amino sugar ManNAc and by this, use sialic acid as carbon source. the bacteria
BW25113 AnanT are not able growth in an environment with sialic acid as only carbon
source, due to the missing uptake transporter (Fischer et al., 2015, Severi et al., 2010). How-
ever, if a sialic acid transporter is introduced artificial into these cells, the cells can growth
by using this alternative uptake route. Therefore, the function of the transporter is directly
coupled to the growth of the cells. The system can be used as bacterial in vivo growth assay
for sialic acid transporter such as the TRAP transporter HiSiaPQM and the influence of
different mutations or additives to the transporters function can be determine under native-
like conditions. To provide the TRAP transporter system to the modified E. coli cells, a
pwks30 plasmid with the genes hisiap and hisiagm (named pES7, provided by Gavin H.
Thomas, University of York) was transformed into the cells. To analyse the cell growth,
different kinds of sialic acid-only experimental set-ups were used and the methods protocol
is presented in the following paragraphs. In every approach, a negative control with an
empty pwks30 vector and a positive control with HiSiaPQM transporter without modifica-

tions were prepared for validation of the results.

9.2.1.1 Preparation of cell cultures

As first step, the desired pES7 plasmids with and without modifications were transformed
into the assay cells via heat-shock. For addition of another plasmid, cells after pES7 trans-
formation were prepared as competent cell stock and used for co-transformation of a second
plasmid with different antibiotic resistance. The competent SEV'Y 3 cells were prepared after
the laboratory standard procedure. After transformation of the desired plasmids into the up-
take assay cells, a single colony was picked from the agar plate and used to inoculate 5 mL
LB medium and incubate overnight at 37 °C and 180 rpm. On the next morning, the cells
were harvested by centrifugation for 15 min at 4000 rpm. The cell pellet was resuspended
in the same tube in 10 mL M9-minimal medium without any additives and again harvested
by an analogous centrifugation step. This washing procedure was repeated one more time

and the final pellet was resuspended in 5 mL M9-minimal medium, prechilled on ice. The

273



Methods

washed cell culture was directly used for growth assay cultures on M9-minimal agar plates

or in liquid medium, as presented in the following chapters.

9.2.1.2 M9-minimal agar plates growth assay

The preparation of M9-minimal medium agar plates is one possibility to analyse the growth
of the sialic acid transporter dependent E. coli cells, as shown in previous studies by Severi
et al. (Severi et al., 2010). To prepare the plates, 250 mL of M9-minimal medium without
glycerol were supplemented with 3.75 g agar, 25 pL CaCl2 (1 M) and 500 pL MgSOa (1 M)
and heated in a microwave until all components were dissolved. For two plates, 30 mg of
sialic acid and glucose were separately added to each 1 mL M9-minimal medium and sup-
plemented with 30 pL of appropriate antibiotics. The glucose solution was used to prepare
positive control plates, on which the cells can use glucose as energy source and every ap-
proach should be able to growth. After cooling of the M9-agar to a warm solution, 30 mL
were supplemented with 1mL of the antibiotic-sugar mix and plates with sialic acid or glu-
cose were prepared. The plates were cooled down and solidified at room temperature. To
test the effect of induction of the HiSiaPQM transporter and to analyse leaky expression, 15
puL of IPTG (1M) was diluted in 70 pL M9-minimal medium and pipetted onto one of the
agar plates and streaked out. As final step, the washed cell cultures were added to the agar
plate. Therefore, 5 puL from up to six different cell cultures were distributed on the outer
edge and streaked out towards the middle point. The agar plates were incubated for 16 h to

40 h at 37 °C and the cell growth were observed regularly.

9.2.1.3 MO9-minimal medium growth assay

The second method to detect the sialic acid-dependent cell growth is with liquid M9-mini-
mal medium growth. This method is more time-consuming but allows an accurate tracking
of the growth rate, while the agar plate method ended in absolute results. For the liquid
medium approach, the required amount of M9-minimal medium was prepared with appro-
priate antibiotics and 2 mM MgSOasand 0.1 mM CaClz. 1 mM IPTC was added for induction
of HiSiaPQM on pwks30 vector and the solution was supplemented with 1:1000 of sialic

acid. Again, for a positive control the same amount of glucose was added to the medium.
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After mixing, the solution was transferred into a 24 well-plate for high throughput approach
or into 50 mL baffled flasks for higher volume approach. The medium was inoculated with
1:100 — 1:33 dilution of the washed E. coli precultures, while the optimal amount of culture
was individually validated for each new growth experiment. The cultures were incubated at
37 °C under shaking (24 well plates: 70 rpm; baffled flasks: 130 rpm) and the cell growth
were analysed in regular intervals. The optical density was measured with absorption at 600
nm (ODsoo) with a NanoDrop spectrophotometer. Again, the optimal intervals to measure
the growth rate of the cells must be validated for each new experimental series. Overall, the
growth of the cells was observed for around 12-20 h, until no further increase of the cell

density was observed.

9.2.2 Continuous wave-EPR spectroscopy

EPR spectroscopy is a method which allows to investigate paramagnetic centres, for exam-
ple to study their type, dynamics and interactions with their environment (Schiemann,
2012). One field of application that increased since several years is the use of EPR spec-
troscopy for integrative structural biology to study biomolecules, such as proteins or oligo-
nucleotides (Jeschke, 2018c, Schiemann and Prisner, 2007). For this, many different EPR
experiments and set-ups were developed and are still under constant research. In the present
work, the nowadays standard set-ups to study proteins with EPR spectroscopy are used. In
all experiments, the cysteine-reactive nitroxide spin label MTSSL was used and attached to
the proteins via site-directed spin labelling (Chapter 2.1.1 and Chapter 9.1.6.1) (Altenbach
et al., 1989, Hubbell et al., 1996). Two different experimental set ups were used, cw-EPR
(continuous wavelength) and the pulsed-EPR experiment PELDOR/DEER (pulsed electron
electron double resonance) (Chapter 9.2.3).

In a cw-EPR experiment, a paramagnetic sample is illuminated by microwaves of a contin-
uous wavelength. By applying a magnetic field to the sample, the energy levels of the un-
paired electrons split up (Zeeman effect), according to the strength of the magnetic field.
Through constant increasing of the magnetic field strength, at a certain point the differential
energy between the electron spin energy levels is equal to the energy amount of the incom-
ing microwaves. This point is known as resonance condition and can be expressed as hv =

AE =geuB, where h is the Planck constant, v the wavelength of the microwaves, E the
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energy, ge the g factor of the electron and p the Bohr magneton (Schiemann, 2012). The left
term describes the energy of the microwaves and the right term the energy between the
electron spins energy levels. If the strength of magnetic field is at this certain point, the
microwaves are absorbed and the electron spins are excited to the higher energy level. This
absorption is detected by the spectrometer and represented as absorption line in dependence
of the magnetic field. For technical reasons, the first deviation of the absorption is recorded
and displayed (Schiemann, 2012).

A resulting cw-EPR spectrum can give important information for site-directed spin labelling
experiments of biomolecules (NejatyJahromy and Schubert, 2014). For example, the exist-
ence and type of paramagnetic centre can be determined, as well as the stability of the free
electron, especially in samples with various conditions such as for in cell measurements
(Fleck et al., 2020). Further, the shape of the spectrum can confirm the successful attach-
ment of a nitroxide spin label to a large molecule and detect free, unbound spin label in the
sample (NejatyJahromy and Schubert, 2014). Not mentioned in this chapter or used in this
work, a cw-EPR spectrum can also be used to determine the distance between two free
electrons in a sample, due to the coupling of their spins. However, the measured distance
for nitroxide spin labels is limited to a maximum of around 20 A and therefore, pulsed-EPR
experiments (Chapter 9.2.3) are more often used for distance measurements in integrative

structural biology (Schiemann, 2012).

9.2.2.1 Preparation of samples

For cw-EPR measurement, usually 15 pL protein solutions with a concentration of 25-100
MM protein were used. If necessary, the solutions were diluted with the corresponding pro-
tein buffer. The solutions were soaked up into a 10 pL glass capillary excluding air bubbles
in the capillary and one side of the capillary were sealed with superglue. The glue was com-
pletely dried at room temperature for at least 20 min and subsequent, the capillary was care-
fully put into a quartz glass X-band tube for measurement.
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9.2.2.2 Measurement and Quantification

The cw-EPR spectra were recorded at a X-band bench-top EMXnano EPR spectrometer
from Bruker (US), equipped with a built-in resonator and by using the appropriate Xenon
software. All cw-EPR spectra were recorded at room temperature with a microwave power
of 2.51 mW. In the beginning, a cw-EPR spectrum with a single scan was recorded to opti-
mise the experimental parameters such as modulation amplitude, video amplifier gain, time
constant, conversion time and resolution (points per G). By default, for cw-EPR spectra of
the double spin labelled substrate-binding proteins (HiSiaP, MalE and SBD2) and the TRAP
transporter membrane proteins, the magnetic field was set to a center field of around 3448
G and X-band microwave frequencies around 9.63 GHz were used. The attenuation of the
microwave power was set to 16 dB and the receiver gain was adjusted to receive a high
signal sensitivity. For recording of cw-EPR spectra, the sweep width of the magnetic field
was adjusted to 150 G with a sweep time of 10.03 s. The time constant was 20.48 ms with
1 G of modulation amplitude. To obtain a good signal-to-noise ratio, 350 single scans were
averaged for every cw-EPR measurement. The quantification of the spin labels from the cw-
EPR spectra was determined with the Xenon software tool by double integration of the cw-

EPR spectrum.

9.2.3 PELDOR spectroscopy

In comparison to cw-EPR spectroscopy, pulsed EPR experiments allow to determine much
weaker couplings between magnetic moments of two electron spins or an electron and a
nuclear spin (Jeschke, 2018a, Schiemann, 2012). There are several pulsed EPR techniques
for various paramagnetic centres, for example double-quantum coherence EPR (DQC), re-
laxation induced dipolar modulation enhancement (RIDME), single frequency technique for
refocusing dipolar couplings (SIFTER) and pulsed electron electron double resonance
(PELDOR), also known as DEER (double electron electron resonance) (Abdullin and Schie-
mann, 2020, Schiemann und Prisner, 2007). Nowadays, the PELDOR experiment is the
most frequently used method for distance measurements in biomolecules and only this ex-

periment was used in this work.

For a pulsed EPR experiment, the labelled protein is introduced into a constant magnetic

field which lead to a certain orientation of the magnetic moments of the free electrons. With
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microwave pulses at certain frequency and defined strength or length (90° (n/2) or 180° (n)),
the magnetization can be manipulated such that even weak dipolar couplings between re-
mote spin centres can be measured (Schiemann, 2012). For setting up a PELDOR experi-
ment, in the first step a 2-pulse experiment was applied onto the sample and the maximum
of echo intensity was determined by recording a field sweep spectrum (Figure 2-1 C). For
this, the echo intensity was recorded under constant change of the magnetic field. A typical
field sweep spectrum for a double nitroxide labelled biomolecule at Q-band frequency is
shown in Figure 2-1 C and reveals different orientations of the label with regard to the mag-
netic field. In the PELDOR experiment, these subsets can be used as pump and observer
spins (Figure 2-1 C and E). After the field sweep experiment, a 2pESEEM spectrum (elec-
tron spin echo envelope modulation) was recorded to analyse the relaxation of the spins. As
final preliminary experiment, a 3-pulse nutation sequence was performed to define the op-
timal pump pulse length. Afterwards, the defined parameters were used to set up the
PELDOR pulse sequence (Figure 2-1 E, parameters are given in Chapter 9.2.3.2). Figure
2-1 E shows a typically detected spectrum of a PELDOR experiment, a PELDOR time-
trace. After background correction of this signal, the distance distribution of the spins can
be calculated from this PELDOR time-trace (Figure 2-1 G) (Jeschke, 2018a).

9.2.3.1 Preparation of samples

The following chapter describes the standard protocol for a PELDOR sample preparation,
variations are mentioned in correlation with the experimental result. First, the spin labelled
protein was prechilled or defrost for 30 min of ice. Depending on the designed experiment,
additives were supplemented to the protein solution in desired concentration and incubated
for 10 min on ice. The solution was diluted to a protein concentration of 15-25 uM in 80 pL
total volume with prechilled PELDOR buffer and 50% deuterated ethylenglycole-ds. The
solution was mixed carefully by pipetting and transferred into a 3 mm quartz EPR Q-band
tube. After the solution was put down to the bottom of the tube, the tube was flash-frozen

in liquid nitrogen and immediately measured without thawing or stored in liquid nitrogen.
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9.2.3.2 Instrumentation and Measurement

The PELDOR experiments were performed on an ELEXSYS E580 pulsed spectrometer
equipped with an ER5106QT-2 Q-band resonator, both from Bruker (US). A continuous
flow helium cryostat (CF935) with a liquid helium dewar was connected to the spectrometer
and an ITC 502 temperature control system was used for stable cooling conditions. The
microwaves were applied into the spectrometer with a 150 W TWT-amplifier (Applied Sys-
tems Engineering, US). The spectrometer was controlled and data were recorded with man-

ufactures own software.

For the PELDOR experiment, the temperature of the resonator was cooled down to 50 K
with liquid helium. The strength of the magnetic field was set to the maximum of echo
intensity from the field sweep spectrum with fixed frequency vs for the pump pulse. The
observer frequency va was set 80 MHz lower than the pump pulse frequency. The short
repetition time was typically set to 1000 ps and the length of n/2-pulse was set to 12 and n-
pulse to 24 ns. The pump pulse was set to length of maximum of inversion from 3-pulse
nutation experiment (typically around 16 ns). The time 11 was set to 260 ns and 12 to values
depending on the result from the 2pESEEM experiment. The time traces were recorded with
a video amplifier bandwidth of 20 MHz and an amplifier gain of 42-45 dB. For suppression
of deuterium modulation, 8 spectra with variable 11 times (At=16ns) were combined. Stand-

ardly, several hundred spectra were recorded and averaged, to get a sufficient SNR.

9.2.3.3 Data processing and analysis

The resulting PELDOR time traces were processed with the MATLAB program DeerAnal-
ysis (Jeschke et al., 2006). To eliminate intermolecular distances from the spectrum, the
PELDOR time traces were first background corrected. The corrected time traces were used
for calculation of distance distributions. The influence of the background-correction on the
distances was analysed with the evaluation tool of the program and added for validation of
the results into the distance distributions.
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9.2.3.4 Label positions and distance predictions

If protein structures were available, possible labelling positions for PELDOR distance meas-
urements were initially identified with PyMOL plugin mtsslWizard (Hagelueken et al.,
2015) or the server-based version mtsslSuite (Hagelueken, University of Bonn,
www.mtsslsuite.isb.ukbonn.de). Difference distance matrices were prepared with this soft-
ware to identify regions with high structural changes between two protein conformations.
Possible regions were inspected on the proteins structure with consideration of surface ac-
cessibility and functional relevance. In each region, one residue was chosen for site-directed
spin labelling. Subsequently, the selected residues were labelled in silico for each protein
conformation with MTSSL by using again the mtsslWizard software (Hagelueken et al.,
2015). The software was used to calculate the in silico distance distributions between the
label ensembles and distributions for different conformations were compared regarding a
distance change. In addition to this preliminary work, the in silico distance distributions
were used to compare the experimental PELDOR distance distribution of the corresponding
double mutants with the predictions based on the crystal structure.

If no protein structure was available, possible labelling positions were determined from
other parameters such as conservation of amino acids. For the determination of label posi-
tions for the TRAP transporter membrane proteins, hydrophobic properties of side chains
and topology models with predictions of membrane regions were used. Further details for

determination of labelling sites on HiSiaQM are presented in Chapter 5.3.

9.2.4 Single molecule FRET spectroscopy

FRET spectroscopy (Forster resonance energy transfer) is a method which allows to deter-
mine distances on a nanometer scale by measure a radiation-free energy transfer from a
dipole-dipole coupling between two different fluorophores (Gust et al., 2014). Due to this,
FRET is often used for distance measurements on biomolecules to analyse conformational
changes, comparable to pulsed EPR spectroscopy. For FRET experiments in this work, dou-
ble fluorophore labelled proteins were used with known and commercially available donor-
acceptor FRET pairs (Table 9-8).
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In a FRET experiment, the valence electrons of the donor-fluorophore are excited with light
of their specific absorption wavelength. Instead of emission of light and returning to the
ground state, a part of the energy is transferred to a nearby acceptor-fluorophore. Conse-
quently, the valence electrons of the acceptor-fluorophore are changed into an excited state.
The relaxation of these electrons leads to the emission of light that can be detected as fluo-
rescence signal at acceptor specific emission wavelength. The efficiency of the energy trans-
fer Errer, also called FRET efficiency, between the donor and the acceptor fluorophore is
defined as Erret = Ro%/(Ro®+r®) and depends on the experimental distance r between the two
fluorophores (Lakowicz, 2006). The connection between the efficiency of energy transfer
and the distance r is shown in Figure 2-1 H, the efficiency decreases with an increase of the
radius. The term Ro describes the Forster radius, a fluorophore pair-specific term. This term
defines the distance between the donor and acceptor at a FRET efficiency of 50% and is
described as Ro=0.211 (x>n*QpJ(1))*8, where « is the relative orientation between the do-
nor emission-dipole and the acceptor absorption-dipole, n the refractive index of the me-
dium, Qo the fluorescence quantum yield of the donor and J the overlap of the donor emis-
sions-spectrum and the acceptor absorption-spectrum (Lakowicz, 2006). In summary, if the
fluorophore parameters of the given equations are known, the distance between two fluoro-
phores can be calculated through experimental determination of the FRET efficiency (Fig-
ure 2-1 F and H). The FRET efficiency can in general be determined in different ways, often
with calculation from detected fluorescence intensities of the donor and acceptor (Lakowicz,
2006). Nowadays, FRET measurements allow the detection and investigation of single spec-

troscopically active molecules (Roy et al., 2008).

9.2.4.1 Labels for single molecule FRET

Organic dyes are nowadays often used for single molecule FRET and a large selection of
labels with different spectrophotometric properties is commercially available, ranging from
blue to red light wavelength region (Gust et al., 2014). In general, fluorophores for single
molecule FRET should fulfil the following requirements: good brightness, high photosta-
bility, small size, high water-soluble and tolerance with bio-conjugation chemistry (Roy et
al., 2008). Furthermore, the combination of two fluorophores to a FRET pair should have a

large separation between the emission spectra of the donor and acceptor dyes and similar

281



Methods

quantum yields and detection efficiencies (Roy et al., 2008). For attachment of the fluoro-
phores to proteins, site-directed labelling of cysteines is often use and divers functionalized
dyes are commercially available. The fluorophores that are used in this work are presented

in Figure 2-2 and Table 9-8, the labelling procedure is described in Chapter 9.1.6.2.

9.2.4.2 Preparation of SmMFRET experiment

The smFRET experiments that are described in this thesis were performed by Christian
Gebhardt and Marijn de Boer, both from the group of Thorben Cordes (University of Gro-
ningen and University of Munich). Depending on the study, the SmMFRET experiments were
performed with surface-immobilized and free-diffusing proteins (Figure 2-1 C). Conforma-
tional changes were analysed with free-diffusing proteins, while tracking of time-resolved
dynamics were studied with surface-immobilized proteins. The sample preparation, experi-
mental set-up and measurement conditions for both methods are described in the following

paragraphs.

The surface-based experiments were carried out on a home-built confocal scanning micro-
scope at room temperature, the set-up of this microscope was described by Gouridis et al.
(Gouridis et al., 2015). The preparation, experimental set-up and technical details were pre-
viously described by de Boer et al. (de Boer et al., 2019b, de Boer et al., 2019a). For the
surface-immobilization of the labelled protein, freshly deep cleaned microscope cover-
slides were incubated with a mixture of PEG-silane (2-[methoxy(polyethleneoxy)-6,9-pro-
pyl]Jtrimethoxysilane) and Biotin-PEG-silane (MW 3400) in toluene at 55 °C overnight. On
the next day, the surface was incubated with 0.2 mg/mL neutravidin in standard buffer (50
mM Tris-HCI, pH 7.4, 50 mM KCI) for 10 min and the unbound neutravidin proteins were
washed away with the same buffer. Afterwards the bound neutravidin was treated with a
solution of 1 nM biotinylated penta-His antibody in standard buffer for 10 min. As last step,
the fluorophore labelled His-tagged proteins were immobilized on the surface by incubation
of a 5-100 pM protein solution for 5 min in standard buffer and unbound protein was washed
away with standard buffer. The immobilizing strategy is outlined in Figure 3-18 A. The
surface-based SmFRET experiments were performed without substrate, with a high excess
of substrate and 500 nM of substrate Neu5Ac. The last concentration was around the Ko of

the protein (Figure 3-4) and represented a condition with high deficit of substrate. The FRET
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efficiency time traces, resulting from the experiment, were processed and analysed as pub-
lished before with Hidden Markov Model (HMM) (de Boer et al., 2019a, Rabiner, 1989).
In the cases of 1 mM Neu5Ac and absence of Neu5Ac, the time-traces were fitted with one

state trajectories and in the substrate-deficit experiment, with two states trajectories.

For solution-based smFRET experiments, a homebuilt confocal ALEX (alternating-laser
excitation) microscope was used as described by Kapanidis et al. (Kapanidis et al., 2004).
For sample preparation, 100 pL solution with labelled protein was diluted to a concentration
of 50 pM with buffer (50 mM Tris-HCI, pH 7.4, 50 mM KCI) and was pipetted to a co-
verslip. The technical details of the equipment are described in Peter et al. (Peter et al.,
2020). After identification of single molecule events, the data analysis was performed with
previous published software package (Gouridis et al., 2015). The final, processed data were
plotted in ES-histograms (Figure 2-1 G) (Kapanidis et al., 2004). The double labelled events
were extracted from these by selecting 0.25<S<0.75 and the FRET efficiencies for distance

determinations were extracted with Gaussian distribution fits.

9.2.4.3 Distance predictions

For validation and comparison of experimental determined FRET distances with protein
structures, the distances for selected labelled residues were determined in silico with the
FRET-restrained positioning and screening (FPS) method (Kalinin et al., 2012). With this
program, the accessible volume (AV) of the labels at certain positions on the protein surface
were calculated with three geometric parameters, the linker-length, the linker-width and the
ellipsoid volume of the fluorophore (Table 9-8). The AVs of combined double label mutants
were used to determine the average distance between the labels, based on the spherical dis-

tribution on the proteins surface.

Table 9-8: Geometric parameters for in silico predictions of different FRET labels. The data from the
first dye (*) were taken from (Gebhardt et al., 2020) and for the last three dyes (*) from (Kalinin et al., 2012).
The table was adapted from (Peter et al., 2020).

Label Linker length [A] W [A] R1[A] R2[A] R3[A]
AlexaFluor 555 —
C2 maleimide* 21 4.5 8.8 4.2 15
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AlexaFluor 647 —

C2 maleimide* 21 4.5 11 a1 15
TMR* 12 4.5 6 4.2 1.5
Cyb.5" 21 45 11 3 1.5

9.2.5 Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a method to analyse the thermodynamics of a reac-
tion between interacting molecules and is often used to characterize the reaction between a
biomacromolecule and a smaller compound such as ligands or antibodies (Wiseman et al.,
1989). Furthermore, it can be used to analyse interaction between two or more macromole-
cules in complex formation or the reverse dissociation of a macromolecular complex
(Velazquez-Campoy et al., 2015). An advantage of ITC is the use of label- and modifica-
tion-free reactants and that the components are present in solution and not immobilized to a

surface, as in SPR experiments (Chapter 9.2.6).

During the mentioned reactions in biomolecules, non-covalent bonds are formed or rear-
ranged while the components interact with each other. The energy required for this process
is exchanged with the environment in the form of heat. In an exothermic reaction, the heat
is released while an endothermic reaction absorbs the heat from the environment. Using a
closed system like a calorimeter, the heat exchange of the system with the environment can
be measured and used for calculation of thermodynamic parameters. Due to the fact, that
the energy in this closed system can only be exchanged as heat and that the energy of a
closed system is constant, the change of free enthalpy AG (Gibbs energy) during the reaction
at constant temperature can be defined as AG = AH-TAS = -RT In (K) (Du et al., 2016). In
case of a binding process, K is the binding affinity constant of the reaction and describes
the equilibrium of the chemical reaction. The enthalpy AH corresponds to the amount of
heat of the reaction. In the case of a protein-ligand binding process, this term includes the
formation and disruption of noncovalent interactions, for example all polar and nonpolar
interactions (Du et al., 2016). The entropy term AS of a biomolecular binding process can
be described as AS = ASsoiv + ASconf + ASrt (Du et al., 2016). The first term ASsoiv includes
the solvent entropy changes that results from solvent rearrangements due to a change of
surface charge or accessibility of protein regions upon ligand binding. AScont describes the
change of the conformational freedom of protein and ligand upon binding and the term ASri

describes the change of translational and rotational degrees of freedom (Du et al., 2016). In
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an ITC experiment, AH and K are determined directly from the experimental result and the
thermodynamic parameters AG and AS can be calculated with the given equation (Du et al.,
2016, Perozzo et al., 2004).

The calorimeter exists of two identical cells, a reference cell filled with water and a sample
cell. In the case of a protein-ligand binding experiment, the sample cell is typically loaded
with the protein solution. A syringe with a small stirrer is filled with the second reaction
partner, often a ligand, substrate or other specific binders, and dipped into the sample cell.
For the measurement, both cells were slightly and sensitively heated up to a constant tem-
perature. Under stirring, defined volumes from the syringe were injected into the protein
sample. In the case of interaction between the two components, the sample cell absorbed or
released energy in form of heat while the protein and ligand reacted with each other. As a
consequence of the heat change, the ITC instrument varied the power of the heater from the
sample cell to keep the same temperature in the sample and reference cell. The difference
in the power of the heaters (DP) from both cells were detected and used for analysis of the
thermodynamic parameters. For a classical binding event, a high DP is obtained for the first
peaks, suggesting a large amount of heat change in the sample cell due to complete reaction
of both components. After decrease of the DP, the last peaks are optimally significant
smaller, due to no longer available reaction partner of the injected component (Blume,
2012).

The reaction heat from each injection was determined by integration of the differential heat
power peak. In a calorimeter, the reaction heat is equal to the enthalpy AH and a binding
isotherm can be created by plotting the normalized reaction enthalpy against the molar ratio
of the reaction partners and fitting of a binding model against the data points. Using the
binding isotherm, the reaction enthalpy AH can be determined from the height of the sig-
moidal curve and the binding affinity from the slope (Blume, 2012). Furthermore, the stoi-
chiometry of the reacting partners can be analysed from the molar ratio value at the midpoint
of the isotherm. As mentioned above, the measured and determined parameters can be used

to calculate the free enthalpy and entropy of the reaction.

The measurements were performed on a MicroCal PEAQ-ITC instrument from Malvern
Panalytical (Germany) with the corresponding software. The software was also used to de-

sign the experiments, meaning to calculate optimized component concentrations, and to
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analyse the results. The reference cell was filled with filtered water and the solution was
replaced in regular intervals. In the case of sialic acid titration to the soluble domain of the
TRAP transporters HiSiaP and VcSiaP, the ligand is dissolved in the protein buffer. After
dilution of the protein and ligand to the desired concentration with standard protein buffer,
the sample cell was washed 5 times with 300 pL of the protein standard buffer. Especially
the last washing step was performed with prevention of air bubbles. 300 pL of the protein
sample was loaded carefully into the cell, also with prevention of any remaining air in the
cell. The excess of sample on the top of the cell was removed and the syringe was automat-
ically loaded with the prepared ligand solution. After dipping the syringe into the sample
cell, the measurement was started. All measurements were performed at 25 °C and with 13,
19 or 27 injections of 3, 2 or 1 pL, respectively. The excess protein solution from the loading
sample was used to verify the protein concentration with a NanoDrop spectrophotometer

and this concentration was used for determining of the thermodynamic parameters.

9.2.6 Surface plasmon resonance

Surface plasmon resonance (SPR) is a method that was firstly applied for studies of biomol-
ecules in the early 1980s and is widely used for analysis of the interaction, in particular the
binding behaviour, of biomolecules (Liedberg et al., 1983). An SPR binding experiment can
provide information about the binding, specificity, kinetics and affinity between interacting
(bio-)molecules (Nguyen et al., 2015, Oesterhelt 2012). Based on these experimental prop-
erties, the SPR technique has several applications for example screening for drug discovery
or characterization of antibody-antigen interactions or other specific binders (Della Pia and
Martinez, 2015, Nguyen et al., 2015, Oesterhelt 2012).

The principle of these technique is based on the conditions of resonance between a surface
plasmon and photon of light (Oesterhelt 2012). The surface plasmon is build up from an
electron gas on a metal-dielectric interface (often gold surface), by excitation with photons
of a light source. The resonance condition of the light by the metal electron gas depends on
the angle of the incoming light and the refractive index of the medium on the other side of
the metal film. If the experimental set-up matches the resonance condition, most of the light
is coupled into the plasmon and just a small amount is reflected. At this condition, the elec-

tromagnetic field intensity of the plasmon can reach up to 300 nm from the metals surface
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(Oesterhelt, 2012). A binding process on the metal surface, which is in the region of the
plasmon, results in the change of the resonance condition. The coupling of the incoming
light to the plasmon changes and this can be measured by a change of the resonance angle
of the reflected light, described as resonance units (RU). This unit is proportional to the

amounts of molecules, bound to the surface (Oesterhelt, 2012).

In a SPR instrument, one side of the chip is facing to a flow cell and can be probed with
different molecules. By this, association and dissociation of molecules on the surface as
well as interactions between surface-coupled and free molecules can be analysed. In affinity
studies, often one binding partner (ligand) is immobilized on the surface and the other part-
ner (analyte) is flushed through the flow cell to the surface and interaction between both
components is detected. Due to many applications of the SPR technique, different modifi-
cations of the surface were developed and chips with several modified surfaces are com-
mercially available (Nguyen et al., 2015, O'Shannessy D. et al., 1992). For SPR studies in
the present work, the ligand was specifically biotinylated and immobilized on a streptavidin

surface.

The SPR experiments were performed with a Sensor Chip SA on a Biacore™ 8K instru-
ment, both from GE healthcare life sciences (US) and the related experimental and analyti-
cal software. On the chip, streptavidin is covalently bound to a carboxymethyldextran ma-
trix on a layer of gold. The system, flow cells and surface of the chip were equilibrated with
standard QM protein buffer with DDM detergent. Afterwards, the ligand HiSiaQM was in-
jected into the flow cells and bound to the streptavidin surface until a constant response
signal was reached. The single cycle kinetics strategy was used for the binding experiments
of specific analytes (Karlsson et al., 2006). This experiment allows the determination of
binding affinity and kinetics between two molecules in just one flow cell with short associ-
ation and incomplete dissociation steps and without regeneration steps. The analyte was
applied successively in six injections into the flow cell with doubling of the ligand concen-
tration of each injection step. The optimal analyte concentration was estimated with the
expected binding affinity or adjusted based on previous experiments. After the last injection,
the regeneration was performed for a longer time and partially observed until complete re-
generation. To exclude effects of injection of the analyte into the flow cells such as buffer
variations or analyte-surface interaction, each injection was also applied into a flow cell

without ligand. The difference between the reference and the ligand-bound flow cell resulted
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in a SPR sensorgram that was automatically analysed by the software with a single cycle
binding-kinetic fit. From this, the binding affinities (Kp) and kinetics of the association and

dissociation (kon and kosf, respectively) were calculated.

If different analytes are found that bind to the same ligand, SPR measurements can be used
to determine the binding regions, also named epitope mapping (Abdiche et al., 2009,
Fégerstam et al., 1990, Thomsen and Gurevich, 2018). This experiment allows the identifi-
cation of analytes that can bind the ligand at the same time or mutually disturb the binding.
The identification of binding regions or epitopes is based on a competitive binding experi-
ment. In analogy to the standard binding experiment, a ligand was bound to the surface and
an analyte was applied in the flow cell onto the surface. If binding was observed and a
constant response signal was reached, the second analyte was applied into the flow cell and
the interaction of this analyte with the ligand-analyte complex was investigated. In the case
of not detectable binding, the binding region was presumably blocked by the first analyte.
To support a competitive binding behaviour, another run was performed where the second
analyte was firstly applied to the flow cell and then the first analyte was flushed into the
flow cell. If both experiments showed no binding in the second injection, the analytes
blocked each others binding regions and if binding are visible, the binding regions were

presumably separate on the antigens surface.

9.2.7 X-ray crystallography

X-ray crystallography is the most used method for determination of macromolecular struc-
tures and until this year, around 89% of all known macromolecular structures in the protein
data bank (PDB, www.rcsbh.org, access: 17.02.2021) are solved by this method. The first
and often critical step for this method is the production of protein crystals with usable size
and sufficient X-ray diffraction quality. In a single protein crystal, the biomolecules form
defined and repetitive intermolecular interactions and by this, set up repeating units which
form a single crystal with a spatial periodicity. These interactions are necessary and due to
the complex surface of proteins regarding polarity, charge and shape, they are not predicta-
ble. Hence, commercial screens are available with a great diversity of solutions with differ-
ent compositions, which should support the formation of intermolecular interactions and

already turned out to promote crystallization in many trials. For the formation and growing
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of protein crystals, several methods are available (Chayen and Saridakis, 2008). In this
work, the widely used vapor diffusion method is used in which the concentration of all
components in protein solution, including the supplemented crystallization screen ingredi-
ents, are increased slowly over time through evaporation of the solvent molecules. Due to
the increasing concentrations, the protein is delivered to a supersaturated solution in which

the spontaneous nucleation of crystals can occur.

To determine the structure of the macromolecules, the crystal is irradiated with an X-ray
beam of monochromatic wavelength. The electromagnetic waves interact with the electrons
from the atoms in the crystal and are diffracted. The diffracted X-rays interfere with each
other and constructive interference from a crystal can be detected as diffraction pattern. The
condition for a reflection can be described by Bragg’s law 2d sin(0) = n\, where d is the
distance between Bragg planes, 0 the angle of incident X-ray beam, n the diffraction order
(integer) and A the wavelength of the X-ray beam (Rupp, 2010). The diffraction pattern of
a single crystal therefore contains information about the structure and content of the crys-
tallographic unit cell. Consequently, the diffraction pattern can be used to reconstruct a
model of the proteins that build up the crystal. For this, the amplitude and the phase of each
diffraction spot must be defined. The amplitude of each reflection can be calculated from
the intensity of the detected pattern, but the phases are not detectable. To reconstruct the
phases, different methods such as isomorphous replacement, multiple anomalous dispersion
and molecular replacement can be used. In the present work, protein structures with a high
sequence identity to the crystallized protein were available and the phases were recon-
structed with molecular replacement. The phases were used for construction of the electron
density map, in which a protein model can be built in and refined under consideration of

different quality factors until a protein model is observed that fits to the diffraction data.

9.2.7.1 Preparation of protein crystals and diffraction experiments

In all crystallization trials, the sitting drop method was used for preparation of protein crys-
tals. For initial screening of crystal forming conditions, different commercially available
protein crystallization screens were used with a variety in each condition regarding buffer
system, pH-value, salt and precipitant composition. The two screens MemGold | and

MemGold I1 were exclusively used for membrane protein crystallization. The screens were
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aliquoted in a 96 deep well block and stored at 4 °C until further use or at -20 °C for long
term storage. Crystallization plates were automatically prepared in 96 MRC-well plates with
a Crystal Gryphon LCP device (Art Robbins Instruments, US). First, 50 pL of each of the
96 crystallization screen conditions were pulled up and 25 puL were pipetted into each res-
ervoir well. Then, 0.1 pL were pipetted into the sitting drop-well and the remaining solution
was added to the same reservoir well as before. Immediately, 0.1 pL of the protein solution
were dropped into each sitting drop-well and the plate was sealed airtightly with an adhesive
film. If necessary, the protein solution was previously supplemented with additives or com-
pounds such as substrate or nanobodies. The sitting drop-wells were controlled under a light
microscope and in the case of two single drops in one of the 96 wells, the plate was centri-
fuged for several seconds at 1000 rpm. For formation of protein crystals, the plates were
standardly stored in a Rock Imager 1000 (Formulatrix, US) excluding light, physical stress
like vibrations or bumps and at constant temperature of 20 °C. Each sitting drop were im-

aged in fixed intervals and the images were regularly checked for formation of crystals.

Detected crystals in sitting drops were either directly mounted for a diffraction experiment
or an optimization screen was prepared. Concerning the latter, the optimization screens were
designed with an institute-internal program. In this, the condition of the initial crystallization
hit was varied concerning the ingredients concentrations and the pH-value and new condi-
tions were randomly defined by the program. Stock solutions of the ingredients were pre-
pared freshly with water and filtered through a 0.2 um sterile filter. The optimized condi-
tions were pipetted from the stock solution with an epMotion 5073m robot (Eppendorf,
Germany). Crystal plates with optimization screens were prepared in the same way as for
the initial plates. For diffraction analysis of observed crystals, the crystals were mounted
from the sitting drop to a cryo-loop of fitting size. To avoid the formation of ice crystals
during freezing of the crystal in liquid nitrogen, a cryo-protectant was used. If no protectant
was included in the screen condition by default, the cryo-protectant solution was prepared
from the corresponding screen condition, supplemented with 35% glycerol. After collecting
of the crystal in the loop, the loop was shortly dipped into the cryo-protectant solution and
directly frozen in liquid nitrogen afterwards. Until transport and measurement, the crystals

were stored in liquid nitrogen.

The diffraction experiments were performed at the Swiss Light Source (SLS) at the Paul
Scherrer Institute (Villigen, Switzerland) with beamline PX or at PETRA IIl at the
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Helmholtz Research centre DESY (Deutsches Elektronen Synchrotron) (Hamburg, Ger-
many) with beamline P13. At SLS, an EIGER 16M detector was available for diffraction
observing and at DESY a PILATUS 6M detector. The proteins were automatically mounted
in the X-ray beam under constant cooling with a cold nitrogen stream. After alignment of
the protein crystal in the X-ray beam path, two test-diffraction images were recorded with
a rotation of the crystal by 90° between both images. The diffraction images were directly
inspected regarding resolution of diffraction and clearness of reflections. In the case of suc-
cessful indexing of the diffraction reflexes from the software, the suggested strategy for
complete diffraction recording was used for data collection. In the case of failing indexing,
the diffraction was recorded over an angle of $=180° by rotating of the crystal of 0.1° per
image. If necessary, the recorded diffraction images were inspected with the software pro-
grams ALBULA (Dectris) or iMosflm (Battye et al., 2011).

9.2.7.2 Data processing and structure determination

For structure building, the data sets with recorded diffraction images were firstly processed
with the XDS program suite (Kabsch, 2010): First a possible detector surface distortion is
corrected by XYCORR and then the background of the images is estimated for a classifica-
tion of pixels to the background or a diffraction spot with INIT. In the next steps, the pro-
gram COLSPOT identify and locate strong diffraction spots in a subset of the data images
and the program IDXREF uses these spots and experimental parameters to determine pa-
rameters of the crystal lattice like the unit cell and space group. Before analysis of all spots,
the program DEFPIX further specify the background and regions for detecting spots and the
program INTEGRATE finally determines the intensity of reflections at defined regions. The
last program CORRECT further processes the detected intensities with various corrections
factors, refine the initial classified unit cell parameters and gives information about the qual-
ity and completeness of the data set. Finally, for further processing, the program XDSCONV
was used to convert the reflection-intensity files from the previous processing into a format

for structure determination.

After initial processing of the diffraction data sets, the phases for reconstitution of an elec-
tron density map were calculated with related protein structures via molecular replacement.

This was done with the Phaser program (McCoy et al., 2007) from the program suite
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PHENIX (Python-based hierarchical environment for integrated xtallography) (Liebschner
et al., 2019). For the processed diffraction data set of wildtype structure of VcSiaP with
sialic acid, the HiSiaP protein structure in substrate-bound conformation (PDB-ID: 3B50,
(Johnston et al., 2008)) was used for MR. For the different VVcSiaP mutants with substrate,
the previously solved and refined VcSiaP structure was used. After calculation of the phases
and electron density map, a model of the crystallized protein was built into the electron
density map. The resulting protein structure, as well as the electron density, were examined
with the molecular graphics program Coot (Emsley et al., 2010). Alternatively, the data
were processed and validated with CCP4 (Collaborative Computational Project, Number 4,

1994), especially if processing with the initial programs failed.

The refinement of the protein structure was performed with the program phenix.refine
(Afonine et al., 2012) by optimizing the agreement of the model parameters to the diffrac-
tion data and minimizing the difference between both. The progress of the refinement pro-
cess is monitored by calculation of the Rwork factor, which represents differences between

the actual model and experimental data:

R _Z|Fobs(h)_Fcalc
work Z Fobs (h)

Fobs are the experimental, observed amplitudes and Fcaic the calculated amplitudes from the
model. Simultaneously, a Rree factor is calculated for cross validation and by this, to prevent
an overfitting of both amplitudes (Rupp, 2010). For this, 5% of the observed diffraction data
are removed before the first refinement and not utilized for refinement steps but used for

calculation of the Rree factor after each refinement (Rupp, 2010):

R _ ZlFobs (h=work) — Lcalc
free —

Z Fobs (h=work)
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After each automated refinement step, the values of the R-factors were checked and the
model was graphically analysed with Coot (Emsley et al., 2010). During inspection, the
model was further fitted to the electron density map by hand, considering the stereochem-
istry of the peptide backbone and side chains. Further, mutations and small molecules,
which were visible in the electron density map, were added to the model. The models were
continuously controlled with MolProbity (Chen et al., 2010), by analysis of colliding re-
gions, unfavoured bond lengths and angles, as well as Ramachandran outliners.

9.28 EM

Electron microscopy was used for structural investigations of the TRAP transporter mem-
brane domains. Since recent years, cryo-electron microscopy (cryo-EM) is used as standard
method for structural determination of biomolecules (Frank, 2017, Merk et al., 2016,
Nogales, 2016). In this method, transmission electron microscopies (TEM) are used with
similarities to conventional light microscopies. In a nutshell, the electrons are emitted from
a source and focused on a sample through electromagnetic lenses. Depending on the sample
and preparation method, some electrons are blocked from the sample and some electrons
are transmitted through the sample. The transmitted electrons pass additional electromag-

netic lenses and focused on a detector behind the sample.

Two different sample preparation methods were used in this work, negative staining and
vitrification in ice (cryo). Negative staining was used for initial screening of the electron
microscopy samples, due to the advantage of fast sample preparation procedure (Gallagher
et al., 2019, Thompson et al., 2016). Additionally, the images have a higher contrast than
vitrified EM samples, due to the treatment with a heavy metal which interferes strong with
the electrons. The negative staining sample is therefore well suited to obtain the heteroge-
neity and purity of the sample, directly after the last purification step (see next paragraphs).
However, electron microscopy with negative staining has structural resolution limit of 10-
20 A and a structural description at near-atomic resolution is thereby not possible (Gallagher
etal., 2019). For this approach, the protein samples were prepared with vitrification in aque-
ous solution. The advantage in this preparation method is the absence of any staining com-
ponent and that the image is produced by the macromolecules itself (Engelhardt, 2012). This

allows atomic resolution and 3D structural information calculation in a native aqueous
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environment. Requirement for this preparation method is the fixation of the biomolecules
in amorphic ice to prevent the samples from being destroyed by the formation of ice crystals.
This vitrification process is accomplished with high freezing rates of ~10° °C/s of the sam-

ples and a permanent handling of the sample at low temperatures (Thompson et al., 2016).

9.2.8.1 Sample preparation

All final sample SEC runs and the EM sample preparations were performed with VVeronika
Heinz from the group of Christine Ziegler (University of Regensburg). For the electron mi-
croscopy measurements, the membrane transporter HiSiaQM was reconstituted into MSP-
nanodiscs for several reasons. On the one hand, this system imitates the native environment
for the membrane domains much better than a detergent micelle. On the other hand, the
nanodisc particles are easier to detect with the processing software, since the nanodiscs have
an additional size of around 100 kDa molecular weight (Efremov et al., 2017). One im-
portant requirement for a protein sample for the EM preparation is to have as few aggregates
as possible. For this, every EM sample was prepared with a new batch of reconstituted HiSi-
aQM protein in nanodiscs. The solution from the reconstitution-overnight dialysis (Chapter
9.1.5) was immediately used or concentrated to around 100 - 200 pL, depending on the
amount of initially used protein. Afterwards, the solution was loaded onto a SEC column to
separate aggregates from the desired protein peak. For the first EM samples, an SD 200
10/300 column was used, while for the following preparations a Superose 6 5/150 or an SD
200 3.2/300 was used. The latter two columns led to a decreased dilution of the protein
sample and with smaller amounts of proteins, similar peak intensities were obtained. The
column and buffers are mentioned in correlation with the resulting chromatograms in Chap-
ter 7. The elution of the column was observed with a wavelength at 280 nm and the eluate
was fractionated collected. The fractions from the expected proteins peaks were directly

used for electron microscopy sample preparation.

As mentioned before, the protein samples were firstly analysed in a scanning electron mi-
croscopy with negative staining, to check the presence of single particles and degree of
aggregation. For this, the eluted fractions were diluted according to the recorded chromato-
gram to around 2-5 mAU with corresponding SEC buffer. A carbon EM grid was treated

for a few seconds in a plasma glow discharge instrument for an optimal attachment of the
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molecules on the surface, shortly before use. From the protein peak, 3 pL of the diluted
protein solution was pipetted on the EM grid and incubated for 1 min. The excess buffer
was carefully removed with filter paper and the grid was rinsed with water and 3 pL of 2%
uranyl acetate solution was pipetted onto the grid. After incubation of 30 s, the solution was
again removed with a filter paper and the grid was stored for measurement at room temper-
ature. The EM measurements with negative stained samples were performed from the group
of Christine Ziegler (University of Regensburg).

For higher resolution EM measurements, the protein was fixed in amorphic ice on an EM
grid without staining. Therefore, the protein sample needed a concentration of around 2000
mAU in the elution fraction from the SEC run. If necessary, the protein fraction was slightly
concentrated to this absorption unit, after no formation of aggregation through this step was
confirmed with previous experiments. For vitrification of the protein sample, the Vitrobot
system from ThermoFisher Scientific (US) was used. The protein was pipetted in the Vitro-
bot on a Quantifoil R1.2/1.3 EM grid (Quantifoil, DE) and vitrified into liquid ethane with
a blot time of 5 or 6 s at 4 °C and 100% humidity. The samples were stored and transported
in liquid nitrogen. The cryo-EM experiments were performed in the laboratory of Bettina
Bottcher, University of Wiirzburg at a Titan Krios (300) with a Falcon I1l camera or at the
Institute of Genetics and Molecular and Cellular Biology (IGBMC) in Strasbourg, with a
K3 camera. The two software programs RELION (Scheres, 2012) or cryoSPARC (Punjani
etal., 2017) were used for processing of the images, identification of particles via autopick-

ing and preparation of 2D classes.

Table 9-9: Parameters for cryo-EM of HiSiaQM in MSP-nanodiscs, Chapter 7.3.

Grid type Quantifoil R1.2/1.3

Blot time 5sec

Blot force 0

Temperature / humidity 4 °C/100%

Sample concentration ~ 2000 mAU (concentrated)
Sample buffer 50 mM Tris (pH 7.8), 50 mM Tris
Electron microscope (keV) Titan Krios (300)

Camera Falcon 111 (linear mode)
Mode Nanoprobe, parallel

Cs 2.7

C2 70 pm

OA 100 pm
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Spot size

Beam diameter
Magpnification

Pixel size

Total e- dose

Dose rate

Exposure time
Recorded micrographs

5

1.0 um

75000x

1.0635 A

85.04 e/ A2
18.64 pe’/px/sec
5.16s

1759

Table 9-10: Parameters for cryo-EM of HiSiaQM in MSP-nanodiscs with nanobody, Chapter 7.4.

Grid type

Blot time

Blot force

Temperature / humidity
Sample concentration
Sample buffer

Electron microscope (keV)
Camera

Mode

Cs

C2

OA

Spot size

Beam diameter
Magnification

Pixel size

Quantifoil R1.2/1.3

5 sec

0

4 °C/100%

~ 2000 mAU (concentrated)
20 mM Tris (pH 8.3), 100 mM NacCl
Titan Krios (300)

Falcon 111 (counting mode)
Nanoprobe, parallel

2.7

70 um

100 pm

5

1.0 um

75000x

1.0635 A

Table 9-11: Parameters for cryo-EM of HiSiaQM in MSP-nanodiscs with megabody, Chapter 7.6.

Grid type

Blot time

Blot force
Temperature / humidity
Sample concentration
Sample buffer
Electron microscope
Camera

Illumination area
Beam size

C2

OA

Quantifoil R1.2/1.3
5 sec

0

4 °C/100%

1200 mAU

20 mM Tris (pH 8.3), 100 mM NaCl
Titan Krios

K3 (counting mode)
1000 nm

1015 nm

70 pm

1
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Spot size
Magnification

Pixel size

Total e- dose

Dose rate

Exposure time
Recorded micrographs

6

81000x

0.862 A

58.61 e’/ A2
21.81 pe/px/sec
1.997 s

7263
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10 Materials

10.1 Consumables

The following chapter lists all commonly used consumables like reagents, chemicals, labels

and enzymes and their suppliers. Due to a change of the laboratory during the practical work

for this thesis, some materials are received from more than one supplier and marked with
IPTC (Institute for Physical and Theoretical Chemistry) or ISB (Institute of Structural Bi-

ology). All materials were stored as described in the corresponding producer’s manual.

Table 10-1: General chemicals and consumables.

Chemicals
6x DNA sample buffer

Acrylamide (Rotiphorese Gel 30)
Agar

Agarose

Ampicillin, sodium salt

APS (Ammonium peroxydisulfate)

CaCl2

Coomassie Brilliant Blue R-250
D(+)-Glucose

D(+)-Maltose monohydrate

D20

DIBMA (Sokalan CP 9)

DM (n-decyl-B-D-maltoside)

DMPC (1,2-Dimyristoyl-sn-glycero-3-phos-
phocholine)

DOPC (1,2 Dioleyl-sn-glycero-3-phospho-
choline)

dNTPs

Supplier or Manufacturer
New England Biolabs
Carl Roth
AppliChem (IPTC)
Sigma-Aldrich (ISB)
Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Deutero GmbH
BASF

Cube Biotech

Tokyo Chemical Industry (TCI)

Tokyo Chemical Industry (TCI)
New England Biolabs
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EDTA (Ethlyenediaminetetraacetic acid)
Ethidiumbromide
Ethyleneglycol Ds
FOS-Choline-14

Glycerol

Glycine

Imidazole

IPTG (Isopropyl-B-D-1-thiogalactopyra-
noside)

Kanamycin sulfate

KCI

KH2PO4

L(+)-arabinose

L-glutamine

MgSO4

Milk powdered
N-acetylneuraminic acid
NacCl

NaH2PO4

Natrium-Cholate

NH4CI (ammonium chloride)
NiSOa (nickel sulfate)

PEQ Green

6x-His Tag antibody (primary)

Goat anti-mouse HRP conjugated antibody

(secondary)

SMA (SL25010 S25)

Sodium dodecylsulfate (SDS), 20%
Tris-(2-carboxyethyl)-phosphine
Tetramethylethylenediamine

TMB blotting solution (1-Step Ultra)
Tris

Tween 20

Yeast extract

a-DDM (n-dodecyl- o -D-maltoside)

B-DDM (n-dodecyl-B-D-maltoside)

B -Mercaptoethanol

Carl Roth
AppliChem
Deutero GmbH
Cube Biotech

Carl Roth

Carl Roth

Carl Roth
Carbolution (IPTC)
Carl Roth (ISB)
Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth

Carl Roth
Carbosynth Limited
Carl Roth

Carl Roth

Carl Roth

Carl Roth
ThermoFisher Scientific
VWR

Pierce (IPTC)
Invitrogen (ISB)

Pierce (IPTC)
Invitrogen (ISB)
Polyscope Polymers
AppliChem

Carl Roth

Carl Roth
ThermoFisher Scientific
Carl Roth

Carl Roth

Carl Roth

Anatrace

Carl Roth / Biosynth Chemistry & Bi-

ology
AppliChem
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Table 10-2: Labels

Labels Supplier or Manufacturer
MTSSL (Methanethiosulfonate spin label) Toronto Research Chemicals
Fluorescein-5-maleimide ThermoFisher Scientific
Maleimide-PEG2-Biotin (EZ-Link™) ThermoFisher Scientific

Table 10-3: Marker and Standards

Marker
GeneRuler DNA Ladder 1kB

100 bp DNA Ladder

PageRuler Plus Prestained Protein Ladder 10-250
kDa

PageRuler Prestained Protein Ladder 10-180 kDa

Supplier or Manufacturer
ThermoFisher Scientific (IPTC)
Carl Roth (ISB)

Carl Roth (ISB)
ThermoFisher Scientific (IPTC)

ThermoFisher Scientific (ISB)

Table 10-4: Enzymes and buffers

Enzymes and buffers Type of enzyme
Pfu Polymerase
OptiTagq Polymerase
T4 DNA ligase Ligase
Dpnl Restriction
Ncol Restriction
BstEII Restriction
Sapl Restriction
Xhol Restriction
BamHI Restriction
TEV Protease
Pfu buffer

CutSmart buffer

Supplier or Manufacturer
ThermoFisher Scientific and

Carl Roth

Roboklon

New England Biolabs
ThermoFisher Scientific (IPTC)
New England Biolabs (1SB)
New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs
Self-made

ThermoFisher Scientific and
Carl Roth

New England Biolabs
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Tango buffer
Polymerase buffer B

ThermoFisher Scientific

New England Biolabs

Table 10-5: Crystallization screens

Crystallization Screens
JCSG plus

PACT
Morpheus
Ligand Friendly
LMB

ProPlex
MemGold |
MemGold I1

Supplier or Manufacturer

Jena Bioscience

Molecular Dimensions

Molecular Dimensions

Molecular Dimensions

Molecular Dimensions

Molecular Dimensions

Molecular Dimensions

Molecular Dimensions

Table 10-6: Further consumables and general materials.

Material

96-well plate (2mL)

MRC plate

Sealing foil

X-band tube

X-band capillary, 10 pL
Q-band tube

Ni-NTA resin

Vivaspin™ concentrator
Amicon®Ultra concentrator
QIAquick PCR Purification Kit
ExtractMe DNA clean-up & gel-
out kit

GeneJET Plasmid Miniprep Kit

ExtratMe Plasmid mini kit

Usage

Chromatography and
Crystallization
Crystallization
Crystallization
EPR spectroscopy
EPR spectroscopy
EPR spectroscopy
Protein purification
Protein purification
Protein purification
DNA-extraction
DNA-extraction

DNA-extraction
DNA-extraction

Supplier or Manufac-
turer

VWR

Jena Bioscience
Molecular Dimensions
Wilmad-LabGlass
Hirschmann Laborgerate
Wilmad-LabGlass
ThermoFisher Scientific
Sartorius (IPTC)

Merck (ISB)

Qiagen
BLIRT S.A.

ThermoFisher Scientific
BLIRT S.A.
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PVFD membranes
Nitrocellulose membranes
ECL™ Start Western Blotting
Detection Reagent
SuperClear™ 24 well plates
Snake Skin® dialysis tubing,
6000-8000 MWCO

Western Blot
Western Blot

Western Blot
Bacteria culture

Dialysis

Carl Roth (IPTC)
VWR (ISB)

GE healthcare
Jena Bioscience

ThermoFisher Scientific

10.2 Solutions and Buffers

Unless otherwise stated, all solutions and buffers in this thesis were prepared with deionised

and filtered water from a water purification system. Buffers for chromatography application

were filtered and degassed under vacuum in an ultrasonic water bath. Buffers containing

glycerol were only prepared in small-scales and discarded after a few days of storage. At

the Institute for Physical and Theoretical Chemistry, the buffers were stored bench-top at

room temperature, at the Institute of Structural Biology the buffers were stored at 4 °C. All

buffers are summarized and listed due to the protein and application they were mainly used

for. Because of that a few buffers were firstly used and optimized during development of

purification routines the tables only include the optimized standard buffers.

Table 10-7: Buffers for P-domain of TRAP transporter.

Buffer Ingredients

Standard 50 mM Tris (pH 8), 200 mM NaCl

Reduction 50 mM Tris (pH 8), 200 mM NaCl, 1 mM TCEP
Elution 50 mM Tris (pH 8), 200 mM NaCl, 500 mM Imidazole
No-salt 50 mM Tris (pH 8)

High-salt 50 mM Tris (pH 8), 1 M NaCl
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Table 10-8: Buffers for detergent stabilized QM-domain of TRAP transporter.

Buffer Ingredients
Standard 1 50 mM KH2PO4 (pH 7.8), 200 mM NaCl, 20% Glycerol, *
Standard 2 50 mM KH2POq (pH 7.8), 200 mM NaCl, *
_ 50 mM KH2PO4 (pH 7.8), 200 mM NaCl, 20% Glycerol, 1.5%
Extraction (DDM)
DDM
) 50 mM KH2PO4 (pH 7.8), 200 mM NaCl, 20% Glycerol, 5%
Extraction (SMA)
SMA
50 mM KH2POs4 (pH 7.8), 200 mM NaCl, 20% Glycerol, 22 mM
Wash (DDM) )
Imidazole, *
50 mM KH2PO4 (pH 7.8), 200 mM NacCl, 20% Glycerol, 10 mM
Wash (SMA) )
Imidazole
Elut 50 mM KH2PO4 (pH 7.8), 200 mM NaCl, 20% Glycerol, 250
ution
mM Imidazole, *
) 50 mM KH2PO4 (pH 7.8), 200 mM NaCl, 20% Glycerol, 250
Label-elution

mM Imidazole, *

* For protein samples in DDM detergent, all buffers after extraction procedure were sup-
plemented with 0.035% DDM.

Table 10-9: Buffers for MSP1, after (Ritchie et al., 2009).

Buffer Ingredients

Lysis NasPO4 (pH 7.4), 1% Triton X, 0.001% Nuclease

Standard 40 mM Tris (pH 8.0), 300 mM NaCl

Wash 1 40 mM Tris (pH 8.0), 300 mM NaCl, 1% Triton X

Wash 2 40 mM Tris (pH 8.0), 300 mM NaCl, 50 mM Natrium-Cholate
Wash 3 40 mM Tris (pH 8.0), 300 mM NaCl, 50 mM Imidazole
Elution 40 mM Tris (pH 8.0), 300 mM NacCl, 300 mM Imidazole
Dialysis/No-salt 40 mM Tris (pH 8)

High-salt 40 mM Tris (pH 8.0), 1 M NaCl

Chromatography 10 mM Tris (pH 7.4), 100 mM NaCl, 1 mM EDTA
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Table 10-10: Buffers for Nano- and Megabodies.

Buffer Ingredients

TES extraction 200 mM Tris (pH 8), 0.65 mM EDTA, 500 mM Sucrose
Wash 50 mM Tris (pH 7.5), 150 mM NaCl, 10 mM Imidazole

Elution 50 mM Tris (pH 7.5), 150 mM NacCl, 500 mM Imidazole

Mb - chromatography

10 mM Tris (pH 7.3), 140 mM NacCl

Table 10-11: General buffers and solutions

Buffer/Solution

Sample buffer (4x)

Running buffer

Stain solution — Coo-
massie

Destain solution
Separating gel buffer
Stacking gel buffer
Transferbuffer
(IPTC)

Transferbuffer (ISB)

TBST

PBST

TAE buffer

PELDOR buffer

Usage

SDS-PAGE

SDS-PAGE

SDS-PAGE

SDS-PAGE
SDS-PAGE
SDS-PAGE

Western Blot

Western Blot

Western Blot

Western Blot

Agarose gel

EPR spectros-
copy

Ingredients
240 mM Tris (pH 6.8), 40% Glycerol, 8%

SDS, 5% B-Mercaptoethanol, 0.04% bro-
mophenol blue

25 mM Tris (pH 8.3), 192 mM Glycine,
0.1% SDS

45% Methanol (v/v), 10% Acetic acid (v/v),
2.5 g/L Coomassie Brilliant Blue R-250
10% Ethanol (v/v), 10% Acetic acid (v/v)
1.5 M Tris (pH 8.8), 10 mM SDS

0.5 M Tris (pH 6.8), 10 mM SDS

25 mM Tris (pH 8.3-8.5), 192 mM Glycine,
0.05% (v/v) SDS

50 mM Tris (pH 8.3-8.5), 40 mM Glycine,
1 mM SDS, 20% (v/v) Methanol

50 mM Tris (pH 7.5), 150 mM NaCl, (v/v)
0.1% Tween 20

Roti®fair (Carl Roth) PBS, (v/v) 0.05%
Tween 20

40 mM Tris (pH 8) 20 mM Acetic acid, 1
mM EDTA

100 mM TES (pH 7.5) 100 mM NacCl, in
D20
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10.3 Media

Table 10-12: Media for protein expression.

Media Ingredients
LB 10 g/L Tryptone, 5 g/L Yeast extract, 10 g/L NaCl, (pH 7)
o 13.4 g/L Naz2HPOs4, 6 g/L KH2PO4, 1 g/L NaCl, 2 g/L
M9-minimal
NH4Cl, 11 mg/L CaClz, 240 mg/L MgSOa4 (pH 7.4)
B 12 g/L Tryptone, 24 g/L Yeast extract, 12.54 g/L K2HPOs,

231 g/L KH2POs, (pH 7.2)

10.4 Bacterial strains

Table 10-13: E. coli strains. The competent cells were prepared in the laboratory according to a standard
protocol for chemical competent cells.

Strains Use

MC1061 Expression of HiSiaQM

DH5a Transformation

C43 (DEJ) Expression of VVcSiaP, VcSiaQM
BL21 (DE3) Expression of HiSiaP

B10 Transformation

BW25113 (SEVY?3) Growth Assay

WK6 Expression of Nano- and Megabody

10.5 Plasmids and Oligonucleotides

Table 10-14. Plasmids with characteristics that were used in this work.

Plasmids Characteristics Source
HiSG N-term
; N-term
pBADHIsSTEV TEV cleavage site Huanting Liu (Univer-

Ampicillin resistance sity of St. Andrews)

pBAD promotor

Ampicillin resistance

PWKS30 Gav!n H. Thomas (Uni-
Lac promotor versity of York)
pHENG6 pelB signal peptide N-tem Nanobody Core Facility

(University of Bonn)
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Hise C-term
LPETG-sortase motif &t
Ampicillin resistance

Lac promotor

pPET28a

Kanamycin resistance

Lac promotor Novagen

Table 10-15: Oligonucleotides for QuickChange mutagenesis. The oligonucleotides were designed with
the software Geneious and synthesized by SEQLAB sequence laboratories or Metabion international AG.

Primer Sequence
. . GTGATGGTGATGGTGATGGTGATGGTGATGGTAGTAGCT
VcSiaQM 14His ATCACCATCACCATCACGATTACGACATCCCAACGACC
HiSiaQM GGTCAATTGTAGATCAAAGCAATGCGTGATGCTGGTTATG
E312Amber CTTTGATCTACAATTGACCTAAGCCCCCCGCATCAG
HiSiaQM TCCATTTCTAAGAAAGCCTCCTAAGGCATCAATAGGGAA
E121Amber GGCATTTCTTAGAAATGGATTTTCGCAGCACTGCCTG
HiSiaOM C94A GTTAAAAGTACGAATACCGAAATGAATAAATAAGAAAATTGCTATAAAGAC
1S12Q GAAAATTCACAAATACGTTTGTACAATTATTAGTCTTTATAGCAATTTTCTTATT
HiSiaQM AATGCGTGATGCTGGTTATGACGATGATATTTCGGGAGGAAT
C325S/C334S CCAATAATAGAAGAAGCAGCAGTAATTCCTCCCGAAATATCATC

HiSiaQM C400S

TACACCAAAAGCTACGAGAGAACAACTTTCGAGCAGC
AGATTGCCCAAAAAGATTGTTTAAAGCTGCTCGAAAGTTGTT

HiSiaQM C458S

ACTACGCCCGTAATTGCCATTGCTTCTATCGAACTATTAAA
GTGTATAAAGAATTAACCTTAAAAAGCTTATTTAATAGTTCGATAGAAGCA

GGCATTAGATTAGTTAAAAAATCAATAAATACGTGTTCTTGGCATCTCACAG

HiSiaQM K62C GGTATGTTGGGTATCAGCGTTGCTGTGAGATGCCAAGAAC

HiSiaQM K78C ATAAAGACTAATAATTGTACAAACGTATTTGTGAATTTTCTGATACATTCGGGCAT
CAAGAACACGTATTTATTGATTTTTTAACTAATCTAATGCCCGAATGTATCAGAAA

HiSiaQM E41C CCACGTAAACAAATAAGAGCTTGGCGAGTTCACAACTCCAAAT
CGCCAAGTTTTTCATTCTCCGTTAATTTGGAGTTGTGAACTCG

HiSiaQM K393C

TTAAAGCTGCTCGAAAGTTGTTCTCTCGTAGCACATGGTGTAC
CATTGCAAAAAAACGAGGTTATCCACGTACACCATGTGCTACG

HiSiaQM R573C

CTTTGGTTACCGTGGAAACTGACATATTTCCTACACAAGCAACAACAA
CCACCAATGGGAATGGCTCTCTTTGTTGTTGCTTGTGTAGGAA

CAAAATATCACACTAAATTATTCGTAGATGGAGAGTGTGATTTAGTC

H ISIaP K254C CACGCCTTGTTTTTCAAAGAATGTGACTAAATCACACTCTCC
H IS | aP Q 5 5 C TGCAAAGGTAAAGTCGAGAGAACCGTCTTTTAAGCATTTTAACATTG
GTTCACAATTAGGTGATGACCGTGCAATGTTAAAATGCTTAAAAGAC
o TTGACCATCGACGGCATTGGTTTGTAACGCACAATAAACTTC
HiSiaP L175C

ATCACCAACACCAATGGCATTTTCTGAAGTTTATTGTGCGTTACAA

HiSiaQM K273C

CCATTCCTCCTGTGTAATGACCGAGTAAGGCACAAGCAAAAT
AGGTGGGATTACCGAACGTATTTTTAATTTTGCTTGTGCCTTACTC

HiSiaQM E235C

GTAATGGGAAGCTGTCTAGGCTATAGACTAATTTACAAGTTGCGG
ATGACACGTTGGAACGTCGTAAATGCCGCAACTTGTAAATTAGTC

GTTATAAGCTTGGGAAAGTAAAGTCACGCCAAGATCACAATCCATTTT

HiSiaP K112C TATTCGATACAGAATTCGGTAAAGATTTAATTAAAAAAATGGATTGTGATCTTGGC

HiSiaP E228C TAGTAAGCAACGAGACTTATAAAGAACTCCCTTGTGATCTTC
GGCAGCATCTTTTACGACTTTTTGAAGATCACAAGGGAG

HiSiaP D58C AGCAGATTCTGCAAAGGTAAAGTCGAGAGAACCACATTTTAATTG
GGTGATGACCGTGCAATGTTAAAACAATTAAAATGTGGTTCTCTC

HiSiaP A134C GCTTATAACGGAACTCGCCAAACGACTTCAAATCGTTGTATCAACAG
CACGAAGTTTTAAGCCTTTCATATCTGCAATACTGTTGATACAACGATTTGAAG

VcSiaP Q9 N CGAGTTATACTCTACAGACCCCACAGAAGCGTTCATCCC
GGGGCGACGACTTTAAAGATGGGGATGAACGCTTCTG

VcSiaP T189A CGTAGATGGGCAAGAAAACCCGTTACCAGCAATTAAAAC

CTTTTGCACTTCATAGAACTTCATCGTTTTAATTGCTGGTAACG
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CTCGATATAACTTATGCTGAGTTTGGTCGTATGCAGCTTTG

VcSiaP G71Q CGCTTCTGCTCGCGGTATCCAAAGCTGCATACGAC
VcSiaP E78A CCCBACATAACGOAGCGCOACBCTOETo TG
osaP MBIA I oo
VCSiaP Ad3S GCATGGCACGATCATCACCAAGCTGGCTGCTTGG

GAGAGATCAAACTCGCTTTGTACCCAAGCAGCCAGCTT

Table 10-16: Oligonucleotides for general cloning.

Primer
Nanobody Xhol (rv)

Sequence

CAGTACCTCGAGTGAGGAGACGGTGACCTG

Nanobody BamHI (fw)

GATCCGGGATCCATGCAGGTGCAGCTCGTGGA

Nanobody BamHI pelB (fw)

GATCCGGGATCCATGAAATACCTATTGCCTACGGC

Nanobody Amplification Sapl

GATCCTGCTCTTCCGGGTCTCTGAGACTCTCCT
CCTGCAGCTCTTCTTGGGTCCCCTGGCCC

10.6 Instruments and Columns

Table 10-17: General laboratory instruments

Instruments
Ultracentrifuge

Ultracentrifuge Rotor
Water Purification System
Cell disruptor

Cell sonicator

PCR Thermocycler
Crystallization Robot
Crystallization Imager
Pipetting Robot
FPLC

FPLC

FPLC

HPLC

ITC

SPR
Spectrophotometer
Crystal-Loops

Name/Type
Optima XPN

Type 50.2 Ti Fixed-Angle
Milli-Q Direct

Cell disruptor benchtop
SONOPULS mini20
Mastercycler Nexus SX1
Crystal Gryphon LCP
Rock Imager 1000
epMotion 5073m

Akta avant

Akta pure

Akta prime

1260 Infinity Il
MicroCal PEAQ-ITC
Biacore 8K

NanoDrop DN-2000C

Company
Beckman Coulter

Beckman Coulter
Merck Millipore
Constant Systems Limited
Bandelin electronic
Eppendorf

Art Robbins Instruments
Formulatrix

Eppendorf

GE Healthcare

GE Healthcare

GE Healthcare

Agilent

Malvern Panalytical

GE Healthcare
ThermoFisher Scientific
MiTeGen
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Gel imager (ISB)
Gel imager (IPTC)

Multitron
Incubators (1SB) o

Minitron

Ecotron
Incubator (IPTC)

126
Ultrasonic bath USsC100T

ChemiDoc XRS+

Bio-Rad Laboratories
Peqlab

Infors HT

Infors HT

Infors HT

New Brunswick Scientific
VWR

Table 10-18: Columns

Columns
HiLoad 16/600 Superdex 75 prep grade

HilLoad 16/600 Superdex 200 prep grade
Superdex 200 10/300 GL

Superdex 200 Increase 10/300 GL
Superose 6 Increase 5/150 GL

Superdex 200 Increase 3.2/300 GL
ENrich™ Q 10/100

HiTrap Q XL

PD-10

PD MiniTrap G-25

Company
GE Healthcare Europe GmbH

GE Healthcare Europe GmbH
GE Healthcare Europe GmbH
GE Healthcare Europe GmbH
GE Healthcare Europe GmbH
GE Healthcare Europe GmbH
Bio-Rad Laboratories GmbH
GE Healthcare Europe GmbH
GE Healthcare Europe GmbH
GE Healthcare Europe GmbH

Table 10-19: Instruments for EPR spectroscopy.

Instruments
EPR spectrometer Elexsys E580

EPR spectrometer EMXnano
Temperature Control System ITC 502
Helium Flow Cryostat
TWT-amplifier

Q-band resonator ER 5106QT-2

Company
Bruker

Bruker

Oxford Instruments

Oxford Instruments

Applied Systems Engineering
Bruker
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10.7 Software

Table 10-20: Software and Program tools that were used for experimental design, data recording, han-
dling, processing, illustrating and validation.

Software
MATLAB R2015b

DeerAnalysis 2018

Xenon nano 1.2a.2

Xepr 2.6b.151

mtsslWizard

Microcal PEAQ-ITC control V1.22
Microcal PEAQ-ITC analysis V1.22
Geneious Prime (1SB)

Geneious 6.1.8 (IPTC)

ProtParam

OriginPro 8G

FPS

Biacore Insight Evaluation
LigPlot

CO0T 0.8.9.2

ALBULA Viewer

CCP4i

iMosflm

Phaser

Phenix

PyMOL Version 2.1.0
XDS

RELION

cryoSPARC

Developer/Company
MathWorks

Jeschke et al., 2006
Bruker

Bruker

Hagelueken et al., 2015
Malvern Panalytical

Malvern Panalytical
Geneious

Expasy, Swiss Institute of Bioinformatics
(Gasteiger et al., 2005)

OriginLab

Kalinin et al., 2012

GE healthcare

Laskowski and Swindells, 2011

Emsley et al., 2010

Dectris

(Collaborative Computational Project, Number

4,1994)

Battye et al., 2011
McCoy et al., 2007
Liebschner et al., 2019
Schrodinger LLC
Kabsch, 2010

Scheres, 2012

Punjani et al., 2017
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Figure SI-1: Purification of HiSiaP double cysteine mutants. A) SEC run of HiSiaP 55C/175C on a HiLoad
SD 200 16/600 column (buffer: 50 mM Tris (pH 8), 50 mM NaCl, 1 mM TCEP). B) SDS-gel with samples
from the SEC eluted fractions in A). C-G) Same as A) and B) but for different HiSiaP mutants as mentioned
in the figure.
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Figure SI-2: PELDOR data of HiSiaP mutants. A, D, G) Raw PELDOR time traces for apo (-) and holo
(+) measurements of HiSiaP double spin labelled mutants, as mentioned in the figure. The background cor-
rection is indicated as black line. B, E, H) Background-corrected PELDOR time traces and fit of the signals
(red). C, F, I) Distance distributions from PELDOR time traces with validation of the distribution (red). All
data were processed with DeerAnalysis (Jeschke et al., 2006). The figure was modified from (Peter et al.,

2020).
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Figure SI-3: smFRET data of HiSiaP mutants. A, D, G) ES-2D-Histograms of HiSiaP mutants in apo
conditions. B, E, H) Same as A, D, G) but in holo conditions. C, F, I) 1D-E-Histograms from the ES-data for
apo (grey) and holo (green), fitted with a 1D-Gaussian distribution. The mean E and standard deviation ¢ are
given. The figure was modified from (Peter et al., 2020).

HiSiaP 58C

HiSiaP 175C

Figure Sl-4: Purification of HiSiaP single cysteine mutants. A) SDS-gel with fractionated samples from a
final SEC run of HiSiaP single cysteine mutant 58C. B) Same as A) but for mutant HiSiaP 175C.
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Figure SI-5: PELDOR data of MalE mutants. A, D, G, J) Raw PELDOR time traces for apo (-) and holo
(+, 1 mM; ++, 10 mM maltose) measurements of MalE double spin labelled mutants. The background-correc-
tion is indicated as black line. Further apo and holo measurements for MalE 36/352 are shown in Figure 2-11.
B, E, H, K) Background-corrected PELDOR time traces and fit of the signals (red). C, F, I, L) Distance
distributions from PELDOR time traces with validation of the distribution (red). All data were processed with
DeerAnalysis (Jeschke et al., 2006). The figure was modified from (Peter et al., 2020).
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Figure SI-6: smFRET data of MalE mutants. A, D, G) ES-2D-Histograms of MalE mutants in apo condi-
tions. B, E, H) Same as A, D, G) but in holo conditions. C, F, 1) 1D-E-Histograms from the ES-data for apo
(grey) and holo (green), fitted with a 1D-Gaussian distribution. The mean E and standard deviation ¢ are given.
The figure was modified from (Peter et al., 2020).
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Figure SI-7: Data of PELDOR experiments with variations of cryoprotectant. A, E, 1) 2PESEEM spectra
for different mutants of MalE and SBD2. The variations of cryoprotectants are mentioned in the figure, 50%
d-ethylene glycol was standardly used. B, F, J) Raw PELDOR time traces for the measurements with varia-
tions of cryoprotectant, the background-correction is indicated as black line. C, G, K) Background-corrected
PELDOR time traces and fit of the signals (red). D, H, L) Distance distributions from PELDOR time traces
with validation of the distribution (red). All data were processed with DeerAnalysis (Jeschke et al., 2006). The
figure was modified from (Peter et al., 2020).
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Figure SI-8: PELDOR data of SBD2 mutants. A, D) Raw PELDOR time traces for apo (-) and holo (+, 1
mM; ++, 10 mM maltose) measurements for MalE double spin labelled mutants. The background-correction
is indicated as line. B, E) Background-corrected PELDOR time traces and fit of the signals (red). C, F) Dis-
tance distributions from PELDOR time traces with validation of the distribution (red). G) 2PESEEM spectra
of apo measurement for mutant 369/451 for 15 uM and 1.5 uM protein concentration. All data were processed
with DeerAnalysis (Jeschke et al., 2006). The figure was modified from (Peter et al., 2020).
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B, E) Same as A, D) but in holo conditions. C, F) 1D-E-Histograms from the ES-data for apo (grey) and holo
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The figure was modified from (Peter et al., 2020).
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Figure S1-10: LC-MS for detection of glutamine. A) LC-MS spectrum of glutamine in standard protein
buffer as positive control (MWguamine: 146.15 g/mol). B) LC-MS spectrum of supernatant after heat-precipi-
tation and centrifugation of a SBD2 protein sample. The measurements were performed with the help of Frank
Eggert and Stephanie Kath-Schorr, University of Bonn. The figure was modified from (Peter et al., 2020).

357



0 T T

T
20 40 60

')
Elution volume [mL]

T
100

T
120

140

SEC fractions

Figure SI-11: Purification of HiSiaP wildtype. A) SEC run of HiSiaP wildtype on a HiLoad SD 200 16/600
column with standard buffer. B) SDS-gel with samples from the SEC eluted fractions in A).
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Figure SI1-12: Purification of VcSiaP second-shell mutants. A) Top: SEC run of VcSiaP mutant M81A on
a HiLoad SD 200 16/600 column with standard buffer. Bottom: SDS-gel with samples from the SEC eluted
fractions. B-F) Same as A) but with other VVcSiaP mutants as indicated in the figure. A HiLoad SD 75 16/600

column was used for SEC in F).
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Figure S1-13: Comparison of VcSiaP second-shell mutants. A) Alignment of VVcSiaP second shell mutants
on the N-terminus fold domain from Chapter 3. Chain A was used from each structure for alignment. B)
Alignment of the three mutant structures from region I with focus on the mutated region.

Figure SI-14: Crystal contact of HiSiaP M81A G71Q E78A. Interacting region between two HiSiaP pro-
teins (green and grey) in the crystal structure of HiSiaP M81A G71Q E78A.
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Figure SI-15: Purification of VcSiaP 54C 173C. A) SEC run of VcSiaP 54C 173C on a HiLoad SD 200
16/600 column (buffer: 50 mM Tris (pH 8), 50 mM NaCl, 1 mM TCEP). B) SDS-gel with samples from the
SEC eluted fractions in A).

A B

150 . Q. SEC fractions

Absorption,ggnm [MAU]

0 5 10 15 20 25 30
Elution volume [mL]

150+ QS : SEC fractions

50

Absorption,gg,, [MAU]

0 — T T
0 5 10 15 20 25 30
Elution volume [mL]

Imidazole-elution-gradient

§ °><§\\°;'§ e‘$ Q($
@ X 2§

Figure SI-16: Extraction and Purification of VcSiaQM. A) SEC run of VcSiaQM on an SD 200 10/300
column after extraction with DDM (standard QM-buffer with DDM). B) SDS-gel with samples from the SEC
eluted fractions in A) (* loaded sample). C-D) Same as A) but after extraction and with stabilization of
VcSiaQM with FOS-Choline-14. E) SDS-PAGE with samples of different steps of a Ni%*-AC from VcSiaQM
purification with DDM detergent. The elution was performed with an imidazole concentration gradient, as
mentioned in the figure.
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Figure SI-17: VcSiaQM complex formation. A) SDS-PAGE with samples from SEC fractions after
VcSiaQM purification in DDM detergent. B) Same samples as in A) but detected with His-specific antibodies

on a western blot.
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Figure SI-18: Mass identification of HiSiaQM. Detected peptides of the main protein band from mass iden-
tification in Figure 4-4. Identification was performed from the CECAD/CMMC Proteomics Facility (Univer-

sity of Cologne).
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Figure SI-19: MSP-reconstitution of HiSiaQM. A) SEC run of HiSiaQM after MSP-nanodisc reconstitution
with varied DMPC/Na-cholate concentration (here 14/28 mM, standard 6/12 mM) on an SD 200 10/300 col-
umn (standard QM-buffer without DDM). B) SDS-gel with samples from the reconstitution dialysis and SEC
eluted fractions in A). C-D) Same as A-B) but with 2.5 times larger reconstitution volume. E) SEC run of
HiSiaQM after MSP-nanodisc reconstitution at standard conditions on an SD 200 10/300 column (standard
QM-buffer without DDM). F) Same protein reconstitution as in E) but with two nights of dialysis.
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Figure SI1-20: Spin labelling of VcSiaQM. A) SEC run of VcSiaQM on an SD 200 10/300 column after
extraction with DDM (standard QM-buffer with DDM). B) Same as A) but after incubation of VcSiaQM with
spin label MTSSL. C) SDS-gel with samples from the SEC eluted fractions in B).
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Figure SI-21: Optimization of HiSiaQM spin labelling. A) 2PESEEM spectrum of labelled HiSiaQM
K62R1 mutant with initial labelling strategy. B) Same as A) but with optimized, new labelling strategy.
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Figure SI-22: Cysteine-deletion mutants of HiSiaQM. A) SEC run of HiSiaQM C334S on an SD 200
10/300 column with standard DDM protein buffer after labelling with MTSSL (top). SDS-gel with samples
from the SEC eluted fractions (bottom). C-F) Same as A) but for other HiSiaQM mutants.
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Figure S1-23: Spin labelling approach of HiSiaQM C94A. A) SEC run of HiSiaQM C94A after incubation
with MTSSL on an SD 200 10/300 column with standard buffer, supplemented with DDM. B) SDS-gel with

samples from the SEC eluted fractions in A). C) X-band RT cw-EPR spectrum of a HiSiaQM C94A. The
spectrum was recorded as for the other mutants in Figure 5-3.
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Figure SI-24: Purification of single cysteine mutants of HiSiaQM. A) SEC run of HiSiaQM single cysteine
mutant K393R1 on an SD 200 10/300 column with standard DDM protein buffer, after labelling with MTSSL
(top). SDS-gel with samples from the SEC eluted fractions (* loaded sample) (bottom). C-F) Same as A) but
for other labelled single cysteine mutants.
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Figure SI-25: Purification of double cysteine mutants of HiSiaQM. A) SEC run of HiSiaQM double mutant
K62R1-K393R1 on an SD 200 10/300 column with standard DDM protein buffer, after labelling with MTSSL
(top). SDS-gel with samples from the SEC eluted fractions (* loaded sample) (bottom). C-F) Same as A) but
for other labelled double mutants.
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Figure SI-26: MSP-nanodisc reconstitution with spin labelled HiSiaQM. A) SEC run of labelled HiSiaQM
K393R1 after reconstitution in MSP-nanodiscs on an SD 200 10/300 column with standard buffer, supple-
mented with DDM. B) SDS-gel with samples from the SEC eluted fractions in A) (* loaded sample). C) Same
as A) but with labelled HiSiaQM K273R1-K393R1. D) SDS-gel with samples from the SEC eluted fractions
from Figure 5-6 A (* loaded sample).
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Figure S1-27: Purifications of HiSiaQM in SMA-nanodiscs. A) SEC run of polymer-bounded HiSiaQM
E41R1-K62R1 after incubation with MTSSL on an SD 200 10/300 column with standard buffer, without
DDM. Additionally, the absorption of the eluted solution at 254 nm is given. B) SDS-gel with samples from
the SEC eluted fractions in A) (* loaded sample). C-D) Same as A) and B) but for polymer-bounded HiSiaQM
K62R1-K78R1. E-D) Same as A) and B) but for MTSSL supplemented non-cysteine mutant HiSiaQM C94A
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Figure S1-28: Purification and spin labelling of HiSiaP K254C. A) SEC run of HiSiaP K254R1 on an SD
75 10/300 with standard buffer. B) SDS-gel with samples from the SEC eluted fractions in A). C) X-band RT
cw-EPR spectrum of HiSiaP K254R1 mutant from A) and B). The spectrum was recorded with 25 pM protein
concentration and 350 scans, as described in the methods.
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Panning BugSup ELISA Sequences

Template Antigen Well w0
HiSiaQM 273-Biotin (DDM) D01
HiSiaGM 273-Biotin (OBM) D03
s @ % iSial -Biotin

HiSiaQM 273-Biotin (DDM) | HisiaQM 273-Biotin (DDM) GO1
HiSiaQM 273-Biotin (DDM) FO8
HiSiaQM 273-Biotin (DDM) FO1
HiSiaQM 273-Biotin (DDM) G07
HiSiaQM 273-Biotin (SMA) A03
nglagm 27lgt8|ot|n (SMA) c11

HiSiaQM 235-Biotin (DDM) | HiSiaQM wildtype B15
HiSiaQM 273-Biotin (SMA) B10
HiSiaQM 273-Biotin (SMA) c10

HiSiaQM 235-Biotin (DDM) | HiSiaQM 273-Biotin (SMA BO1
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HiSiaQM 235-Biotin (DDM) | HiSiaQM 273-Biotin (SMA
HiSiaQM 273-Biotin (DDM) | HiSiaQM 273-Biotin (DDM
HiSiaQM 273-Biotin (DDM) | HiSiaQM 273-Biotin (DDM)
HiSiaQM 273-Biotin (DDM) | HiSiaQM 273-Biotin (DDM)
HiSiaQM 273-Biotin (DDM HiSiaQM 273-Biotin (DDM

HISTaQM 235-Biotin SDUM; HiSiaQM 273-Biotin §SMA§
HiSiaQM 273-Biotin (DDM) | HiSiaQM 273-Biotin (DDM

HiSiaQM 273-Biotin DDM?
HiSiaQM 273-Biotin (DDM) [ HiSiaQM 273-Biotin (SMA)+(DDM)
iSi DDM

HiSiaQM 273-Biotin (DDM) | HiSiaQM 273-Biotin (DD

HiSiaQM 273-Biotin (DDM HiSiaQM 273-Biotin (DDM
HiSiaQM 273-Biotin (DDM) | HiSiaQM 273-Biotin (SMA)+(DDM)

HiSiaQM 235-Biotin (DDM) | HiSiaQM wildtype

HiSiaQM 235-Biotin 3DDM§ HiSiaQM 273-Biotin zSM%ﬂDDM)
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Figure SI1-29: Identified nanobodies for HiSiaQM. A) Sequence alignment of the identified nanobodies,
calculated with Clustal Omega (Sievers et al., 2011) and illustrated with Jalview (Waterhouse et al., 2009).
The templates and antigens that were used for identification of the corresponding nanobodies are mentioned.
The nanobody that was used as representative for each group is highlighted with bold letters in the correspond-
ing well.
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Figure SI1-30: Large scale purification of nanobodies. A-F) SDS-gel with samples from the SEC loaded
sample (*) and the eluted fractions.
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Figure S1-31: SEC-analysis of nanobody binding with HiSiaQM in SMA polymer nanodiscs. A-B) SECs
of single component runs with two different nanobodies (orange) and after addition of HiSiaQM in SMA-
nanodiscs (magenta) (SD 200 3.2/300 column, AKTA pure device). C) Two SEC runs of HiSiaQM in SMA-
nanodiscs with identical amounts of loaded protein (SD 200 3.2/300 column, AKTA pure device).

A glucose (amp)

B

pos

sialic acid (amp)

pos

Figure SI-32: TRAP transporter growth assay with nanobodies on agar plates. A) Plates with M9-mini-
mal agar and glucose as nutrient, supplemented with antibiotic ampicillin. The positive (pos) and negative
sample (neg) are shown and the nanobody with or without pelB signal sequence are marked with + or -,
respectively. B) Same as A) but with sialic acid as nutrient source.
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glucose (amp, kan) sialic acid (amp, kan)

Figure S1-33: TRAP transporter growth assay with nanobodies on agar plates. A) Three plates with M9-
minimal agar and glucose as nutrient, supplemented with antibiotics ampicillin and kanamycin. The positive
(pos) and negative sample (neg) are illustrated and the nanobody with or without pelB signal sequence are
marked with + or -, respectively. B) Same as A) but with sialic acid as nutrient source.
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Figure S1-34: TRAP transporter growth assay with nanobodies in liquid medium. A) Growth rates (op-
tical density) of AnanT E. coli cells in M9-minimal medium with sialic acid. Cells were supplemented with
the sialic acid TRAP transporter HiSiaPQM and nanobodies with signal sequence (+pelB) or without (-pelB)
(nanobody X is an unspecific control nanobody). For positive control (green), a cell culture without nanobody
plasmid was used and for negative control (red), no sialic acid transporter or nanobody was transformed into
the cells (just empty ampicillin vector for resistance). The data represent a repetition experiment from Figure
6-13. B-C) Same as A) but for cells with different supplemented nanobodies.
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Figure SI1-35: TRAP transporter growth assay with nanobodies in liquid medium. A) Growth rates (op-
tical density) of AnanT E. coli cells in M9-minimal medium with sialic acid. Cells were supplemented with
the sialic acid TRAP transporter HiSiaPQM and nanobodies with pelB signal sequence (+pelB) for periplasm
transport after expression (nanobody X is an unspecific control nanobody). For positive control (green), a cell
culture without nanobody plasmid was used and for negative control (red), no sialic acid transporter or nano-
body was transformed into the cells (just empty ampicillin vector for resistance). The data are similar as in
Figure 6-13 but for a longer time-period. B) Same as A) but the nanobodies were not fused to the pelB se-
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quence (-pelB) to avoid transport into the periplasm.
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Figure SI-36: Purification and fluorophore labelling of HiSiaP K254C. A) SEC run of HiSiaP K254-
fluorescein after incubation with fluorescein-5-maleimide (SD 75 10/300 with standard buffer). B) SDS-gel
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Figure SI-37: Interaction of P- and QM-domains after addition of nanobodies. A) Size-exclusion chro-
matogram of HiSiaQM with detection of elution at 280 nm and 495 nm (SD 200 3.2/300, Agilent HPLC). The
standard buffer was supplemented with DDM and used without sialic acid (with supplementation of sialic
acid in Figure 6-14). B) Same as A) but with HiSiaP K254C-fluorescein. C) Same set-up as A) but just the
absorption at 495 nm is shown. The chromatograms correspond to a mixed sample of HiSiaQM and HiSiaP
K254C-fluorescein and selective addition of each nanobody (1-9). The ratio between the components were
chosen to 1:1:2 for HiSiaQM to nanobody to HiSiaP.
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Figure S1-38: Optimized crystals and diffraction images of HiSiaQM with nanobodies 3 and 4. A-D)
Top: Conditions with resulting crystals in a sitting drop, imaged shortly before collecting for diffraction. Bot-
tom: Diffraction images, the limiting, outer circles represent the resolution of the diffraction image. In the case
of a possible indexing, the resulting space group of the diffraction images are given.
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Batch 3, Peak 3

Figure SI1-39: Negative stain EM of HiSiaQM in MSP-nanodiscs. A) EM images with negative stained
HiSiaQM, reconstituted into MSP-nanodiscs. The sample was taken from the first SEC-fraction in Figure 7-4
D. The solution was stained with 2% uranyl acetate on glow charged grids. B-C) Same as A) but from different
protein peak in the SEC run, as mentioned in the figure and on the chromatogram in Figure 7-4 D.
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898. GTCCGGCATATCAGGCAACCCTGCTGGCACTGCGTAGCGTTTTAGGTCTGTGGAATAGCATGGGTTATG

=

o

>

v I Cc G G Y T K S P G [= N N Q K D F H Y T D E
967. CAGTTATTTGTGGTGGCTATACCAAAAGTCCGGGTGAAAATAACCAGAAAGATTTCCACTATACCGATG
N G N G T T I N C G G S T N S N G T H 8§ Y N G
1036. AAAATGGTAACGGCACCACCATCAATTGCGGTGGTAGCACCAATTCAAATGGCACCCATAGCTATAATG
T N T L K A D K N V S L S I E Q Y E K 1 H E A
1105. GCACCAACACACTGAAAGCCGATAAAAATGTTAGCCTGAGCATCGAGCAGTATGAAAAAATTCATGAAG
Y Q |1 I8 S K A L K Q@ A G L A P I8 N S K G E K L

1174, CCTATCAGATCCTGAGCAAAGCACTGAAACAGGCAGGTCTGGCACCGCTGAATAGCAAAGGTGAAAAAC
E A H v T T S K Y G R R AT G s F T R S
1243. TGGAAGCACATGTGACCACCAGTAAATATGGGAGAAGAGCCACTGGGCTCTTCACCAGGT CACC

Sapl Sapl BstEll

Figure S1-40: Construction of HiSiaQM nanobody-derived megabody. A) Cloning strategy of nanobody-
derived megabody after (Uchanski et al., 2019, Uchanski et al., 2021). The colour-code corresponds to Figure
7-9. B) Designed and external synthesized gene, same colours as in A) (synthesized at GeneAurt).
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Figure SI-41: Purification of HiSiaQM in different detergents. SEC runs of HiSiaQM wildtype purification
after extraction of the protein with DDM detergent and purification with DDM (blue) or with change to DM
during Ni?*-AC (magenta) (SD 200 10/300 column, standard buffer with corresponding detergent).

380



