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Preface 
In nature, a very general scenario prevails: living organisms must protect themselves, 

adapt, or die. This holds true from the simplest to the most advanced life forms, resulting 

in a never-ending evolutionary war between viruses, bacteria and eukaryotes. Multiple 

mechanisms have evolved to protect organisms from invaders, and these immune 

strategies vary widely in complexity, specificity, response time, and long-term protection. 

While all types of immune systems continuously optimize and adapt for different 

applications, invaders also developed strategies to evade, or even actively counteract, the 

host immune response, ending up in a highly dynamic arms race of increasingly 

sophisticated attack and defense strategies.  

Recent findings reveal striking similarities between eukaryotic and procaryotic cell-

autonomous immune mechanisms, suggesting a common ancestry. Beyond its 

evolutionary relevance, the significant conservation of essential cellular mechanisms 

among prokaryotes and eukaryotes may help to unravel human defense strategies by 

characterizing their bacterial counterparts. On the other hand, studying bacterial strategies 

to evade host immune mechanisms can help to fight pathogens more specifically and 

effectively. 
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PART I 

Bacterial strategies to survive in the host environment. 
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Abstract 
 

Some bacteria have evolved sophisticated strategies to survive in the host environment. 

For example, the pathogenic bacteria Vibrio cholerae and Haemophilus influenzae rely 

on the import of sialic acid by tripartite ATP-independent periplasmic (TRAP) 

transporters. In V. cholerae the availability of this sugar enhances pathogenicity, whereas 

H. influenzae uses it to modify its lipopolysaccharide coat and thereby actively evade the 

host immune response. A better understanding of the TRAP transporter-mediated sialic 

acid transport mechanism may help to combat these pathogens more efficiently. TRAP 

transporters employ dedicated substrate binding proteins (SBPs) that contribute to a 

selective and efficient transport process by binding the substrate and delivering it to the 

transporter. It is known that camelid-derived VHH antibodies are able to inhibit SBPs of 

ABC transporters and can serve as tools to investigate their mechanistic and structural 

details. We selected a set of 11 VHH antibodies that specifically target the sialic acid 

TRAP transporter SBPs (also called P-domains) from H. influenzae and V. cholerae. Two 

of these nanobodies were able to completely inhibit substrate binding to the SBP. 

A thorough structural and biophysical characterization of the VHH/SBP complexes 

revealed an allosteric mechanism that does not only inhibit the high-affinity binding of 

sialic acid, but also triggers the release of already bound sialic acid from the binding 

pocket. Structure-guided mutagenesis revealed a previously unnoticed hydrophobic 

surface cavity as a key element in the conformational rearrangement of the SBP upon 

sialic acid binding. Our results shed new light on the structural mechanism of TRAP 

transporters, and provided evidence for a novel substrate release strategy. In addition, the 

analysis of SBP-VHH antibody complexes generated interesting starting points for the 

development of drugs to fight the serious diseases caused by H. influenzae and V. 
cholerae.  
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1. Introduction Part I 
1.1  Bacterial pathogens 

Bacteria are the most ubiquitous form of life and form the group of prokaryotes along 

with archaea. In contrast to eukaryotes, bacteria have a simpler structure and their genetic 

material is not enclosed in the nucleus, but is free in the cytoplasm. The cytoplasmic space 

is also used for all metabolic pathways and ribosomal protein expression. The cytoplasm 

is surrounded by a plasma membrane and a protective peptidoglycan layer. This murein 

layer is substantially thicker in Gram-positive bacteria than in Gram-negative bacteria, 

and in the latter, this structural strength-providing layer is wrapped by an outer-membrane 

made of glycolipids (Püschel et al., 2011).  

As bacteria occur in almost every conceivable habitat on Earth, they also naturally 

colonize the human body, and they do so by an enormous number of 1013-1014 (Sender et 

al., 2016). Some bacteria are highly beneficial for eukaryotic organisms, but others can 

cause severe infectious diseases. Since the discovery of the antibiotic effect of penicillin 

by Sir Alexander Fleming in 1929, many bacterial infections were successfully treated. 

However, frequent usage of antibiotics causes an adaption of many bacteria to develop 

antibiotic resistances. Unfortunately, this effect is rapidly increasing and simultaneously, 

the development of new antibiotic substances decreased drastically. Together, these 

troubling global trends are responsible for the deaths of patients from bacterial infections 

that were once treatable (Luepke et al., 2017; Ventola, 2015). To combat the emerging 

crisis of antibiotic resistances, a more specific treatment of bacterial infections is of high 

interest. However, to fight the cause of an infection more specifically and effectively, an 

extensive knowledge on the bacterial pathways which are crucial for pathogenicity is 

essential.  

 

1.1.1 Pathogenic bacteria benefit from sialic acid uptake 

In 2016, the World Health Organization (WHO) was asked to compile a priority list 

of antibiotic-resistant bacteria. Based on several criteria, such as mortality, prevalence of 

resistance, treatability, and more, research groups selected 20 bacterial pathogens and 

argued for their special importance in drug discovery. One of these pathogens was the 

Gram-negative bacterium Haemophilus influenzae (Tacconelli et al., 2018). H. influenzae 

is defined as a class 2 pathogen and causes infectious diseases such as meningitis, otitis 

media, conjunctivitis, and chronic obstructive pulmonary disease (COPD) (Bakaletz & 

Novotny, 2018; Casadevall & Pirofski, 1999). Not only due to the development of 

Ampicillin resistances by Haemophilus influenzae tybe b (Hib) and despite significant 

vaccination activities in western countries, the pathogen causes high mortality rates in the 

group of children aged less than five years (Peltola, 2000). This work focuses on the two 

class 2 pathogens H. influenzae and V. cholerae which were shown to rely on the import 

of sialic acid by tripartite ATP-independent periplasmic (TRAP) transporters to survive 

in the host environment (Almagro-Moreno & Boyd, 2009; Hood et al., 1999; E. Vimr et 

al., 2000). V. cholerae encodes the cholera toxin and is responsible for an acute diarrhea 

that primarily affects populations in the Third World. Especially for people with an 

impaired immune system, the disease can quickly become life-threatening 

(Vanden Broeck et al., 2007).  
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1.1.2 Sialic acids 

The family of sialic acids comprises of more than 50 distinct acidic α-keto 

monosaccharides which share a nine-carbon backbone (Deng et al., 2013). Unlike many 

other monosaccharides that are ubiquitous in nature, sialic acids are predominantly found 

in vertebrates and a few higher non-vertebrates. However, most bacteria lack a 

biosynthesis pathway for these products of a condensation reaction of a neutral six-carbon 

unit and pyruvate (Angata & Varki, 2002). The high structural diversity among the 

different family members is reflected in the wide variety of important biological processes 

where they participate. As important components of glycoproteins, gangliosides and 

polysaccharides, sialic acids are known to play an important role in neural transmission, 

stabilization of glycoconjugates and the cell membrane, cancer metastasis and in diverse 

cellular processes including cell adhesion, signal transduction, and more (X. Chen & 

Varki, 2010; Ohtsubo & Marth, 2006; Schauer, 1985; B. Wang & Brand-Miller, 2003).  

At the vertebratal cell surface glycocalyx, 

sialic acids often occupy the terminal 

position where they are glycosidically 

linked to the underlying glycans via  

the C-2 carbon. This position makes them 

highly suitable for cell-cell interactions, 

intercellular signaling and immune 

recognition. In mammals, the most 

abundant representatives of sialic  

acids are N-acetylneuraminic acid 

(Neu5Ac) (Figure 1-1), from which all 

other sialic acids are formed, and N-

glycolylneuraminic acid (Neu5Gc) (Deng et 

al., 2013; Schauer, 1985).  
 

1.1.3 Sialic acid utilization by the human pathogens H. influenzae and V. cholerae 

Many commensal and pathogenic bacteria have evolved strategies to utilize sialic 

acids. For this, only few bacteria can rely on their own de novo pathways for sialic acid 

biosynthesis, whereas most others depend on scavenging of the sugar molecule or 

precursors of it from their mammalian host (E. R. Vimr et al., 2004). The pathogens 

discussed in this work use the latter route to benefit from sialic acids. However, free sialic 

acids are scarce in the cellular environment because the molecule is mostly attached to 

glycoconjugates. To overcome this, many bacteria, albeit not all, secrete a sialidase to 

free the sugar and make it available for import (Corfield, 1992). Once free and monomeric 

sialic acid is present, it must cross the outer membrane of Gram-negative bacteria via 

outer membrane transporters, such as porins (Figure 1-2.1). For the transport from the 

periplasm across the cytoplasmic membrane into the cytosol, a variety of transporters can 

be used in different bacterial species. They belong either to the family of primary ATP-

binding cassette (ABC) transporters, TRAP transporters or other secondary active 

transporters (Bell et al., 2023). These different classes of transporters will be described 

and distinguished later in more detail. As mentioned above, H. influenzae and V. cholerae 

exclusively use TRAP transporters to accomplish this task (Figure 1-2.2). However, the 

utilization of cytoplasmic sialic acid differs between the two pathogens. While 

V. cholerae can only metabolize the sugar (Figure 1-2.3), H. influenzae can additionally 

Figure 1-1: Chemical structure of sialic acid. 
The most prominent member, N-acetylneuraminic 
acid (Neu5Ac), of the family of sialic acids is 
often, albeit confusingly, named sialic acid it- 
self.  
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incorporate it into its lipopolysaccharide (LPS)-decorated cell surface to evade the human 

immune response (Figure 1-2.4/5) (Almagro-Moreno & Boyd, 2009; Bouchet et al., 

2003; Hood et al., 2001; E. R. Vimr et al., 2004).  

 

1.1.3.1    LPS sialylation by H. influenzae to evade the eukaryotic immune response  

Recognition of bacterial pathogens by the eukaryotic immune system 
 

Since bacteria are common invaders of eukaryotic organisms, pathways to combat 

harmful prokaryotes and distinguish them from commensal bacteria have evolved to be 

rapid and highly effective. The secret of this effective differentiation and control probably 

lies in the intricate interplay of many different signaling pathways as well as a successful 

cooperation between the innate and adaptive immune systems. (Gross et al., 2009; 

Srinivasan, 2010). One important component of the first line of defense against 

pathogens, which is provided by the innate immune system, is the recognition of pathogen 

associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs). Such 

receptors are primarily expressed on the surface of immune cells, but can also be part of 

the cytosol. They particularly sense conserved molecular patterns of bacterial cell wall 

components, such as Lipoteichoic acid (LTA) and lipopolysaccharides (LPS), or fungi by 

their specific β-glucans. PAMP-recognition then leads to the induction of pro-

inflammatory cytokines and antimicrobial effectors (Janeway Jr. & Medzhitov, 2002). 

Early detection of Gram-negative bacteria is achieved by the recognition of picomolar 

LPS levels by the Toll-like receptor (TLR) 4 mediated immune response. In this multistep 

process, LPS is first bound by the LPS-binding protein (LBP) and transferred to the 

cluster of differentiation 14 (CD14) (Figure 1-3.1). The TLR4/myeloid differentiation-2 

(MD-2) complex binds LPS which induces dimerization of the ternary complex  

Figure 1-2: Overview of important key elements of the sialic acid utilization in bacteria. 
To be transported into the cytoplasm of Gram-negative bacteria, Neu5Ac enters via porins into the 
periplasmic space (1). Further transport into the cytoplasm can be achieved by different transporter 
classes. The ABC transporter SatABCD, the TRAP transporter SiaPQM, and the secondary active 
transporter NanT are shown as examples (2). The uptake route is marked by black arrows. V. cholerae 
can metabolize Neu5Ac after uptake (red arrows) (3). H. influenzae can additionally use sialic acid 
to evade the mammalian immune response by LPS sialylation (green arrows). 
This figure was modified from (Severi et al., 2007) and only shows pathways which are important for 
this work, but does not represent all known prokaryotic mechanisms for sialic acid utilization. 
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(Figure 1-3.2/3). While the hydrophobic 

lipid chains are buried in a large binding 

pocket formed by MD-2, the glucosamine 

backbone of the LPS interacts with the 

TLR4. The exact orientation of the LPS 

seems to be dependent of the length and 

composition of lipid chains and might be 

one component to distinguish pathogens 

and commensals (Park et al., 2009). The 

assembly results in the recruitment of 

particular adaptor protein complexes, also 

termed the myddosome (Motshwene et al., 

2009), to activate transcription factors such 

as NF-kB, followed by the expression of 

pro-inflammatory cytokines and interferon 

genes, activation of MAP kinases as well as 

initiation of downstream effects (Figure 
1-3.4/5) (Zamyatina & Heine, 2020). 

Additional to this so-called canonical and 

TLR4 mediated pathway, a caspase mediated immune response was discovered in 2013. 

This non-canonical and TLR4-independent inflammatory pathway senses cytosolic LPS 

to finally trigger inflammasome activation in combination with pyroptosis and the release 

of IL-1β (Hagar et al., 2013). However, the combination of both pathways provides a 

robust and rapid protection of Gram-negative bacterial pathogens. 

 

Strategies to prevent recognition by LPS-triggered antibacterial signaling pathways 
 

For some bacterial pathogens that colonize the mucosa of their host organism, 

peculiarities in the architecture and composition of their LPS have been discovered. LPS 

synthesis as well as their sialylation are cytosolic processes. For the sialylation of LPS 

fragments, imported sialic acid is linked to cytidine monophosphate (CMP) by the 

synthetase SiaB. This activated form of sialic acid is then attached to the LPS. For 

H. influenzae, it was shown that the latter process is mostly catalyzed by the two 

sialyltransferases Lic3A and Lic3B (Figure 1-2.4), with Lic3A being responsible for a 

monosialylation of the LPS and Lic3B for the attachment of mono- as well as disialic acid 

(Fox et al., 2006). After completion of the LPS fragments, these are exported and 

incorporated to the outer membrane of the Gram-negative bacterium  (Sukupolvi-Petty et 

al., 2006) (Figure 1-2.5). H. influenzae frequently forms short-chain LPS, some of which 

contain specific sialylated glycoforms. Hood and coworkers could observe for two 

different strains of the bacterium that for an increased resistance in human serum the 

availability of sialic acid was crucial. Furthermore, by mass spectrometric analysis they 

could identify the detailed composition of the LPSs and found significant differences 

between those of cells for which sialic acid was available and those for which it was not 

available. For both H. influenzae strains examined in the studies, Neu5Ac was observed 

at the very end of an additional tetrasaccharide unit that was not attached to the LPS in 

Figure 1-3: LPS induced TLR4 pathway. 
LPS is bound by the LPS-binding protein (LBP) 
and transferred to the coreceptor CD14 (1). Upon 
recognition and binding to the TLR4 MD-2 
complex (2) induces dimerization (3). This in turn 
leads to a recruitment of different adaptor 
proteins that form the myddosome (4) leading to 
the activation of several downstream pathways to 
cause an immune response (5). This figure was 
inspired by (Aboudounya & Heads, 2021). 
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absence of sialic acid (Hood et al., 2001, 2004) (Figure 1-4). Within the past decades, 

LPS sialylation could be shown to be a major virulence factor of invasive H. influenzae 

strains (Bouchet et al., 2003; Hallström & Riesbeck, 2010; Hood et al., 2001). Decoration 

of the outermost layer of the bacterial cell surface with sialic acid actively provides 

resistance for human serum by masking the highly immunogenic LPS layer. 

 

1.1.3.2    Sialic acid uptake increases pathogenicity of Vibrio cholerae 

Commensals and pathogenic bacteria that colonialize the human gastrointestinal (GI) 

tract can benefit from the ability to catabolize sialic acids. The GI system itself essentially 

contributes to mammalian immunoregulation as it represents a large area that is steadily 

in contact with external substances (Vighi et al., 2008). One important component to 

protect this interfacial area is the mucus layer which is composed of highly glycosylated 

proteins (Lamont, 1992). These so-called mucins do not only protect the intestine, but are 

also important for regulatory processes and function as an attachment site and nutrient 

source for commensal bacteria as well as for pathogens (Arike & Hansson, 2016; Juge, 

2012). Sialic acids, and especially Neu5Ac, are common components of the high 

molecular weight glycoproteins and their specific distribution increases from the ileum to 

the colon (Robbe et al., 2004; Robbe-Masselot et al., 2009). Considering the abundance 

of sialic acids in the gut, it is not surprising that the ability to catabolize sialic acid 

provides an evolutionary advantage in this particular habitat. This beneficial effect is 

reflected by significant correlations between a diet rich in sialic acid and the improved 

growth of bacteria that can catabolize the sugar (Coker et al., 2021). 

The pathogen V. cholerae encodes a sialidase to liberate Neu5Ac from the mucins. 

The next step in the sialic acid scavenging pathway is the import across the outer- and 

inner membrane of the Gram-negative bacterium. For the latter transport process the 

TRAP transporter genes vc1777-vc1779 are responsible. These genes are localized within 

the Vibrio pathogenicity island-2 (VPI-2) and are in close proximity to the nan gene 

cluster that encodes most of the enzymes required for the conversion of Neu5Ac to 

fructose 6-phosphate that serves as substrate for glycolysis (see Figure 1-2.3) 

(Chowdhury et al., 2012; Jermyn & Boyd, 2002). These important genes are the sialidase 

Figure 1-4: LPS composition of different H. influenzae strains dependent on Neu5Ac availability. 
a) Schematic representation of the LPS composition of strain RM118 (type d) after colonization 
without (left) or with (right) sialic acid. b) The same as in a) but H. influenzae type b (strain RM153)  
Used abbreviations: Kdo, 2-keto-3-deoxyoctulosonic acid; Hep, L-glycero-D-manno-heptose; Glc, D-
glucose; Gal, D-galactose; GalNAc, N-acetylgalactosamine; PEtn, phosphoethanolamine; P, 
phosphate; PCho, phosphocholine; LipA, lipid A. This figure was adapted from (Hood et al., 2004). 
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gene (nanH) and those encoding the sialic acid catabolic enzymes NanA (Neu5Ac 

aldolase), NanK (N-acetylmannosamine kinase), NanE (ManNAc-6-phosphate 

epimerase) (E. R. Vimr et al., 2004). The fact that only pathogenic strains of V. cholerae 

contain the VPI-2 highlights the important role of sialic acid import and utilization in 

virulence and host colonialization which was also experimentally confirmed (Almagro-

Moreno & Boyd, 2009). 

 

1.2  TRAP transporters mediate the sialic acid import in H. influenzae and V. cholerae 

The importance of molecular transport across biological membranes is reflected by the 

fact that transport proteins constitute roughly 10 % of most proteomes (Quick & Javitch, 

2007). More than 40 different transporter families control the uptake of ions, nutrients, 

signaling molecules and many more solutes (Hediger et al., 2004). The two pathogens 

H. influenzae and V. cholerae essentially rely on the import of sialic acid, as they lack 

pathways for de novo synthesis of the sugar. Therefore, they employ so called tripartite 

ATP-independent periplasmic (TRAP) transporters to scavenge sialic acid from host 

tissues (Mulligan et al., 2011; Rosa et al., 2018). For both bacteria it could be shown, that 

the sialic acid-mediated increased virulence strongly depends on the presence and 

integrity of the transporter (Chowdhury et al., 2012; Severi et al., 2005). 

 

While characterizing a C4 dicarboxylate system from Rhodobacter capsulatus, the 

group of David J. Kelly identified a substrate binding protein (SBP), called DctP, and its 

essentiality for transport, similar to ATP-binding cassette (ABC) transporter SBPs (Shaw 

et al., 1991). Sequence analysis to investigate this similarity revealed only two integral 

membrane protein encoding genes (dctQ and dctM) and no genes characteristic for 

nucleotide-binding domains (NBDs) which are typically associated with ABC 

transporters. Furthermore, functional studies showed that the DctPQM system was 

sensitive to inhibitors of secondary transporters, suggesting a membrane potential-

dependent but ATP-independent transport mechanism (Forward et al., 1997). 

Furthermore, the transport mechanism was found to be dependent on a sodium ion 

gradient (Mulligan et al., 2009). Thus, these tripartite ATP-independent periplasmic 

(TRAP) transporters (Figure 1-5 b) can be considered as a structural and functional mix 

of ABC importers (Figure 1-5 a) and secondary active transporters (Figure 1-5 c). The 

ion gradient driven substrate transport (similar to secondary transporters) is initiated by 

dedicated SBPs (a hallmark of ABC transporters). The SBP contributes to a selective and 

effective transport process by binding the substrate in the periplasm of Gram-negative 

bacteria and delivering it to the transmembrane domains (termed Q- and M-domain) for 

translocation (Fischer et al., 2010; Forward et al., 1997; Peter, Ruland, et al., 2022). 

Subsequent searches for TRAP transporter related genes in the genomes of various 

archaeal and bacterial organisms demonstrated the widespread use of these transporter 

family in microbial organisms (Kelly, 2001; Mulligan et al., 2007; Rabus et al., 1999). 

Furthermore, it was found that TRAP transporters are absent in eukaryotes, a feature 

shared with SBP-dependent ABC importers (Davidson et al., 2008). And as diverse and 

abundant as the different TRAP transporters are among the various prokaryotic 

organisms, so are their substrates. These range from C4-dicarboxylates over α-keto acids 

to sugar molecules (Mulligan et al., 2011). Unlike in classical secondary transporters but 

analogous to ABC transporters, the substrate specificity of TRAP transporters seems to 

be outsourced to their SBP (Maqbool et al., 2015).  
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1.2.1 Architecture and transport mechanism of TRAP transporters 

As the name implies, TRAP transporters consist of three individual domains that have 

been named according to the genes dctP, dctQ and dctM from Rhodobacter capsulatus 

encoding for the first discovered member of the family (Forward et al., 1997). The smaller 

Q- and larger M- transmembrane domains were analyzed according to their hydrophobic 

character and hypothesized to be built up of four and twelve helices, respectively 

(Forward et al., 1997). Sequence similarities to the 0160membrane domains of secondary 

transporters suggested the M-domain to form the substrate translocation channel 

(Forward et al., 1997; Rabus et al., 1999; Y. Shi, 2013). Both domains are essential for a 

functional transport mechanism and in some organisms, they are even fused into a single 

peptide chain (for example in HiSiaQM) (Kelly, 2001). In other organisms, like in V. 
cholerae, the two proteins are expressed individually but still build a stable complex 

(Mulligan et al., 2012). As no experimental structures existed, the function of the Q-

domain was highly speculative for a long time. It was thought to act as a kind of landing 

platform for the mobile P-domain (Kelly, 2001) or might have chaperone-like properties 

(Mulligan et al., 2011). When the structure of the QM-domains was finally solved in 

2022, this shed light onto the transport mechanism that was believed to work by a “Rocker 

Switch” mechanism (Mulligan et al., 2009) (Figure 1-6 a). The fused Q- and M-domains 

from H. influenzae consist of 15 transmembrane helices and two helical hairpins that do 

not cross the lipid bilayer. The M-domain is built from two similar repeat units that are 

wrapped on one side by the long and inclined α-helices of the Q-domain (Q1-Q4) (Peter, 

Ruland, et al., 2022). This untypical architecture might enable TRAP transporters to 

Figure 1-5: Comparing overview of three different transporter families. 
a) Primary ABC-transporter represented by the maltose importer MalEFGK2 (PDB ID:2r6g). The 
SBP is depicted in black and red, the transmembrane domain (TMD) in blue and the nucleotide-
binding domain (NBD) in green. b) TRAP transporter from H. influenzae composed of an  
SBP (black/red, PDB ID: 3b50) and the transmembrane domain formed by the QM proteins 
(blue/cyan/orange/gray, PDB ID: 7qe5). c) Secondary transporter represented by the lactose 
permease LacY that only consists of a TMD (cyan/blue, PDB ID: 1pv6). This figure was modified from 
(Mulligan et al., 2011). 
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function by a monomeric elevator type mechanism with the extended Q-domain helices 

providing a rigid anchor for the stator domain (Figure 1-6 b), whereas elevator type 

transporters are normally known to form multimers inside the membrane (Nie et al., 2017; 

Verdon et al., 2014). Structural similarities of the HiSiaQM transporter domains to the 

dimeric elevator-type carboxylate transporter VcINDY reveal that one part of HiSiaM 

forms a bundle of α-helices that built up the mobile elevator domain including the two 

helical hairpins. The second part of the M-domain superimposes well onto one stator 

subunit of the VcINDY dimer while the Q-domain structurally mimics the 

oligomerization domain of the second VcINDY chain (Nie et al., 2017; Peter, Ruland, et 

al., 2022) (mapped onto the most left part of Figure 1-7). Using AlphaFold predictions, 

the tripartite complex of the soluble P-domain and the QM-transmembrane domains could 

be modeled in two independent groups. Sequence conservation in the P–QM interface 

across several TRAP transporters supports the prediction that the N-terminal lobe of the 

SBP interacts with the fixed stator domain while the C-terminal lobe binds to and moves 

along with the elevator domain during the transport cycle (J. S. Davies et al., 2023; Peter, 

Ruland, et al., 2022). The results suggested a conformational coupling of the soluble and 

membrane incorporated domains which was recently confirmed experimentally (Peter et 

al., 2024). According to this findings the transport mechanism of TRAP transporters was 

updated. In a first step, the P-domain specifically binds its extracytoplasmic substrate 

which induces a conformational rearrangement from the open- to the closed state. The 

membrane domains are unaffected by this event and remain in their inward-open state 

(Ci) which is most probably their resting state (Figure 1-7.1). In its closed, substrate-

bound conformation, the SBP can bind to the inward-facing transporter domains (Figure 
1-7.2). This binding event somehow triggers the upward movement of the elevator 

accompanied by the closed-to-open transition of the SBP which might allosterically cause 

a release of the substrate into the membrane translocation channel (Marinelli et al., 2011). 

Along with the substrate hand-over, two sodium ions are presumably bound to the 

translocation channel to be transported into the cytoplasm along with the substrate 

(Figure 1-7.3/4). The substrate-free P-domain dissociates in its open state from the 

transporter and the elevator ‘falls’ back into its resting inward open state (Figure 1-7.5) 

and the substrate as well as the Na+ ions are released into the cytoplasm (Figure 1-7.6). 

After one transport cycle, all individual domains have returned their original, substrate-

Figure 1-6: Different types of transport mechanisms across the cytoplasmic membrane. 
a) Representation of the “Rocker Switch” mechanism. The substrate binds to the outward open 
conformation leading to conformational changes towards the inward open state in which the substrate 
is released into the cytoplasm. b) Representation of an elevator-type mechanism. The stator (blue) is 
fixed inside the membrane, while the elevator (orange) can move up and down to translocate the 
substrate. The inward facing state (left) is considered as the resting state. To bind extracytoplasmic 
substrate, the elevator domain moves upwards to adopt the outward facing conformation. After 
substrate binding, the elevator moves down again to release the molecule into the cytosol. Black 
arrows show the translocation path of the substrate and dashed gray arrows the movement of the 
mobile domains. 
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free, configuration and are ready for another translocation cycle (J. S. Davies et al., 2023; 

Peter, Ruland, et al., 2022). Since the affinity of the closed P-domain to the QM-domains 

in its resting state is significantly higher than that of the open SBP and the closed 

conformation is only stable when sialic acid is bound, empty transport cycles are avoided 

(Peter et al., 2021, 2024). Especially in an environment where substrate is sparse, 

transporters benefit from the presence of an SBP, as it increases the effective substrate 

concentration around the translocating membrane domains and can serve as substrate 

store (Bosdriesz et al., 2015). Moreover, the directionality of TRAP transporter-mediated 

substrate translocation was shown to be imposed by the P-domain (Mulligan et al., 2009). 

 

1.3  Substrate binding proteins 

In 2016, an updated structural classification of SBPs found more than 500 SBP-type 

structures that can be divided into seven different classes (Scheepers et al., 2016). This 

large number not only represents the research interest in SBP-dependent processes, but 

also demonstrates their biological importance. Substrate binding proteins were first 

reported in the early 1970s as essential components of ABC transporter-mediated 

substrate import (Berger & Heppel, 1974; Higgins et al., 1990). More recently, these 

extracytoplasmic proteins, which specifically bind their substrates with submicromolar 

affinities, have been shown to be part of tripartite tricarboxylate transporters (TTTs) and 

TRAP transporters. In all these different transporter families, SBPs are responsible for 

specifically binding the substrate and delivering it to their cognate transmembrane 

domains for translocation across the plasma membrane into the cytoplasm. In Gram-

negative bacteria the soluble binding proteins freely diffuse in the periplasm, whereas in 

Gram-positive bacteria they are anchored to the cell wall (Berntsson et al., 2010; Fischer 

et al., 2010; Maqbool et al., 2015). Despite the wide range of substrates and diverse 

functions that SBPs serve, they share a highly conserved three-dimensional structural 

fold, although sequence identities are often low (Scheepers et al., 2016). In general, SBPs 

(also called P-domains for TRAPs) consist of two αβ-domains with a central β-sheet 

flanked by α-helices. These two domains, that are also referred to as the N- and C-terminal 

lobes, respectively, are connected by an extended hinge helix (Berntsson et al., 2010; 

Müller et al., 2006; Trakhanov et al., 2005) (compare Figure 1-9 a, b). The substrate 

binding cleft is located in between the two αβ-domains which close around the ligand like 

Figure 1-7: Working model for the mechanism of transport of TRAP transporters. 
Schematic representation of the proposed transport mechanism showing the individual components 
P-domain (red), Q-domain (cyan) and M-domain (blue, orange) in their different conformational 
states according to the different steps (numbered 1-6). The stator and elevator subunits are indicated  
and their counterparts in the structurally related dimeric VcINDY carboxylate transporter are mapped 
by dashed boxes in the left panel. Furthermore, sialic acid (Neu5Ac, brown hexagon) and sodium ions 
(magenta spheres) are included in the sketch. A detailed and step-wise description of the mechanism 
is written in the main text. This figure was modified from (Peter, Ruland, et al., 2022). 
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a Venus flytrap (Mao et al., 1982). However, the extent of conformational changes can 

vary drastically between different SBPs. While a relative structural rearrangement of the 

lobes by angles as large as 60° was observed for the leucine/ isoleucine/ valine binding 

protein (LIVBP or LivJ) (Figure 1-8 a, b) (Trakhanov et al., 2005), the lobe movements 

of the vitamin B12 ABC importer SBP, BtuF, show only small rearrangements (Figure 
1-8 c, d) (Karpowich et al., 2003). 

 

1.3.1 Sialic acid binding TRAP transporter SBPs 

The substrate binding proteins of bacterial TRAP transporters have been 

biochemically and structurally characterized in detail and are the best known components 

of this transporter family. Like their homologs from ABC transporters, TRAP transporter 

Figure 1-8: Conformational changes of ABC transporter substrate binding proteins. 
a) Superposition of crystal structures of the leucine/isoleucine/valine-binding protein (LIVBP or LivJ) 
in its substrate free (olive, PDB ID: 1z15) and leucine bound conformation (lightblue, PDB ID: 1z16). 
The structures have been aligned to their C-terminal lobe. The N-terminus is indicated by a blue 
sphere. b) Difference distance map to visualize the conformational differences between the apo and 
holo structures. Purple regions indicate low relative conformational changes and yellow regions show 
high differences. The scale for minimal and maximal values is shown on the right-hand side. The map 
was created using MtsslWizard (Hagelueken et al., 2012) c) Superposition of the crystal structures of 
the vitamin B12 binding protein (BtuF) in its substrate free (yellow, PDB ID: 1n4d) and substrate 
bound conformation (teal, PDB ID: 1n2z). The structures have been aligned to their N-terminal lobe. 
The N-terminus and C-terminus are indicated by a blue and red sphere, respectively. d) The same as 
in b) but for BtuF and using a different scale as indicated on the right-hand side. 
 
 



Substrate binding proteins 

 17 

SBPs consist of N- and a C-terminal lobes connected by a hinge region (Figure 1-9 a, b) 

and undergo similar structural rearrangements upon substrate binding (Figure 1-9 c). The 

two distinct states were first reported for the sialic acid TRAP transporter P-domain from 

H. influenzae (Müller et al., 2006). These observations could be validated in (frozen) 

solution by EPR spectroscopy and FRET experiments for the closely related SBP of the 

VcSiaPQM TRAP transporter from V. cholerae (Glaenzer et al., 2017). Furthermore, no 

intermediate states were observed and the open-to-closed transition was shown to be 

strictly substrate-dependent. At low substrate concentrations, single molecule FRET 

(smFRET) experiments showed that the SBP spontaneously reopens to release the 

substrate without any external force (Peter et al., 2021). More sialic acid-specific TRAP 

transporter SBPs have been identified in Fusobacterium nucleatum (Fn) and Pasteurella 
multocida (Pm), and their binding affinities were observed in the same range (15 nM-

50 nM) as for HiSiaP (P-domain of the sialic acid TRAP transporter from H. influenzae). 

However, VcSiaP shows a significantly lower affinity (200-300 nM) for its substrate, 

which is in the range of the P-domain of the sialic acid TRAP transporter from 

Photobacterium profundum (Pp) (J. S. Davies et al., 2023; Johnston et al., 2008; Peter et 

al., 2021; Setty et al., 2014). All of these Neu5Ac-specific SBPs share a highly conserved 

binding site and some were shown to also bind the closely related Neu5Gc, albeit with a 

reduced affinity (Setty et al., 2014). In 2019, Darby et al. found that the substrate affinity 

is not only affected by directly interacting amino acid residues, but also by more distant 

side chains through a fragile, highly defined and closely interconnected water network 

(Darby et al., 2019). For the direct interactions between the SBP and its substrate an 

important arginine residue (R147 in HiSiaP ≙	R145 in VcSiaP) stands out. It essentially 

coordinates the carboxylic acid moiety of Neu5Ac and is conserved between different 

organisms. Interestingly, through a mutational approach they were able to engineer the 

SBP to bind a non-cognate ligand sialylamide, in which the carboxylate functional group 

Figure 1-9: Domain architecture and closing transition of sialic acid TRAP transporter SBPs. 
a) Schematic representation of the VcSiaP primary sequence with annotated structural motifs. The N-
terminal lobe (blue) and the C-terminal lobe (red) are highlighted and the important R145 amino acid 
as well as the position of the hinge α-helix is indicated below. b) Structural overview of the open state 
of VcSiaP. N- and C-terminus are indicated by blue and red spheres, respectively. The N- and C-
terminal lobes that form the substrate binding cleft are labeled and color coded as in a). The hinge 
region formed by the extended α-helix together with two beta strands is colored in orange. The position 
of R145 is annotated and higlighted by a magenta sphere. c) Superposition of the the substrate-free 
(PDB ID: 4mag) and -bound (PDB ID: 7a5q) structure of VcSiaP to visualize the conformational 
transition. The color coding of the apo state is similar as in b) and the holo state structure is colored 
in green. Sialic acid is depicted as brown ball and stick model. The structures have been aligned 
according to their C-lobe. The closing movement of the N-lobe is highligted by a dashed line. 
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of Neu5Ac is exchanged to an amide (Fischer et al., 2015). In 2021, our group found that 

the closing-mechanism appears to be triggered by physically bridging the gap between 

the N-lobe and the C-lobe. This induction of the conformational rearrangement by 

stabilization of the closed state is not only possible by the natural substrate Neu5Ac and 

structural homologs, but can also be induced by an artificial peptide sequence. Notably, 

the peptide did not even bind at the same position as sialic acid, but rather at the upper 

edge of the binding pocket (Peter et al., 2021). Nonetheless, the same conformational 

rearrangements were triggered, albeit to a lesser extent (Figure 1-10). The possibility of 

TRAP transporter SBPs to bind to artificial peptide sequences is particularly interesting 

with respect to the development of TRAP transporter inhibitors. For practical applications 

the affinity needs to be increased significantly. This could be achieved by artificially 

optimizing the peptide sequence in a structure-guided approach, however such 

approaches are often time-intense and not straight forward. At that time, we remembered 

a publication by Mireku and coworkers that described a VHH antibody binding to the 

substrate binding cleft of the vitamin B12 ABC transporter SBP BtuF with high affinity, 

leading to an inhibition of transport (Mireku et al., 2017).  

 

 

  

Figure 1-10: Natural or artificial substrates trigger the same structural rearrangements in VcSiaP. 
a) Difference distance map between the substrate-free (PDB ID: 4mag) and -bound (PDB ID: 7a5q) 
conformation of the TRAP transporter SBP, VcSiaP. Relative changes of the distances between 
individual Cα atoms are indicated by a color gradient (purple (no changes) over magenta (medium 
changes) to yellow (maximum changes of 13.2 Å). The color gradient and the respective distances are 
explained in the legend on the right-hand side. b) The same as in a) but showing the conformational 
changes triggered by binding of an artificial peptide sequence (PDB ID: 7a5c). The same scale and 
color gradient was used for both maps. The maps were created using MtsslWizard (Hagelueken et al., 
2012). 
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1.4  Of Antibodies and Nanobodies 

Immunoglobulins (Igs), also known as antibodies, are components of the eukaryotic 

adaptive immune system and play a pivotal role in the specific recognition and 

neutralization of pathogens. There are five primary classes of immunoglobulins present 

in the human blood plasma (IgG, IgA, IgM, IgD and IgE) and their expression in 

specialized white blood cells, the B-lymphocytes, is regulated by regulatory T-cells and 

T-helper cells. All immunoglobulins contain two identical heavy (H) chains and two 

identical light (L) chains (Lehninger, 1979; Püschel et al., 2011). The individual classes 

can be distinguished by the structure and composition of their heavy chains which are 

called α-chains (IgA), γ-chains (IgG), δ-chains (IgD), ε-chains(IgE), or μ-chains(IgM). 

The heavy chains contain an N-terminal variable domain (VH) and multiple constant 

domains (CH1-CH3 for IgG and IgA, CH1-CH3 for IgM and IgE), whereas each light 

chains comprises one N-terminal variable (VL) and one constant (CL) domain. 

Depending on the type of heavy chain, the distinct immunoglobulins function in different 

types and at particular stages of the immune response. IgD, IgE and IgG are very similar 

in their overall structure. IgM can either be bound as a monomer to the plasma membrane 

or is secreted to form a pentameric complex. IgA is also secreted and can be found as 

monomer, dimer or trimer (Püschel et al., 2011; Ridley, 1988).  

 

1.4.1 Conventional IgGs 

The most common antibodies in secondary immune responses are immunoglobulin-γ 

(IgG) antibodies which are produced in so called memory B-cells. Like other 

immunoglobulins, IgGs are linked by multiple conserved disulfide bonds that provide a 

balance of stability and flexibility to the characteristic Y-shaped structure. Typically, at 

least two disulfide bonds bridge the two heavy chains in the hinge region between the 

“trunk” and the “arms” of the macromolecule (H. Liu & May, 2012; Püschel et al., 2011). 

The “trunk” is formed by dimerization of the CH2 and CH3 of two individual heavy 

chains and is called the crystallizable fragment (Fc). This region is often glycosylated in 

the CH2 domain and is particularly important for the recruitment of immune cells 

(Lehninger, 1979; Muyldermans, 2013). Each “arm” of the macromolecule is built of two 

heavy chain domains (VH and CH1) which are covalently linked to the constant region 

of the light chain (CL) by one disulfide bridge. This antigen-binding fragment (Fab) can 

be cleaved off from the heavy chain domains CH2 and CH3 by either papain or pepsin 

(Figure 1-11 a). While incubation with pepsin results in a bridged Fab2’ dimer and an 

Fc’ fragment, proteolytic cleavage with papain occurs N-terminally of the disulfide bonds 

in the hinge region and results in 2 single Fab fragments (Figure 1-11 b) and one Fc 

(Püschel et al., 2011). The antigen binding site is located in the N-terminal variable 

domains, VH and VL, of the Fab fragment. Six hypervariable loops, three located in the 

VH and three in the VL domain, built up the complementary determining regions (CDRs) 

which are responsible for antigen recognition and specificity. It could be shown that the 

Fab fragment is stable on its own and retains the ability to bind antigens (Poljak et al., 

1972). Even smaller antigen-binding fragments can be produced by artificially linking the 

variable VH and VL domains yielding single-chain Fv (scFv) antibodies (Figure 1-11 b). 

Both variable chains are structurally similar and their backbone is exclusively built up of 

β-sheets. Conserved disulfide bonds between two individual β-sheets provide a rigid 

backbone. The CDRs are flexible loops on the N-terminal side of the subdomains 

(CDRH1-3 and CDRL1-3) (Asaadi et al., 2021) (Figure 1-11 c, d). Besides their 
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contribution to antigen binding, which is different for each CDR (Wilson & Stanfield, 

1994), these loops play an essential role in the heterodimerization of VH and VL (Padlan, 

1994). Unfortunately, scFv antibodies often exhibit reduced protein stability and antigen 

affinity and their production in prokaryotic expression systems is often non-trivial 

(Harmsen & Haard, 2007; Ward et al., 1989). Up to date, several biotechnological and 

therapeutic applications of antibodies and the antigen-binding fragments derived thereof 

have been reported. The development of antibody (-fragments) with optimized properties, 

such as enhanced analytical or diagnostic performance and improved pharmacokinetic 

Figure 1-11: Overview on IgG antibodies and stable antigen binding fragments thereof. 
a) Schematic representation of a conventional antibody built from two heavy (H) chains and two light 
(L) chains. Disulfide bonds that connect different polypeptide chains are indicated by magenta spheres 
and sticks. The hinge region is indicated and a magnification is shown as an inset where the papain 
cleavage site and the pepsin cleavage site is annotated. b) Sketch of a Fab fragment (left) and a single-
chain variable fragment antibody which is linked by an artificial polypeptide chain (right).  
c) Structural overview of one variable fragment of an IgG (PDB ID: 2fbj). The complementary 
determining regions are colored and labeled as CDRH1-3 and CDRL1-3 for the heavy chain and the 
light chain, respectively. The conserved intramolecular disulfide bonds are indicated as magenta ball 
and stick representation and the N-terminus is highlighted by a blue sphere. The C-terminal end of 
the displayed sequence is indicated by a red sphere, note that the original structure continues at this 
point and merges into the CH1 and CL domain, respectively. d) Topology diagrams for the partial 
structures shown in c). The numbers describe the first and last amino acid residue of the particular 
structural motif. All positions and regions indicated in c) are also represented in the topology diagram. 
The color scheme was kept constant from a) to d). 
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profiles, has been of great interest ever since (Holliger & Hudson, 2005; Sifniotis et al., 

2019; Ward et al., 1989). 

 

1.4.2 VHH antibodies 

In 1993, scientists from the group of Raymond Hamers reported of the discovery of 

“naturally occurring antibodies devoid of light chains” in the serum of camels (Hamers-

Casterman et al., 1993). This special type of antibodies is composed only of heavy-chain 

dimers and was therefore named as heavy chain only antibodies (HCAbs). Functional 

heavy-chain only immunoglobulins have been found exclusively in camelids and 

cartilaginous fish, such as sharks and rays (Greenberg et al., 1995). In both of these animal 

families, HCAbs and conventional Ig antibodies are produced by the adaptive immune 

system, but the exact ratio varies between the different species (Blanc et al., 2009; 

Muyldermans, 2013). While camelid HCAbs contain a typical IgG Fc region built of CH2 

and CH3 domains and one variable domain (VHH) (Figure 1-12 a), Ig new antigen 

receptors (IgNARs) from fish are formed by two identical heavy chains composed of five 

constant subdomains (C1NAR- C5NAR) and one variable domain (V-NAR) (Hamers-

Casterman et al., 1993; Roux et al., 1998). In camelids, the length of the hinge region can 

be either similar to that of conventional IgGs or significantly extended N-terminally of 

the conserved interchain disulfide bridge (Figure 1-12 a). The long hinge region contains 

a 12-fold repeated Pro-X motif (X: Gln, Glu, Lys) which provides structural rigidity to 

this region and may compensate for the lack of a CH1 region (Hamers-Casterman et al., 

Figure 1-12: Overview on heavy chain only antibodies and VHH antibodies. 
a) Schematic representation of a heavy chain only antibody (HCAb) built from two heavy (H) chains. 
Disulfide bonds that connect different polypeptide chains are indicated by magenta spheres and sticks. 
The hinge region and the crystallizable fragment (Fc) region is indicated. b) Sketch of the heavy chain 
only variable fragment derived from a camelid HCAb. c) Structural overview of a VHH antibody. The 
complementary determining regions are colored and labeled as CDR1-3. The conserved 
intramolecular disulfide bonds are indicated as magenta ball and stick representation. The N-terminus 
and the C-terminus are highlighted by a blue and red sphere, respectively. d) Topology diagram for 
the structure shown in c). The numbers describe the first and last amino acid residue of the particular 
structural motif. All positions and regions indicated in c) are also represented in the topology diagram. 
The color scheme was kept constant from a) to d). 
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1993). Just like conventional VH domains, the N-terminal variable domain of the heavy 

chain (VHH) contains three hypervariable loops, the CDRs, which are involved in antigen 

binding (Desmyter et al., 1996; Muyldermans et al., 1994) (Figure 1-12 c, d). 

Interestingly, the variable domains of shark heavy-chain only antibodies have only a 

rudimentary CDR2 that does not contribute to antigen binding (Streltsov et al., 2004). 

The complementary determining region 3 (CDR3) of HCAbs is often significantly longer 

than that of conventional immunoglobulins and, in addition to its essential role in antigen 

binding, is critical for the stability of the VHH. The hydrophobic VH-VL interface 

consists of conserved amino acid residues whose counterparts in VHHs are replaced by 

more hydrophilic amino acids to increase the overall hydrophilicity of the surface. In 

addition to these changes on sequence level, the CDR3 folds over the region that would 

be covered by the VL domain in IgGs (Padlan, 1994; Vu et al., 1997). When it comes 

designing single domain fragments, single domain VHHs (also called nanobodies) 

(Figure 1-12 b) essentially benefit from these subtle changes. This is reflected in a 

drastically increased solubility, stability and antigen affinity compared to the single chain 

variable fragments (scFvs) derived from IgGs (J. Davies & Riechmann, 1994; 

Muyldermans et al., 2001). Like IgGs, VHHs contain a highly conserved intramolecular 

disulfide bond between residues C20 and C96 (Figure 1-12 c, d), but unlike IgGs, many 

dromedary VHHs and also some llama VHHs have an additional disulfide bond between 

residue ~50 that provides additional rigidity to the extended (Harmsen & Haard, 2007). 

 

1.4.2.1    The potential of nanobodies in biotechnology, pharmacy and therapy. 

The number and range of possible applications of single-domain antibody fragments, 

derived from camelid heavy-chain only antibodies, has grown rapidly since their 

discovery in the early 1990ies (Jovčevska & Muyldermans, 2020). VHHs are about half 

the size (~15 kDa) of the smallest antigen-binding fragments that can be constructed from 

conventional IgGs (~30 kDa) and have improved solubility (Glockshuber et al., 1990; 

Hamers-Casterman et al., 1993; Muyldermans, 2013). The small size results in a fast 

tissue penetration and rapid clearance from the blood. Together with a high sequence 

similarity to human VHs these properties lead to a low immunogenicity of VHHs (Cortez-

Retamozo et al., 2004; Harmsen & Haard, 2007). For application in clinical therapies, 

where an extended half-life in the blood is advantegous, this feature can be increased by 

the construction of fusion proteins (Kontermann, 2009). In addition, nanobodies tolerate 

a wide range of pH values and temperatures, as well as high concentrations of chemical 

denaturants, and can be engineered to be insensitive to proteolytic degradation (Dumoulin 

et al., 2002; Hussack et al., 2011; van der Linden et al., 1999). Due to their single-domain 

nature, nanobodies are much easier to select from display libraries than single-chain 

variable fragments designed by artificially linking the individual VH and VL domains 

from conventional antibodies. When scFv libraries are generated, the VH and VL 

domains must be amplified separately by PCR, resulting in a high number of 

dysfunctional VH-VL combinations upon random assembly. Therefore, VHH libraries 

can be several orders smaller while covering the same immune repertoire as VH-VL 

libraries (Gonzalez-Sapienza et al., 2017; Harmsen & Haard, 2007). Another advantage 

of the single-domain architecture and monomeric behavior of VHHs is the suitability for 

the development of multidomain constructs (Saerens et al., 2008). Different approaches 

to engineer dimeric nanobody constructs have been reported where either two identical 

VHHs, or two VHHs that target different epitopes of the same antigen were combined to 
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increase the functional affinity towards a specific antigen (Emmerson et al., 2011). It is 

even possible to tether two independent antigens by the combination of two nanobodies 

with each targeting a different antigen (Chames & Baty, 2009; Conrath et al., 2001). 

Furthermore, the production of VHHs in E. coli and the subsequent purification is simpler 

than that of scFvs which is often non-trivial and requires complex refolding steps (Arbabi-

Ghahroudi et al., 1997, 2005).  

All these properties in combination with a nanomolar antigen affinity and high 

specificity prone them for the use in biotechnological, diagnostic and therapeutic 

applications. Nanobodies are used as biosensors for proteins and small molecules (Bever 

et al., 2016; Pleschberger et al., 2004), as crystallization chaperones in macromolecular 

crystallography (Manglik et al., 2017; Nguyen et al., 2018), and even as additives in 

shampoos for the prevention of dandruff (Dolk et al., 2005). Several nanobody-based 

diagnostic in vitro tests have been developed and are used, for example, to screen for 

prostate cancer (Huang et al., 2005) or viral infections (Gelkop et al., 2018). The 

enormous potential in therapy is reflected by several VHH-based drugs in clinical and 

preclinical studies (Harmsen & Haard, 2007; Holliger & Hudson, 2005). The 

functionality and efficacy of such macromolecular substances in the inhibition of 

enzymes, cellular transport mechanisms, as well as in the neutralization of viruses have 

been demonstrated both in vitro and in vivo (Desmyter et al., 2002; Kang-Pettinger et al., 

2023; Koenig et al., 2021; Peter, Ruland, et al., 2022). Monoclonal antibodies (also 

referred to as ‘first generation antibodies’) and antibody fragments (‘second generation 

antibodies’) have led to an overwhelming number of drugs approved by the United States 

Food and Drug Administration (FDA). In the literature, VHH antibodies are now referred 

to as ‘third generation antibodies’ and the first commercial medical applications are 

eagerly awaited (Arbabi-Ghahroudi, 2017). 
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2. Results Part I 
Parts of this section have been submitted to Nature Communications Biology and are 

currently under review. The generation, panning and hit identification process for VcSiaP 

specific VHH antibodies was done by the Core Facility Nanobodies of the University of 

Bonn. The same holds for repanning of the thereby created Phage library with HiSiaP as 

bait protein. Erik Gehrke characterized the resulting NbS003 during his master thesis in 

2021-2022. Panning and hit identification of HiSiaP specific nanobodies after a second 

immunization campaign as well as their biochemical characterization was done by Philipp 

Hendricks as one part of his master thesis in 2022. Sophie Binder constructed and cloned 

a pET-28a based expression vector for VHHs, containing a cleavable N-terminal His6 tag 

and a pelB signal sequence during her work as research assistant. Some of the elucidated 

protein structures were made available on the Protein Data Bank (PDB), accession codes: 

(9fvb, 9fvc, 9fve). 

2.1  SiaP specific VHH antibodies and their specific antigen complexes 

As VHH antibodies were reported to be helpful tools for investigating mechanistical 

details of proteins (Manglik et al., 2017; Mireku et al., 2017; Valenciano-Bellido et al., 

2023) and can be helpful for structural analyses (Pardon et al., 2014; Peter, Ruland, et al., 

2022) we aimed to generate VHH antibodies against the sialic acid TRAP transporter P-

domains from Vibrio cholerae and Haemophilus influenzae. The next paragraph shortly 

describes the antigen preparation and the immunization strategy using VcSiaP. For the 

Figure 2-1: Purification of VcSiaP.  
a) Schematic overview of the expression and purification procedure of VcSiaP. Expression in M9-
minimal media and full cell lysis (1) was followed by Ni2+ affinity chromatography (2) and size-
exclusion chromatography (3). Subsequently, protein containing fractions were pooled, concentrated 
and supplemented with TEV protease to remove the His6 tag (4). Another affinity chromatography was 
done to remove His-tagged TEV protease and non-cleaved protein yielding highly pure VcSiaP. b) 
Polyacrylamide gel analysis including samples from expression and from affinity chromatography. 
c) Chromatogram from size-exclusion chromatography indicating one separated peak in UV 
absorption at λ=280 nm at a retention volume of 67.5 ml. Additionally, the conductivity was monitored 
and shows a peak at V≈105 ml. Fractions from gel filtration as well as from affinity chromatography 
after TEV protease digestion were analyzed by SDS-PAGE. The resulting Polyacrylamide gels are 
shown in d) and e), respectively. 
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generation of HiSiaP specific nanobodies, the procedure was done in a similar way but 

using HiSiaP. 

2.1.1 Preparations for nanobody generation and classification 

2.1.1.1    Expression and purification of VcSiaP for Alpaca immunization 

Immunization of camelids is the first step in the nanobody generation process. 

Therefore, recombinant VcSiaP was expressed in E. coli C43 cells using M9-minimal 

media to avoid the presence of sialic acid (Glaenzer et al., 2017). However, sialic acid 

cannot be excluded during the immunization as it is ubiquitous in vertebrates such as 

alpacas. After harvesting and cell lysis, the His6 tagged protein was purified by Ni2+ 

affinity chromatography and size-exclusion chromatography (Figure 2-1 a 1-3 & b, c, 
d). Tag removal by TEV protease and subsequent affinity chromatography led to a highly 

pure protein solution (Figure 2-1 a 4-5 & e). For one part of the final yield the buffer was 

exchanged to 20 mM HEPES, pH=7.4, 150 mM NaCl to be used for immunization of an 

alpaca (Vicugna	 pacos) by six subcutaneous injections over 12 weeks with 200 μg 

protein. The process was authorized by the Landesuntersuchungsamt Rheinland-Pfalz (23 

177- 07/A 17-20-005 HP) and supervised by the Core Facility Nanobodies of the 

University of Bonn. The remaining volume of protein solution was concentrated to 

∼40 mg/ml, flash frozen in liquid nitrogen and stored at -80 °C.  

2.1.1.2    Selection and classification of SiaP specific nanobodies 

The two independent immunizations with VcSiaP and HiSiaP, respectively, gave rise 

to 11 VHH antibodies in total. While panning of the VcSiaP based phage library with 

biotinylated VcSiaP Q245C immobilized to magnetic streptavidin beads yielded two high 

affinity binding nanobodies (NbS001 and NbS002). A repanning of the same library using 

the closely related and biotinylated HiSiaP K254C as bait protein resulted in one HiSiaP 

binder (NbS003) (50.17 % sequence identity for wild-type VcSiaP and HiSiaP). 

However, this antibody did show only a micromolar affinity towards its antigen, but more 

interesting, no binding to VcSiaP could be observed at all even though the library 

originated from an immunization with VcSiaP (Figure 2-2 a top). To gain VHH 

antibodies with higher affinities the immunization process was repeated with HiSiaP as 

described earlier. The generated phage library resulting from the second immunization 

campaign using a different individual alpaca was panned against immobilized HiSiaP. 

This strategy yielded eight different nanobodies (NbS004-NbS011) that showed 

nanomolar affinities against their specific antigen (Figure 2-2 a bottom). As typical for 

nanobodies all eleven proteins share a highly conserved backbone and variable 

complementary determining regions (CDRs) (Figure 2-2 c). Their overall sequence 

identities vary from 64.9 % to 80.91 %. Interestingly, some of the VHHs share a high 

sequence identity even though they bind to different antigens. While others binding the 

same P-domain have a lower sequence identity (Figure 2-2 b). However, this might be a 

result of the high total similarity of the proteins that cause a low range of diversity. 

Additionally, even small alterations within the CDRs can lead to a completely different 

binding epitope. 
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2.1.2 Characterization of selected VHH-antibodies 

All nanobodies were expressed and purified in the same way according to an 

established protocol (see Section 7.3.3.2). To enable formation of the disulfide bond 

between the highly conserved cysteine residues in β2 and β8, respectively (see (Figure 
2-2 c), the nanobody expression vector encodes for a pelB leader sequence N-terminally 

of the protein which ensures export out of the reductive cytoplasm. Furthermore, export 

  Figure 2-2: From immunization to hit identification and sequence analysis of VHH antibodies. 
a) Sketch of the general procedure of two independent Camelid immunizations with the TRAP 
transporter P-domains from V. cholerae (i) and H. influenzae (ii) which allowed the generation of 
phage library 1 and library 2, respectively. The first library was used for panning with VcSiaP and 
subsequently also with HiSiaP as bait protein yielding in two high affinity VHH antibodies for VcSiaP 
and one Nanobody that was able to exclusively but weakly bind HiSiaP. Panning of phage library 2 
with immobilized HiSiaP gave rise to eight individual antibodies of which six could be expressed and 
identified as selective and high affinity binding nanobodies for HiSiaP. Affinity constants determined 
by isothermal titration calorimetry are shown b) Sequence identity matrix of all 11 VHH antibodies 
showing the pairwise amino acid sequence identity of all possible combinations in percent. c) Primary 
amino acid sequence alignment of all 11 VHH antibodies, including secondary structure elements 
from NbS001 annotated above. Conserved regions are highlighted in red and CDRs are indicated 
below. The highly conserved disulfide bond is marked by a “1”below the sequences. 
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into the periplasm allows osmotic lysis of the cells and subsequently, use the periplasmic 

extract for further purification steps (Figure 2-3). As the generation of VcSiaP specific 

nanobodies was done almost a year before that for HiSiaP, results of the biochemical 

characterization of VHHs targeting VcSiaP will be described first. 

 

2.1.2.1    Biochemical and biophysical characterization of VcSiaP specific nanobodies 

Expression and purification of VcSiaP specific VHH antibodies resulted in a high 

amount of >10 mg of protein per liter of expression culture. However, in every single 

approach the yield for NbS002 was lower than that for NbS001 which is reflected in a 

less intense band in the SDS-PAGE analysis after Ni2+ affinity chromatography, as well 

as in the lower peak height of the UV absorption at λ=280 nm in gel filtration for NbS002 

(Figure 2-3.3/4). Moreover, NbS001 eluted slightly earlier during SEC than NbS002 

(84.4 ml compared to 89.1 ml). Retention volumes are in accordance with monomeric 

proteins as stated by the column manufacturer (MWNbS001=15.8 kDa, 

MWNbS002=15.4 kDa).  

SEC-MALS experiments did not only show reasonable values for the MW of the 

individual proteins, but also for the heterodimeric complexes consisting of one VHH and 

VcSiaP. The analysis of a 1:1:1 molar mixture of VcSiaP:NbS001:NbS002 did show a 

further peak shift than the two individual 1:1 complexes and simultaneously the 

experimental molecular weight of 65 kDa was in good proximity to a possible 

heterotrimeric complex of all three proteins. It was also observed, that over the whole 

peak widths for all individual runs, the MALS data resulted in an almost horizontal line 

indicating a monodisperse sample (Figure 2-4 a). Quantitative binding analysis by 

isothermal titration calorimetry (ITC) confirmed the VHH–antigen interaction and 

revealed nanomolar affinities of NbS001 towards VcSiaP (162 nM) and an even roughly 

Figure 2-3: Overview on expression and purification of VHH antibodies. 
(1) Expression of a VHH antibody construct including a C-terminal His6 tag and an N-terminal pelB 
leader sequence that ensures export to the periplasm was carried out in Terrific-Broth (TB) media. 
(2) Schematic representation of osmotic lysis upon destabilization of the outer cell membrane and 
drastically decreasing sucrose concentration. (3) SDS-PAGE analysis of samples from Ni2+ affinity 
chromatography of NbS001 and NbS002. (4) Size exclusion chromatography chromatograms and the 
respective SDS-PAGE analysis. 
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10-fold higher affinity for NbS002 towards its target (13 nM). Interestingly, while 

NbS002 exhibited a large ΔH value thus, an enthalpic contribution, NbS001 barely 

showed a thermal response upon binding, indicating a highly entropy driven reaction 

mechanism which showed up in a large term for ΔS (Figure 2-4 b, c). 

 

2.1.2.2    Biochemical and biophysical characterization of HiSiaP specific nanobodies 

To get HiSiaP binding nanobodies it was first tried to isolate them by panning of the 

already existing VcSiaP phage library (library 1) but using HiSiaP as bait protein. This 

idea came up because of the high sequence identity of the two TRAP transporter P-

domains from different species. The much lower costs, as well as the much faster process 

were good arguments to test this. Unfortunately, only one hit could be identified but at 

least the resulting nanobody, NbS003, showed a slight peak shift in SEC MALS 

experiments when mixed to HiSiaP but no changes after incubation with VcSiaP (Figure 
2-5 a). Dynamic light scattering (DLS) revealed significantly larger particles for the 

sample containing HiSiaP and NbS003 at the same time compared to all single protein 

samples as well as to a 1:1 molar mixture of VcSiaP and the VHH (Figure 2-5 b). Results 

from nanoDSF experiments did also support these findings, as addition of NbS003 to 

HiSiaP lead to a significant thermal stabilization which was not observed upon addition 

of the VHH to VcSiaP (Figure 2-5 c). Quantitative investigation of the interaction by ITC 

showed an affinity of ∼1 µM for HiSiaP (Figure 2-5 d). This rather low affinity fitted 

Figure 2-4: Analysis of 1:1 complex formation of VcSiaP and NbS001 and NbS002, respectively. 
a) SEC-MALS analysis of VcSiaP with NbS001 and NbS002. The x-axis shows the retention volume, 
the left y-axis the UV absorption at λ=280 nm and the right y-axis the experimentally determined 
molecular weight. The graphs are color coded according to the legend on the right-hand side and tiny 
pictograms further illustrate which peak belongs to which protein (-complex). b) ITC thermogram for 
the titration of NbS001 versus VcSiaP (top) and the resulting binding curve (bottom) the obtained 
thermodynamic values and the affinity are shown within the graph. c) same as b) but for NbS002. 
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the observation of a small peak shift in SEC as diffusion of the weak complex during gel 

filtration occurs in a higher degree than for a more stable one. 

 

To yield more nanobodies against HiSiaP, that hopefully also show higher binding 

affinities, a second immunization campaign was done using HiSiaP as antigen. The 

generation and selection as well as the expression and purification procedure were done 

in the same way as described for VcSiaP. However, the nanobody genes were provided 

within another expression vector with chloramphenicol resistance and a L(+) -Arabinose 

inducible promoter but yet contained an N-terminal pelB signal sequence and C-terminal 

His6 tag so that the expression and purification protocol did only contain minor changes 

(see Section 7.3.3.2). Two out of eight resulting VHHs (NbS004 - NbS011) could not be 

expressed and purified, namely NbS007 and NbS008. All others behaved similar as the 

previously described VHHs, but with higher variations within the overall yield (0.75 mg/l 

- 37 mg/l). SEC-MALS experiments showed significant peak shifts for all individual 1:1 

mixtures of the six VHHs with HiSiaP compared to the P-domain peak. Also, the 

molecular weight determination fitted quiet well to the calculated values for the  

Figure 2-5: Biochemical characterization of HiSiaP binding VHH antibody NbS003. 
a) SEC-MALS analysis of NbS004-NbS006 (top) and NbS009-NbS011 (bottom) and their individual 
1:1 complexes with HiSiaP. The x-axis shows the retention volume, the left y-axis the UV280 absorption 
and the right y-axis the molecular weight. The individual coloring of the curves is explained on the 
right-hand side. b) Hydrodynamic radii of the samples investigated in a) determined by DLS. The size 
in nm is shown on the x-axis, each dot represents one single measurement and the vertical lines the 
resulting mean value. c) Bar diagram of denaturation temperateures derived from nanoDSF 
experiments of HiSiaP (left) and VcSiaP (right), each without (-) and with (+) NbS003. The y-axis 
depicts the temperature in °C and results from two-sided t-tests are annotated above the bars 
(p=4.38*10-5 for HiSiaP, p=0.0599 for VcSiaP). The bar length describes the averaged temperature 
value from multiple individual experiments and the resulting standard deviation is given as error bars. 
d) ITC thermogram for the titration of NbS003 versus HiSiaP (top) and the resulting binding curve 
(bottom) the obtained thermodynamic values and the affinity are shown within the graph.  
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complexes (Figure 2-6 a). By isothermal titration calorimetry, all 1:1 complexes were 

characterized quantitatively, but only the data for NbS004 and NbS011 are depicted 

representatively (Figure 2-6 c, d). Details of all binding parameters are listed below. 

 
Table 2-1: Binding parameters of the 1:1 complex formation of SiaPs and their specific VHHs. 
Measurements which are denoted by a ‘*’ were only performed once, the given error was determined 
by the data analysis software. All other measurements were performed at least twice and the given 
error values correspond to the standard deviation. 

Experiment # sites 
N 

Error 
N 

KD 

[nM] 
Error 

KD 
ΔH 

[kcal/mol] 
Error 

ΔH 
-TΔS 

[kcal/mol*K] 
Error 
-TΔS 

VcSiaP vs 
NbS001 0.830 4.3e-2 162 24.8 -0.46 7.0e-2 -7.54 4.5e-1 

VcSiaP vs 
NbS002 

0.890 3.9e-3 13.0 2.31 -9.11 1.6e-1 -1.96 1.4e-1 

HiSiaP vs 
NbS003 

0.866 9.9e-3 965 305 -3.15 0.11 -5.80 0.38 

HiSiaP vs 
NbS004* 0.957 1.5e-3 2.66 1.24 -9.34 4.4e-2 -2.36  

HiSiaP vs 
NbS005* 0.745 1.1e-3 < 1 3.35 -14.5 6.0e-2 1.21  

HiSiaP vs 
NbS006* 0.842 5.6e-4 < 1 2.38 -21.8 5.3e-2 5.41  

HiSiaP vs 
NbS009* 0.789 1.7e-3 3.54 1.76 -14.5 9.2e-2 3.01  

HiSiaP vs 
NbS010* 

0.961 1.0e-3 7.49 5.82 -10.9 4.9e-2 -0.175  

HiSiaP vs 
NbS011* 0.903 1.8e-3 12.3 5.80 -14.4 9.2e-2 3.61  

 

All of the characterized VHHs bind with nanomolar, or lower affinities and enthalpy 

driven complex formation could be observed. To test the maximal possible amount of 

simultaneously bound VHHs a master mix consisting of all six expressible nanobodies 

and HiSiaP (1:1:1:1:1:1:1 molar ratio) was run for SEC-MALS analysis. This experiment 

showed a significantly earlier eluting peak compared to the 1:1 complexes and a MW of 

75 kDa suggesting three non-overlapping individual epitopes and a heterotetrameric 

complex (Figure 2-6 b). By running all possible heterotrimeric combinations, we found 

out, that NbS004-NbS006 and NbS010 could not bind at once but each of them in 

combination with NbS009 and NbS011 formed stable complexes indicated by a peak shift 

and increased molecular weight. NbS009 and NbS011 also showed this behavior when 

simultaneously run with HiSiaP. These observations were in line with a maximal 

tetrameric complex size suggesting individual binding epitopes for NbS009, NbS011 and 

the group of NbS004-NbS006 and NbS010. 

SEC-MALS analysis of VcSiaP specific nanobodies already suggested the presence of 

a heterotrimeric complex as explained (see Figure 2-4 a). To further demonstrate the 

existence of higher order complexes DLS, nano differential scanning fluorometry 

(nanoDSF) and ITC was used. The hydrodynamic radii of the antibody fragments alone 

could be determined to R(NbS001)=2.0 nm and R(NbS002)=2.1 nm and that of VcSiaP 

to R(VcSiaP)=2.5 nm. Heterodimeric complex formation resulted in significantly larger 
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particles (R(VcSiaP/NbS001)=3.2 nm, R(VcSiaP/NbS002)=3.1 nm) and a combination 

of all three proteins at 1:1:1 molar ratio exhibited a further increase radius of 3.8 nm 

(Figure 2-7 a). For the 1:1 complexes, a thermal stabilization of ΔT≈6 °C was observed 

in nanoDSF experiments compared to VcSiaP only. The stabilizing effect increased to 

ΔT≈16 °C when adding both nanobodies at once to VcSiaP (Figure 2-7 b). Calorimetric 

isothermal titration of NbS002 to VcSiaP preincubated with NbS001 finally proved that 

all three proteins form a thermodynamically stable 1:1:1 complex (Figure 2-7 c). 

In combination, the described experiments did not only exhibit the presence of 

interactions but further characterized them in terms of size, stability and revealed 

thermodynamic binding data. Furthermore, we could show that HiSiaP can be targeted 

by three - and VcSiaP by two VHHs at once (Figure 2-7 d). 

Figure 2-6: Biochemical analysis of HiSiaP–VHH complexes and determination of epitopes. 
a) SEC-MALS analysis of NbS004-NbS006 (top) and NbS009-NbS011 (bottom) and their individual 
1:1 complexes with HiSiaP. The x-axis shows the retention volume, the left y-axis the UV280 absorption 
and the right y-axis the molecular weight. The individual coloring of the curves is explained on the 
right-hand side. b) Same as a) but for investigation of 1:1:1 complexes and using a mastemix to specify 
the maximal complex size. c) ITC thermogram for the titration of NbS004 versus HiSiaP (top) and the 
resulting binding curve (bottom) the obtained thermodynamic values and the affinity are shown within 
the graph. d) same as c) but for NbS011. 
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2.1.3 Structural analysis of VcSiaP targeting VHHs 

To further understand the different properties of the VHHs and their antigen 

assemblies, crystallization experiments were performed. After 2 days of incubation at 

20 °C, single crystals of both different VcSiaP/VHH heterodimers were obtained and 

yielded diffraction data. The structures could be solved by molecular replacement 

(McCoy et al., 2007) at (2.64 Å VcSiaP/NbS001) and 2.05 Å (VcSiaP/NbS002) 

resolution using VcSiaP (PDB ID: 4mag (Setty et al., 2014)) and a BtuF specific VHH 

(PDB ID: 5ovw_H (Mireku et al., 2017)) as search models. All VcSiaP residues (1-299) 

could be detected within the electron density, whereas the C-terminal HA-His6 tag was 

not resolved. Both nanobodies were identified to bind to different concave surface regions 

located at the N-terminal lobe of the P-domain (Figure 2-8 a, b).  

The interaction interface of the VcSiaP/NbS001 structure was analyzed using the 

PDBePISA online tool (Krissinel & Henrick, 2007) and amounts to an area of 556.5 Å2. 

The most striking feature of the interface is the side chain W101 of NbS001, which lies 

flat on the VcSiaP surface and forms hydrophobic interactions with residues A24, L37, 

A38, and L39 of VcSiaP. In addition, NbS001 interacts with VcSiaP by polar interactions 

involving residues D116 (K21 (2.9 Å)), Q99 (Y17 (2.7 Å), K21 (2.4 Å)), R100 (E28 (2.6, 

Figure 2-7: Epitope binning experiments for VcSiaP nanobodies. 
a) Hydrodynamic radii of VcSiaP/VHH complexes determined by DLS. The size in nm is shown on the 
x-axis, each dot represents one single measurement and the vertical lines the resulting mean value. 
Small pictograms on the left-hand side visualize the sample contents (blue: NbS001, red: NbS002, 
green: VcSiaP). b) Thermal shift assays to investigate the effects of VHH-VcSiaP complex formation 
on the thermal denaturation of the proteins. The determined denaturation temperatures of different 
protein (-complexes) are depicted as bars. c) ITC measurement of NbS002 against a preincubated 
VcSiaP-NbS001 complex. The thermogram of the titration and the resulting binding curve are 
depicted. The resulting data are shown in the lower right corner. d) Pictograms of VcSiaP and HiSiaP, 
respectively, with the maximum number of VHH antibodies that ca be bound simultaneously.  
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3.3 Å)), W101 (D25 (2.9 Å)) T111 (V12 (2.9 Å) and T104 (Q44 (2.4 Å)) (see Figure 
2-8 d). Several hydrophobic interactions are also involved in the binding (Figure 2-8 e).  

The NbS002-VcSiaP structure has a slightly larger (+15%) interaction area of 

639.3 Å2. The interface is centered around F101 of the nanobody, which penetrates into 

a hydrophobic cluster at the surface of VcSiaP, formed by residues R49, Q53, W73, F112 

and W114 (Figure 2-8 d). A rotation of W73 forms a distinct pocket in the surface of 

VcSiaP. Also notable is a cation-π interaction between VcSiaP R49 and NbS002 W53 

with a distance of 3.6 Å. Further polar and ionic interactions were identified and are 

summarized in Figure 2-8 f. Interestingly, the NbS002/VcSiaP interface has fewer 

electrostatic and polar interactions than found for NbS001 despite the higher affinity and 

drastically larger binding enthalpy. 

Figure 2-8: Structural analysis of VcSiaP/VHH 1:1 complexes. 
a) Structural overview of the NbS001/VcSiaP complex. The proteins are shown as surface models in 
green (VcSiaP) and blue (NbS001), respectively. On the right-hand side, both proteins are rotated by 
90° against each other to visualize the interaction surface which is highlighted in the color of the 
respective binding partner. Magnifications of the two surface regions are shown as patches colored 
by their electrostatic surface potential. b) same as in a) but for the complex of VcSiaP (green) and 
NbS002 (red). c) Magnification of the interaction area. The surface of VcSiaP is shown in translucent 
gray. Both proteins are visualized as cartoon representation, and interacting side chains as stick 
model. All residues are labeled and bonds are indicated by dashed lines. The color scheme was 
adopted from a). d) Same as c) but for the VcSiaP/NbS002 complex. The colors are the same as in b). 
e) Detailed visualization of all direct interactions of the complex using LigPlot+ (Laskowski & 
Swindells, 2011) and the same colors as in c). Electrostatic interactions (black) and salt bridges (red) 
are indicated by dashed lines and the respective bond lengths are given in Ångström (Å). Residues 
that undergo hydrophobic interactions are labeled in one letter code and their orientation is depicted. 
f) LigPlot+ figure of the VcSiaP/NbS002 complex analogous to e). 
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2.1.3.1    Investigating the heterotrimeric complex of VcSiaP and its VHHs 

To structurally verify the presence of a heterotrimeric complex of VcSiaP and both 

nanobodies, crystallization with a 1:1:1 mixture of the three proteins was performed. 

After optimizing the expression vector to yield a VHH construct with a TEV protease 

cleavable N-terminal His6 tag, crystallization was successful. The resulting crystal 

structure was solved at 2.28 Å resolution by molecular replacement (McCoy et al., 2007) 

using the individual structures as search models. Conspicuously, the structure revealed an 

interesting crystal packing. Upon homodimer formation of the heterotrimer within the 

asymmetric unit, NbS001 (NbS001-2) bound to one P-domain (VcSiaP-2), was squeezed 

in between NbS001 (NbS001-1) and NbS002 (NbS002-1) bound to the other SBP 

(VcSiaP-1) (Figure 2-9). This phenomenon resulted in a slightly shifted orientation of 

NbS001 on the VcSiaP surface compared to the heterodimeric VcSiaP/NbS001 structure 

(Figure 2-9 c). Whereas the overall fold of NbS001 remains mostly unaffected by the 

crystal packing and thus, the VHH structure in the heterotrimeric 

VcSiaP/NbS001/NbS002 complex aligns with a r.m.s.d of 0.369 (over 116 Cα atoms) 

onto the VHH from the heterodimer VcSiaP/NbS001 complex. VcSiaP/NbS001/NbS002 

complex 1 showed intermolecular interactions to NbS001-2 of the second 

complexNbS001 (Figure 2-9 b). NbS002-1 and NbS001-2 share an H-bond in between 

A56 and R19 and several hydrophobic interactions involving NbS002-1 residues N57, 

S58, Y59, Y60, A65 and G66 and NbS001-2 residues V5, E6, S7, G8, S17 and L18. 

NbS001-1 and NbS001-2 interact via H-bond in between T58 and T58, as well as between 

K65 and Y60, D62. Additional hydrophobic interactions were observed between 

NbS001-1 residues D55, G56, S57, Y60 and D62 and NbS001-2 residues D55, G56, S57 

and K65. Interestingly, the two NbS001 proteins formed complementary interactions, 

since both shared an identical interaction surface. As the only possible connection 

between NbS001-2 and VcSiaP-1 a 3.1 Å distant H-bond was identified. However, if the 

formation of a dimer of the trimeric subcomplex is just a crystal packing artefact, or does 

also exist, at least partially, in solution could not clearly been identified.  
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Figure 2-9: Structural analysis of the heterotrimeric VcSiaP/NbS001/NbS002 complex. 
a) Overview of the crystallographic homodimeric complex of the VcSiaP/NbS001/NbS002 
heterotrimer depicted from different view angles rotated by 45° as indicated. b) Visualization of the 
interactions between two different subcomplexes. Interacting residues are shown as sticks and are 
labeled in a magnificated image patch. c) Comparison of the tertiary structure of NbS001 (blue) from 
the homodimeric complex structure and the individual VHH/SBP structure (magenta and  annotated 
by a “*”) elucidated before. The general color coding of the whole figure was kept consistent: VcSiaP 
(green), NbS001 (blue), NbS002 (red) with differentiating subcomplex 1 (dark shades) and 
subcomplex 2 (lighter shades), exceptions are indicated. 
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2.2  VHHs inhibit Neu5Ac binding by SiaP 

For mechanistical studies of the substrate binding protein, SiaP, identification of a 

nanobody that affect the substrate binding would be of high interest. Despite the 

knowledge that VcSiaP targeting VHHs bind to epitopes distant from the substrate 

binding cleft, the effect of sialic acid on the binding behavior of the nanobodies, and vice 

versa, was investigated. The characteristic conformational rearrangement of the TRAP 

transporter P-domain (Berntsson et al., 2010; Glaenzer et al., 2017; Peter et al., 2021) 

could affect the surface morphology and thus, result in alterations within the interaction 

areas. Two different sets of ITC experiments were performed to analyze this. In the first 

set, VcSiaP was loaded with sialic acid VcSiaP[Neu5Ac] and then titrated with either 

NbS001 or NbS002 (Figure 2-10 a). For this type of experiment, one could imagine three 

different results: either the VHH binds (i) or does not bind to VcSiaPholo (ii), or the 

competitive one, where binding of the VHH leads to a release of sialic acid from the 

binding site (iii). In the second set of experiments, the SBP was preincubated with one of 

the VHHs and then titrated with Neu5Ac (Figure 2-10 b). Similar scenarios as described 

for the first experiment set would be possible (see Figure 2-10 b (i-iii)). All experiments 

were also done utilizing HiSiaP and its specific set of VHHs, NbS004-NbS011. In the 

most cases no effect of sialic acid on the nanobody binding was observed (scenario “a) i” 

or “b) i” shown in Figure 2-10) except for NbS002 and NbS011. However, since only 

VcSiaP/VHH complexes were studied structurally, only results for VcSiaP specific 

VHHs will be shown in detail in the following. 

Figure 2-10: Visualization of ITC experiments to analyze VHH binding in presence of sialic acid. 
a) VcSiaP (green) was loaded with Neu5Ac (yellow), the resulting complex, VcSiaP[Neu5Ac] was 
then titrated with a VHH. Three different imaginable scenarios are depicted on the right-hand side (i-
iii) b) Same as in a) but to investigate the effect of preincubation of SiaP with one of the VHHs onto a 
subsequent titration with sialic acid. Again three different scenarios are diplayed (i-iii). 



Results Part I 

 38 

2.2.1 Allosteric inhibition of VcSiaP substrate binding by NbS002 

While preincubation of VcSiaP with NbS001 did not affect the substrate binding of 

the SBP (Figure 2-11 a), the VcSiaP/NbS002 complex was unable to bind sialic acid 

(Figure 2-11 b). To test if the inhibitory effect was exclusively caused by the antibody 

fragment, another experiment was done where VcSiaP was mixed with NbS002 in a 1:0.5 

molar ratio previously to the titration experiment. Strikingly, this resulted in the same 

inhibition, but the half of all available SBP (which was not complexed with VHH) showed 

binding to Neu5Ac reflected by an inflection point of the binding isotherm at a molar 

ratio of ∼0.5	(Figure 2-11 b brown dashed line).  

The observation, that NbS001 does not affect substrate binding could also be validated 

by structural analysis. Crystallization trials of the VcSiaP[Neu5Ac]/NbS001 complex 

were successful and the structure could be solved at 1.96 Å resolution by molecular 

replacement (McCoy	et	al.,	2007) using sialic acid bound VcSiaP (PDB ID: 7a5q (Peter 

et al., 2021)) and the previously shown structure of NbS001 as search models. 

Comparison of that structure to the structures of VcSiaPholo and of the previously shown 

VcSiaP/NbS001 complex did not show significant changes in neither the coordination of 

sialic acid (Figure 9-1 a), nor the interactions between the SBP and its VHH (Figure 
9-1 b). A detailed look into the conformational rearrangements by MtsslWizard 

(Hagelueken et al., 2012) did also reveal no changes in the C-α movement (Figure 9-1 c).  

To test whether the second VcSiaP specific VHH can only bind to the P-domain by 

inducing a conformational change to the open state, different experiments with a double 

cysteine mutant of VcSiaP were conducted. This mutant can be locked in the substrate 

bound state upon formation of a disulfide bond bridging the N-terminal and C-terminal 

lobe at the upper rim of the substrate binding cleft. A proof of function of this method 

utilizing HiSiaP was recently published by our group (Peter et al., 2024). First, analytical 

size exclusion chromatography was conducted to quickly get an overview on the 

conformer specificity of VHH binding. As expected, NbS001 binding was not dependent 

Figure 2-11: Substrate binding of VcSiaP is inhibited by preincubation with NbS002. 
a) ITC result from the titration of Neu5Ac to VcSiaP[NbS001]. The upper part shows the thermogram 
with the differential power on the ordinate and the experiment time on the abscissa. The lower part 
contains the integrated values fitted by the binding isotherm with the enthalpy (ΔH) on the y-axis and 
the molar ratio on the x-axis. b) Same as in a) but for the titration of Neu5Ac to VcSiaP[NbS002]. An 
additional experiment with preincubation of VcSiaP with 0.5x VHH was included. The different 
graphs were observed by individual measurements. Information on which graph refers to which 
experiment can be found in the corresponding legend. The same binding curve of sialic acid to VcSiaP 
was included in both graphs as reference. 
 



VHHs inhibit Neu5Ac binding by SiaP 

 39 

on the conformational state of SiaP and a peak shift for VcSiaP and VcSiaP S14C/T192C 

(VcSiaP CC) could be observed. For NbS002, addition of VcSiaP led to a peak shift while 

preincubation with VcSiaP CC gave rise to a double peak. The retention volume of the 

earlier eluting peak was comparable to that of the heterodimeric complex and the second 

peak corresponded to free VcSiaP. For a sample containing both VHHs and VcSiaP CC 

a peak referring to the 1:1 complex with a shoulder towards lower retention volumes was 

observed (Figure 2-12 a). A consecutive ITC experiment verified in the first titration 

(Neu5Ac vs VcSiaP and VcSiaP S14C/T192C (VcSiaP CC), respectively) that the double 

cysteine mutant could not bind further sialic acid after preincubation with the sugar and 

subsequent oxidation with H2O2 to force disulfide bond formation (VcSiaP CC*). Wild 

type VcSiaP in turn behaved as expected and bound Neu5Ac. Subsequently, 36.4 µl from 

the sample cell were taken out (this equals the volume that have been added during the 

titration) and the remaining volume was used for a second titration experiment with 

NbS002. For wild-type VcSiaP, a binding curve was observed that could be fitted by a 

competitive reaction model (Figure 2-12 b, red). VcSiaP CC* in turn, did not reveal 

significant alterations in the peak heights resulting from ligand injections and thus, 

Figure 2-12: Allosteric inhibition by preventing conformational changes. 
a) Analytical SEC data showing that the formation of the NbS002/VcSiaP complex is dependent on 
the conformational state of the P-domain. UV280 absorbance is shown on the y-axis and the retention 
volume on the abscissa. Results from multiple seperate gel filtration runs are included, the color 
coding is explained in the legend above the graph. b) ITC thermograms of two independent 
experiments (top) and the corresponding binding curves (bottom). One experiment utilized wild type 
VcSiaP bound to sialic acid and the other one VcSiaP S14C/T192C trapped in its closed conformation. 
c) Structural overview of the surface cavity of VcSiaP intruded by F101 of NbS002. The structures of 
VcSiaP in its substrate free (orange, 4mag) and -bound (magenta, 7a5q) state were aligned onto the 
VHH bound structure (green, red). Interesting side chains are shown as sticks and labeled. The left- 
hand view and that on the right side are rotated by 45° as indicated.  
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showed no binding to NbS002 (Figure 2-12 b, gray). Taken together, these results 

demonstrated that for a competitive binding of NbS002 towards VcSiaP[Neu5Ac] the 

opening of the P-domain needs to be induced. We wondered what mechanism causes the 

allosteric inhibition and forces the SBP to adopt its open conformation. To study this, the 

structures of the P-domain in its different conformations were aligned to that of 

VcSiaP/NbS002. Figure 2-12 c shows the surface cavity of VcSiaP intruded by F101 of 

the VHH. The comparison of the surrounding residues protruded tryptophane at position 

73 (W73) that undergoes a minor but yet distinct conformational rearrangement during 

the closing movement. This motion might lead to a tightening of the cavity that in turn 

makes it unsuitable for F101 of the nanobody. The crucial role of F101 for the antigen 

binding could be demonstrated by gel filtration of an F to A mutant of the nanobody 

together with VcSiaP, both proteins eluted individually. However, a strongly weakened 

interaction disqualified this mutant for further mechanistical analyses. 

 

2.2.2 Tryptophane 73 of VcSiaP plays a key role in the allosteric inhibition by NbS002 

To check, whether the altered conformation of W73 is indeed key to the allosteric 

inhibition, we mutated the tryptophane to an alanine, with the intention to create more 

space and allow the structural transition in the presence of NbS002. The protein behaved 

as the wild type during the whole expression and purification process and was still 

recognized by the VHH albeit with a slightly reduced affinity (∼40 nM for mutant vs 

13 nM for WT). And indeed, an initial thermal shift assay demonstrated, that the sialic 

acid induced thermal stabilization of VcSiaP could be recovered using the mutant bound 

to NbS002, while wild type VcSiaP could not be stabilized by sialic acid in presence of 

the nanobody. The stabilizing effect of Neu5Ac was not affected by NbS001 (Figure 
2-13 a). Furthermore, binding analysis by ITC showed a clear binding curve for the 

titration of Neu5Ac to VcSiaP[NbS002] (Figure 2-13 a). However, a weaker binding 

affinity compared to the binding of sialic acid to VcSiaP WT was observed.  

Figure 2-13: VcSiaP mutant W73A is able to bind Neu5Ac in presence of NbS002. 
a) Bar diagram of the thermal stabilization of VcSiaP and its VHH complexes by sialic acid. The 
temperature difference between VcSiaPholo and VcSiaPapo is denoted on the y-axis and the sample 
composition on the x-axis. b) ITC result from the titration of Neu5Ac to VcSiaPW73A[NbS002] (orange). 
The upper part shows the thermogram with the differential power on the ordinate and the experiment 
time on the abscissa. The lower part contains the integrated values fitted by the binding isotherm with 
the enthalpy (ΔH) on the y-axis and the molar ratio on the x-axis. Titrations of Neu5Ac vs VcSiaP 
(gray) and VcSiaPWT[NbS002] (black), respectively, were included as references. 
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To further characterize the competitive binding effect that has been observed when 

VcSiaP[Neu5Ac] was titrated with NbS002, a sequential titration experiment was 

designed. Since previous data did not explicitly show if sialic acid is repelled from the 

substrate binding site upon VHH binding we aimed to sense free sialic acid in solution 

after the experiment. Therefore, a first titration added sialic acid to the P-domain (Figure 
2-14 i), followed by calorimetrically controlled injections of NbS002 to the SBP/substrate 

complex (Figure 2-14 ii). In the last step, titration of HiSiaP to the solution would lead 

to a binding of sialic acid. The total amount of sialic acid that is available for HiSiaP 

should yield information if VHH binding released the sugar from VcSiaP (Figure 
2-14 iii). In practice. this procedure was performed using wild type VcSiaP and VcSiaP 

W73A, respectively, in independent experiments. During the first part, an almost identical 

binding behavior of wild type and mutant towards Neu5Ac was observed (Figure 
2-15 a, d). Addition of VHH to the complex of SBP and its natural substrate led to the 

characteristic competitive effect in the case of wild type protein (Figure 2-15 b). For the 

mutant, this step resulted in a binding curve comparable to that of NbS002 to substrate 

free VcSiaP (Figure 2-15 e). During the subsequent titration of HiSiaP to the solution, 

binding of sialic acid to that closely related P-domain was observed for both the 

experimental setup using VcSiaP WT and VcSiaP W73A. Stinkingly, the inflection point 

of the binding curve was significantly shifted in terms of its molar ratio. While HiSiaP 

was able to bind Neu5Ac in a molar ratio of 1.7-2.0 for the wild type approach (Figure 
2-15 c), only about one half of the sialic acid amount could be detected when VcSiaP 

W73A was utilized (Figure 2-15 f). Meaning that upon addition of NbS002, sialic acid 

remains bound for the mutant while it was released from the binding pocket of the wild 

type protein. 

 

 

Figure 2-14: Schematic representation of the events during the sequential ITC analysis. 
a) The first scenario includes binding of sialic acid to VcSiaP (i) and binding of NbS002 towards the 
preformed complex (ii). Upon binding of NbS002, Neu5Ac is released from the substrate binding site 
and can be bound by HiSiaP in the next titration step (iii). b) The second scenario includes the same 
experimental steps as in a). However, is binding of NbS002 to VcSiaP[Neu5Ac] did not result in a 
release of sialic acid from the binding site, titration of HiSiaP in the last step would not result in sialic 
acid binding (iii). Note, that in the real experiment all titrants were added in a ∼2-fold excess, thus, 
sialic acid will be detected in the last step of both scenarios, but the molar ratio would differ 
significantly. 
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2.2.2.1    Structure data prove the recovery of conformational flexibility in VcSIaPW73A 

Biochemical analysis not only demonstrated the importance of the hydrophobic 

surface cavity for the conformational flexibility of the sialic acid TRAP transporter P-

domain, but also showed that the allosteric inhibition induced by VHH binding to VcSiaP 

Figure 2-15: Results from sequential ITC analysis of wild type VcSiaP and W73A. 
a) - c) Results from the individual titrations of the sequential ITC experiment using wild type VcSiaP 
as indicated inside the graphs For the thermogram, the differential power was plotted against the 
experiment time. The resulting binding isotherm is shown below, with the enthalpy (ΔH) on the y-axis 
and the molar ratio on the x-axis. The black and orange curves depict the data of two individual 
replicates. d)-f) The same as a)-c) but for the titration series using VcSiaP W73A. The individual 
titration experiments are explained in the schematic representation in Figure 2-14. 
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could be neglected by reducing the steric strength inside the pocket of the SBP. To 

provide structural evidence that the W73A mutant of VcSiaP can bind sialic acid and 

undergo the substrate-induced conformational rearrangement even in complex with 

NbS002, X-ray crystallography was once again used. After several attempts, the protein 

complex crystallized with a 5-fold excess of sialic acid after more than 30 days of 

incubation at 20 °C (ProPlex G3 (Molecular Dimension)). Although the crystal was 

heavily intergrown (Figure 2-16 a), it was possible to collect acceptable diffraction data, 

and the structure was solved at a resolution of 2.8 Å. By molecular replacement, using 

the structure of holo VcSiaP (PDB ID: 7a5q) and the previously shown structure of 

NbS002 as search models, a structural model was obtained that contains 12 times the 

heterodimeric VHH-P-domain complex within the asymmetric unit (Figure 2-16 b). 

Nonetheless, in each SBP, sialic acid could be modeled into electron density within the 

substrate binding cleft. Compared to the VcSiaP[NbS002] structure described in 

Section 2.1.3, the sialic acid induced conformational change of the P-domain was clearly 

visible (Figure 2-16 c). While NbS002 prevented the closing mechanism of wild type 

VcSiaP, mutation of tryptophane 73 to alanine, indeed fully recovered the ability to 

undergo the conformational rearrangement by reducing the steric strength. Even though 

the VHH was still bound at the same position as observed for the apo structure, all 

residues rearranged in the same way as observed for VcSiaP in absence of NbS002. 

Figure 2-16 d shows a difference distance map to visualize the conformational 

rearrangement of the individual residues. The upper-left triangle shows the result of the 

comparison for apo and holo VcSiaP in absence of VHH (PDB ID: 4mag, 7a5q) and the 

lower-right part shows the same but using VcSiaPW73A[Neu5Ac/NbS002] as holo 

structure. Obviously, both triangles look the same, and thus the same residues move in 

the same manner. The structure clearly demonstrated that upon decreasing the steric 

strength, the helices αC and αD are no longer prevented from moving inwards when 

NbS002 is bound to the SBP (Figure 2-16 e, f). Taken together, the biochemical and 

structural investigation demonstrated the importance of W73 in the allosteric inhibition 

of the sialic acid TRAP-transporter SBP from V. cholerae by the VHH antibody, NbS002. 
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Figure 2-16: Structural analysis of VcSiaPW73A bound to sialic acid and NbS002. 
a) Image of the protein complex crystal taken after 48 days of incubation at 20 °C. A magnification is 
shown on the right-hand side. b) Overview on the asymmetric unit of the structure showing all 24 
protein chains (colored by chain). For each P-domain, sialic acid (magenta ball and stick model) 
could be modeled into the electron density. Loops were smoothened to improve the visibility.  
c) Superposition of chains A and B of the VcSiaPW73A[Neu5Ac/NbS002] structure (magenta, cyan) 
onto the VcSiaPWT[NbS002] structure (green, red) to visualize the conformational changes.  
d) Comparison of the conformational changes between apo VcSiaP (PDB ID: 4mag) and holo VcSiaP 
(PDB ID: 7a5q) or VcSiaPW73A[Neu5Ac/NbS002]. The difference distance matrices were generated 
with MtsslWizard (Hagelueken et al., 2012). e) Magnified view on the VHH binding region with 
superpositions of the structures mentioned above. f) Same as in c) but showing details of the VHH 
binding region to highlight the conformational changes of helices αC and αD. The color coding of 
panels c), e) and f) are kept consistent and are explained in the legend.  
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3. Discussion Part I 
3.1  Similarities and differences between the presented VHH antibodies 

 

3.1.1 Comparison of the characterized VHHs based on their sequence 

After two individual immunizations of two different alpacas (Vicugna pacos) with the 

P-domain of the sialic acid TRAP transporter from either Vibrio cholerae (VcSiaP) or 

Haemophilus influenzae (HiSiaP), a total of 11 VHH antibodies was selected. Two of 

these VHHs target VcSiaP and nine are HiSiaP specific binders. A high overall sequence 

conservation (65-81 %) was observed (see Figure 2-2 b). The most conserved regions 

are the framework regions that make up the backbone structure (Muyldermans, 2013) 

while the CDRs are highly variable among the different antibodies  

(see Figure 2-2 b). Interestingly, NbS003 and NbS005, which are both HiSiaP specific 

but were obtained from the two different libraries, share the highest sequence identity. 

Unfortunately, the high variance in the CDRs does not allow prediction of antigen 

specificity, nor whether overlapping or exclusive epitopes are being targeted. However, 

these observations demonstrate the importance of shape complementarity at the structural 

level (Akiba et al., 2019) rather than sequence complementarity. Inspecting the sequences 

of the framework regions reveals that the non-expressable VHHs (NbS007 and NbS008) 

contain destabilizing amino acid substitutions, such as an M to I substitution at position 

34 (Dingus et al., 2022). The two VcSiaP specific VHHs are very similar in their 

backbone sequences with NbS002 having an unfavorable substitution (S58 instead of 

T58) which explains their similar stabilities and the slightly lower expression yields for 

NbS002. The variance within the framework composition of the HiSiaP specific antibody 

fragments is significantly higher, which is in line with the very different expression yields 

observed. It is puzzling that NbS003 binds only HiSiaP but not VcSiaP, although it was 

derived from the library obtained by the immunization with VcSiaP. Identification of this 

VHH was most likely a coincidence and the underlying immunoglobulin was a 

dysfunctional result of the complex antibody diversification process of the immune 

system (Alberts et al., 2002; Püschel et al., 2011), or even a functional antibody against a 

completely different target. As the antigen affinity is varying dependent on the stage of 

selection and maturation of the antibody during the immune response, NbS003 was most 

likely a result of an early stage and did not pass the affinity maturation process (Frank, 

2002; Lavoie et al., 1999). The high specificity of antibodies against their distinct antigens 

seems to prevent cross-reactivity even for structurally similar homologs (50.17 % 

sequence identity between VcSiaP and HiSiaP). Considering the large repertoire of 

antibodies in the mammalian body it is astonishing that additional selectivity to host 

antigens is rather rare. Such phenomena of cross-reactivity or polyspecificity would in 

turn be impaired with autoimmune reactions (Keitel et al., 1997; Levin et al., 2002). 

Unfortunately, this seems to preclude the approach of re-panning an existing VHH library 

for specific binders against a similar protein. On the other hand, it was reported that 

antibodies raised against a particular epitope can sometimes bind to mutated epitopes with 

higher affinity and can even bind more strongly to related antigens (Van Regenmortel, 

1998). 
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3.1.2 Comparing VcSiaP specific VHHs on a structural basis 

The detailed structural analysis of VcSiaP bound to one of its specific VHH antibodies, 

revealed relatively small surface areas of interaction (557 Å2 and 639 Å2 for NbS001 and 

NbS002, respectively (Krissinel & Henrick, 2007)) compared to reports on VHH covered 

surface areas of 850 Å2 to 1150 Å2 (Desmyter et al., 2002). Nevertheless, high affinity 

binding in the nanomolar range could be shown (see Figure 2-4). For NbS002, a CDR3-

stabilizing salt bridge was observed between residue D99 and R106 (Figure 3-1 a) which 

is similar to that described by Chien et al. to be crucial for the VHH stability (Chien et 

al., 1989). Interestingly, NbS001 lacks such a salt bridge, but rather the CDR3 region 

seems to be stabilized by partially folding into an α-helix that lies on the β-sheet backbone 

(Figure 3-1 b). But since antigen-binding affects the structural organization of the CDR 

loops, discussing the inherent stability of VHHs based on complex structures alone might 

not be an ideal approach. 

Both nanobodies bind to concave surface sites matching reports on shape-

complementary antigen recognition by VHH antibodies (see Figure 2-8) (Akiba et al., 

2019). The binding epitopes targeted by both of the antibodies are of discontinuous 

nature, meaning that no primary sequence motif is recognized but rather the tertiary 

structure is essential to build up the three-dimensional epitope (Benjamin et al., 1984). 

Epitopes of that type are often more unique and less tolerant to mutations within the 

roughly 15 residues that build up the surface region (Benjamin & Perdue, 1996). The 

resulting interaction is more resistant to competitive effects by small peptide sequences 

as the probability for the peptide to attack in the right conformation is comparably low 

and thus, peptides normally need to be present in a large excess to increase this probability 

(Hodges et al., 1988; Keitel et al., 1997).  

 

Figure 3-1: Different types of stabilization for the CDR3 region of VcSiaP specific Nanobodies. 
a) The crystal structure of NbS002 reveals a salt bridge between CDR3 residues D99 and R106. The 
bond lengths are given in Ångström. b) In the crystal structure of NbS001, no interaction between the 
residues in this position was observed, but the CDR3 partially folds into an α-helix that lies flat on the 
β-sheet backbone of the VHH.   
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3.2  Biochemical and structural analyses of the VcSiaP/NbS001/NbS002 complex 

The structural analysis of VcSiaP specific VHH antibodies, NbS001 and NbS002, is 

consistent with the results of the biochemical characterization. Both VHHs bind to 

individual epitopes and binding of one does not interfere with binding of the other one 

(see Figure 2-7). For the heterotrimeric complex of both VHHs and their antigen, VcSiaP, 

the presented analyses show evidence for an existing homodimer, so does the crystal 

structure. The hydrodynamic radius was observed to be slightly larger than expected 

(Rcalc=3.44 nm, Robs=3.78 nm) but did not reach the calculated value for a dimer of the 

heterotrimeric complex (Rcalc,dim=4.39 nm) (Fleming & Fleming, 2018) (see Figure 2-7 
a). The thermal stabilization of VcSiaP in complex with both VHHs was determined to 

ΔT[NbS001 & NbS002]=16 °C which is more than twice the stabilizing effect of one single 

VHH (ΔT[NbS001 / NbS002]≈6 °C).  

The described observations could be explained by a weak interaction between two 

VcSiaP[NbS001, NbS002] complexes (see Figure 2-7 b). The crystal structure of the 

complex reveals such interactions in between NbS001-1 and NbS001-2 

(Ainterface≈300 Å2), NbS002-1 and NbS001-2 (Ainterface≈318 Å2), and VcSiaP-1 and 

NbS001-2 (Ainterface≈70 Å2) (Krissinel & Henrick, 2007) (Figure 3-2 and Figure 2-9). 

Even though the total interface area of Atotal≈688 Å2 is of the same range as the stable 

direct antibody antigen interaction interfaces, the described dimer interface is most likely 

a crystal packing artefact (Janin & Rodier, 1995) or at least a weak interaction with an 

affinity weaker than KD=1 mM, as no evidence for a stable complex in solution was 

observed during SEC-MALS analysis (Stevens & Schiffer, 1981) (see Figure 2-4 a). The 

slightly increased radius in DLS experiments might be explained by such a weak dimeric 

assembly of the heterotrimeric complex, but neither biochemical data, nor the structural 

data are sufficient to state the existence of such a complex in solution. 

 

  

Figure 3-2: Overview on the dimeric assembly of the VcSiaP[NbS001, NbS002] complex. 
Homodimeric assembly of the heterotrimeric VcSiaP[NbS001, NbS002] could explain an increased 
hydrodynamic radius and a high thermal stability. However, this complex may result from crystal 
packing artifacts and has not been unambiguosly proven in solution. For more details on this crystal 
structure see Figure 2-9. 
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3.3  Mechanistical relevance of the identified conformation-specific surface cavities   

Conformation-specific surface cavities, as the one targeted by NbS002, do not only 

exhibit a potential for drug design, but also highlight the fragile interplay of multiple 

residues during the conformational rearrangement of TRAP transporter P-domains upon 

substrate binding (Glaenzer et al., 2017; Peter et al., 2021). We could show that binding 

of NbS002 to VcSiaP and insertion of a phenylalanine residue into this cavity leads to a 

release of sialic acid from the high affinity binding site. By mutating W73 of VcSiaP to 

an alanine, the steric pressure could be reduced which resulted in a loss of this allosteric 

push-to-open mechanism. Modeling the tripartite PQM-complex, based on experimental 

structures of the TRAP transporter membrane domains, revealed an interesting 

periplasmic loop of the Q-domain (J. S. Davies et al., 2023; Peter, Ruland, et al., 2022). 

This mainly hydrophobic loop contains conserved phenylalanine residues in close 

proximity to the hydrophobic cavity where NbS002 binds to (Figure 3-3). This 

observation could be a hint towards an allosteric mechanism to ‘crack up’ the shell-like 

substrate bound P-domain once it binds to the transporter QM-domains. Mechanisms to 

allosterically induce conformational changes by steric pressure have not been reported 

for SBP-dependent transporters, but are known to activate ion channels (Kapsalis et al., 

2019; Y. Wang et al., 2021), and also from a G-protein-coupled receptor (GPCRs) where 

agonist binding pushes against specific residues to cause conformational changes in the 

ligand binding pocket (Katritch & Abagyan, 2011). A push-to-open mechanism would 

not exclude but rather support an allosteric basis of substrate hand-over by forcing a 

conformational rearrangement that leads to a decreased affinity of the SBP towards its 

substrate (Marinelli et al., 2011). In this case, the upwards motion of the elevator 

subdomain forces the bound P-domain to open and release the substrate into the 

membrane translocation channel (Peter, Ruland, et al., 2022; Peter et al., 2024). As the 

SBP-substrate interaction is of high affinity and the enthalpic contribution to the binding 

process is quite large (ΔH(VcSiaP)=10.8 kJ*mol-1*K-1, ΔH(HiSiaP)=18.7 kJ*mol-1*K-1), 

‘cracking up’ the P-domain just by the upwards movement of the elevator would most 

likely be energy intensive. A cooperative effect of the elevator motion and a push-to-open 

mechanism could drastically decrease the energy consumption of the transport process. 

The existence of such a process might explain why evolution did not yield an ultimate 

binder, as we were able to increase the substrate affinity of VcSiaP by mutating W73 to 

an alanine side chain. Highlighting the fragile interplay between optimized affinity and 

selectivity for substrate uptake and the need of an energetically efficient substrate release 

mechanism. 

 

 

 

 

Figure 3-3: Structural modelling reveals a hydrophobic loop next to the NbS002 binding site. 
a) Model of the tripartite SiaPQM complex from Vibrio cholerae. The model was built up from 
AlphaFold2 predictions and experimental structures. The binding area of VHHVcP #2 is indicated 
and labelled. The Q (teal) and M(red) transmembrane domains are depicted as cartoon model and the 
P-domain is shown as surface representation. On the right-hand-side, a magnification of the region 
of interest is shown and the highlighted amino acid residues are labeled. b) – d) Same as a) but for 
the tripartite SiaPQM complex from Haemophilus influenzae (b), Photobacterium profundum (c), and 
Pasteurella multocida (d), respectively. e) Sequence logo to visualize the hydrophobic loop of the Q-
domain that is conserved among sialic acid TRAP transporters and includes the conserved 
phenylalanine residue 118 (111 in HiSiaQ). This image is an excerpt from (Peter, Ruland, et al., 2022) 
and was created with WebLogo (Crooks et al., 2004). 
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The importance of an interaction between P-domain and QM was demonstrated by in 
vivo transport assays showing decreased cell growth for mutants in the potential P–QM 

interface (Peter, Ruland, et al., 2022). This study also investigated the role of the 

conserved Q-loop phenylalanine (F118 in VcSiaQ, F111 in HiSiaQM) but did not reveal 

any effects for a Phe to Ala mutant. But it should be noted that these in vivo experiments 

are not well suited to characterize subtle effects. Even P-domain mutants that showed no 

sialic acid binding in biochemical experiments (Fischer et al., 2015), did not abolish 

bacterial growth (Peter, Ruland, et al., 2022). On the other hand, these observations might 

be a hint, that blocking the interaction could be more efficient than inhibiting substrate 

binding by the SBP. The essential role of membrane transporter proteins, which represent 

a bottleneck in many cellular processes, is reflected in the fact that numerous drugs target 

such proteins (“Cellular Gatekeepers,” 2016; Overington et al., 2006). 

Although the current state of research does not allow to definitively propose 

mechanistic details, the observations discussed could affect the proposed elevator 

mechanism (Peter, Ruland, et al., 2022) in the following ways. When the substrate-bound 

SBP binds to the transmembrane domains, the partially conserved Q-domain loop binds 

to the allosteric pocket (Figure 3-4 a). This interaction forces the P-domain to open 

(Figure 3-4 b), weakening the substrate affinity (Figure 3-4 c) and decreasing the energy 

to move the elevator upwards (Figure 3-4 d). 

 

3.4  Conformation-specific cavities as starting point for drug discovery 

 

The detailed characterization of the P-domain interactions with specific VHH 

antibodies demonstrated the importance of concave surface areas for the open-closed 

transition of the SBP. Simultaneously, the identified surface cavities were found to be 

capable of binding molecules of the size of amino acid residues. The surface cavity 

targeted by NbS002 could be detected by in silico methods (Hussein et al., 2015; S. Wang 

Figure 3-4: Elevator mechanism including an allosterical triggered SBP opening mechanism. 
The substrate-bound P-domain (red) binds to the QM-domains (blue, orange) and the partially 
conserved Q-domain loop binds to the allosteric pocket of the SBP (a). This interaction allosterically 
triggers the opening of the P-domain (b), simultaneously weakens the substrate affinity (c) and 
decreases the energy needed for the elevator upwards-movement (d). 
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et al., 2023; Xu et al., 2018) only for the open state structure of VcSiaP (PDB ID: 4mag, 

(Setty et al., 2014)) but not the closed conformation (PDB ID: 7a5q (Peter et al., 2021)). 

The NbS001 binding site was not predicted, neither for the closed- nor for the open 

conformation. This approach yielded several further surface cavities that could be 

potential binding sites for small molecule compounds (Figure 3-5). Some of them were 

found for both conformational states (B/B’, E/E’, G/G’, and H/H’) but the absolute 

geometry and size varied. The potential small molecule binding sites that were predicted 

for one conformational state exclusively might be of special interest, as they potentially 

inhibit the open-closed transition in a similar way as NbS002. 

The design and identification of small molecules that specifically target surface 

cavities as those described above could be addressed by fragment-based drug design 

(FBDD). This screening technique has grown constantly within the last 20 years to 

become a frequently used alternative to traditional screening of compound libraries 

(Erlanson et al., 2016). To get a handle on the huge estimated number of more than 1060 

possible drug-like molecules (Bohacek et al., 1996) traditional compound libraries are 

often coupled to high-throughput screening (HTS) techniques (Erlanson et al., 2016). On 

the other hand, fragment libraries that cover a similar chemical space can be orders of 

magnitude smaller. This beneficial characteristic is a result of the idea that not drug-sized 

molecules are screened to identify lead compounds, but smaller molecules with fewer 

atoms (typically less than 15 non-hydrogen atoms) and functional groups (a maximum of 

Figure 3-5: Overview of predicted druggable surface cavities of VcSiaP. 
a) Predicted druggable surface cavities of VcSiaP in its open conformation (labelled A-H) mapped 
onto the surface representation of the structure (PDB ID: 4mag). The two view angles are rotated by 
180° as indicated. For the top view (upper image), the regions that interact with the two VHHs are 
indicated and the position of the substrate binding site is annotated. b) Surface cavities that are 
potentially druggable of VcSiaP in its substrate-bound conformation mapped onto the surface 
representation of the structure (PDB ID: 7a5q). The two view angles are rotated by 180° as indicated. 
For the top view (upper image), the regions of interacting amino acid residues with the two VHHs are 
indicated and the position of the substrate binding site is annotated. The cavities that are simila to 
those shown in a) are labelled B’, E’, G’,and H’. Cavities that were found for the closed conformation 
only are labelled I and J. The prediction was done using the CavityPlus server (S. Wang et al., 2023; 
Xu et al., 2018). 



Discussion Part I 

 54 

two functional groups per fragment) (Ruddigkeit et al., 2012). These ‘simple’ chemical 

building blocks often show only weak binding to the selected target, but can be optimized 

on a structural basis to yield high affinity binders in the end. Nowadays, structurally 

diverse fragment libraries are available for screening by co-crystallization with the target 

protein or soaking of native protein crystals (Barthel et al., 2022; Wollenhaupt et al., 

2020). Since the surface pocket of interest is penetrated only by a phenylalanine residue 

of the VHH antibody, small molecule fragments may be suitable for mimicking this 

binding mode. Of course, such an approach requires reliable crystallization conditions but 

given the gained expertise of crystallizing VcSiaP in both conformational states with and 

without nanobodies we have a good basis to develop optimization screens that serve these 

prerequisites.  
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3.5  Outlook 

The results demonstrate that the substrate-induced conformational changes of the 

TRAP transporter P-domains, depend not only on the hinge helix and residues inside the 

binding pocket, but also on the orientation and environment of surface-exposed amino 

acid residues. We identified an open-state specific surface cavity that provides insights 

into a possible substrate-release mechanism. We showed that this allosteric pocket can be 

used to inhibit substrate binding by the P-domain making this pocket an interesting target 

for fragment-based drug design. The aim is to find small molecule binders for this surface 

area that can perform this function, similar to NbS002. 

The mechanistic relevance of the allosteric pocket and the partially conserved 

hydrophobic Q-domain loop should be further investigated. To study the effect of 

mutations within these regions on the transporter function, a transport assay using 

radioactively labeled Neu5Ac may be appropriate. Such assays have previously been 

done for TRAP transporters (Mulligan et al., 2009). Radioactive transport assays are often 

very sensitive and could therefore capture a wider range of transport efficiency, in 

contrast to the in vivo growth assay, which only shows full growth or no growth with few 

gradations in between (Peter, Ruland, et al., 2022). Instead of sensing imported sialic acid 

by radioactivity, it might also be possible to design a fluorophore-based readout system. 

For example, by attaching a FRET pair to HiSiaP, as it was done previously (Peter, 

Gebhardt, et al., 2022), the substrate-dependent conformational changes would lead to a 

difference in the FRET signal intensity. A similar sensor could be constructed using a 

single fluorophore, if an environmentally sensitive fluorescent dye such as IANBD is 

used. Preliminary experiments showed, that the fluorescence intensity is indeed 

dependent on the sialic acid concentration. In all cases, the transporter domains must be 

reconstituted into liposomes and a signal is generated if sialic acid is transported into the 

liposomes.  

In another approach, conformation-specific nanobodies could be used as a readout 

tool. A closed-state-specific VHH antibody would be perfect for this, as it binds to the 

SBP only in presence of substrate. This binding could be converted into a signal by FRET. 

If one label is attached to the VHH and another to the SBP, there is a very broad 

distribution of FRET distances in the unbound state, whereas it is defined when the two 

proteins interact. 
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PART II 

Bacterial immune strategies to survive viral attacks. 
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Abstract 
Like higher organisms, also bacteria have evolved immune strategies to defend against 

mobile genetic elements, such as phages or plasmids. CRISPR systems represent one of 

the most prominent groups of prokaryotic immune systems and are classified into two 

classes with a large variety of types and subtypes. Type III CRISPR systems enable a 

highly complex and versatile immune response via the synthesis of cyclic oligoadenylate 

(cOA) second messengers, which are known to bind to the CARF domain of specific 

effector proteins and thereby activate them. Numerous effector domains with diverse 

functions have been identified, ranging from RNases to transcriptional regulators to 

DNases. Bioinformatics studies have reported an unusual effector protein, a membrane-

bound “CRISPR-associated Lon protease” (CalpL). Here, we present the structural and 

mechanistic analysis of this cA4 activated protease and the associated phage defense 

system. Unlike predicted, we found that CalpL is a soluble monomeric protein that is 

activated by cA4-induced oligomerization. The activated protease cleaves the CalpT/S 

complex, which consists of two small proteins that are encoded in the same operon, 

directly upstream of CalpL. Several approaches to investigate the function of CalpT and 

CalpS finally led us to identify a bacterial sigma/anti-sigma factor system. We found that 

upon viral RNA recognition, cA4 activates CalpL to cleave the anti-sigma factor CalpT, 

releasing CalpS from the complex and allowing it to bind to RNA polymerase to regulate 

cellular transcription. This finding directly links a type III CRISPR system to the 

transcription machinery of the cell. Our results show similarities to the CBASS system, 

recent reports on CRISPR-activated caspases (Craspases), and even to mammalian 

systems such as the cGAS-STING pathway. 
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4. Introduction Part II 
4.1  Bacterial immunity 

Like eukaryotes, also prokaryotes are under intense evolutionary pressure from 

multiple threats. In addition to physical stress such as heat shock, bacteria also face 

infection by bacteriophages, viruses that hijack the bacterial cell machinery. The 

existence of phages was first reported during World War I by Frederick Twort and Félix 

d’Hérelle. Shortly after the discovery, d’Hérelle also recognized the potential of using 

phages to treat bacterial infections (Chanishvili, 2012; Duckworth, 1976). With an 

enormous number of estimated 1031 phages in the biosphere, they are the most abundant 

biological entity, outnumbering bacteria by a factor of more than 10 (Brüssow & Hendrix, 

2002; Fortier & Sekulovic, 2013). To combat the high rate of phage infections, bacteria 

have evolved a broad repertoire of sophisticated active defense strategies. The large 

number and diversity of immunity-conferring mechanisms is a result of phage-host co-

evolution and faces an equally wide range of offensive strategies (Dy et al., 2014; Labrie 

et al., 2010; Stern & Sorek, 2011). The vast arsenal of known antiphage strategies has 

grown in recent years, largely due to the development of culture-independent sequencing 

techniques (Riesenfeld et al., 2004). Among the best-known bacterial defense strategies, 

besides restriction-modification (R-M) and CRISPR-Cas, are abortive infection systems 

(Abi), which lead to cell death or dormancy, and other less characterized mechanisms 

such as prokaryotic Argonautes (pAgos), BREX and DISARM (Doron et al., 2018). 

For an effective protection against bacteriophages and other mobile genetic elements 

(MGEs), most bacterial genomes encode several different defense systems in a unique 

and strain-specific manner. The genes are often clustered and encode nucleases, helicases, 

proteases and much more (Georjon & Bernheim, 2023; Makarova, Wolf, et al., 2011). To 

ensure an effective protection without harming the host, most systems combine a sensor 

and an effector element to specifically sense and then target an invader (Georjon & 

Bernheim, 2023).  

4.2  CRISPR provides adaptive immunity against bacteriophages and plasmids 

In the late 1990s and early 2000s, different groups studied peculiar repetitive DNA 

sequences in the prokaryotic genomes. In silico analyses revealed that the short (~30 bp) 

and partially palindromic repeat sequences are regularly interspaced by unique sequences 

of similar length. These motifs were observed to be clustered and often flanked on one 

side by a leader sequence of 300-500 base pairs (Jansen et al., 2002; Mojica et al., 1995, 

2000). Ensuing from those characteristic features, this family of repetitive sequences was 

termed “clustered regularly interspaced short palindromic repeats” (CRISPR) (Jansen et 

al., 2002). The repeat sequences of closely related species appeared to be highly 

conserved and even share equivalent motifs in very distant phylogenetic groups (Jansen 

et al., 2002; Mojica et al., 2000). In contrast to that, the unique spacer sequences were 

found to differ even in very close relatives (Pourcel et al., 2005). Mojica and coworkers 

not only reported that those sequences are identical to fragments of phage and plasmid 

DNA, but also showed that the cells containing a specific spacer were not infected by the 

corresponding virus (Mojica et al., 2005). Along with similar findings by other groups, 

this suggested CRISPR to function as a prokaryotic defense system against mobile genetic 

elements. Repurposing the function of this highly effective adaptive immune system to 

develop a tool for RNA-guided DNA manipulation, increased the popularity of CRISPR 
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and demonstrated once more the potential of prokaryotic systems for biotechnology (F. 

Jiang & Doudna, 2015). 

 

4.2.1 Classification and general organization of CRISPR Cas systems 

Roughly 40 % of bacterial and most archaeal genomes contain CRISPR systems which 

are organized in so called CRISPR loci. These contain the CRISPR array comprised of 

the clustered repeats and spacers, and variable CRISPR associated sequences (Cas) 

arranged in operons (Georjon & Bernheim, 2023; Jansen et al., 2002). 

For different CRISPR variants, the locus architecture and the actual composition of 

Cas genes show a high diversity, which makes classification a difficult task (Makarova et 

al., 2015; Takeuchi et al., 2012). Earlier classification was based on the phylogeny of the 

conserved cas1 gene. However, due to the rapid discovery of more and more new 

CRISPR systems, this type of organization became problematic (Makarova et al., 2018). 

To solve this problem, a new approach was developed. At the first stage, with the 

strongest basis of differentiation, CRISPR systems are divided into class 1, containing 

multiple subunit effector complexes, and class 2, harboring single subunit effector 

complexes. The next stage separates the six different types based on the mechanism of 

action, with type I, III and IV being part of class 1 systems and type II, V and VI of class 

2 systems. Furthermore, each type is characterized by a unique signature gene. This links 

type I to cas3, type III to cas10, and type IV to csf1 (Makarova et al., 2015). For class 2 

systems, the well-known cas9 gene is associated with type II, cas12 with type V, and 

cas13 with type VI (S. Shmakov et al., 2017). Separation of the individual types into 

subtypes becomes complicated. While for some subtypes, specific cas gene variants can 

be identified, other subtypes are mainly characterized by their locus organization. This 

results in subdividing the six types into several sub-types ranging from two to eight or 

more per CRISPR type (Makarova et al., 2018). Figure 4-1 shows an overview on the 

different classes, types and sub-types. 

 

Despite the diversity and variability, all systems contain similar core elements needed 

for the immune response. Most systems rely on a metal-dependent DNase, Cas1, and a 

metal-dependent endoribonuclease, Cas2, for spacer adaption. But often also other cas 

genes are involved in the insertion of proto-spacers. Furthermore, the characteristic 

CRISPR array, as well as the leader sequence are essential components of CRISPR 

immunity. When it comes to the interference stage, things become much more individual 

and specific. Figure 4-2 shows the Cas9-encoding gene as well as the tracrRNA which 

are essential for the type 2 specific processing of crRNA (Barrangou, 2013; Chaudhuri et 

al., 2022).  

 

Figure 4-1: Classification of CRISPR systems. 
Class 1 and class 2 are each divided into three different types, which in turn can be separated into 
multiple subtypes. 
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4.2.2 Similarities and differences in CRISPR Cas mediated immune responses 

The similar yet distinct structure of CRISPR loci of different classes and types is 

reflected in their characteristic functionality. The highly conserved Cas1 and Cas2 

proteins form the core elements of CRISPR Cas systems and are involved in spacer 

acquisition and insertion during the adaption stage. The two proteins assemble to a 

heterohexameric integrase complex with one Cas2 homodimer in the middle, sandwiched 

by two Cas1 homodimers (Barrangou, 2013; Nuñez et al., 2014). A conserved E-H-E 

motif within one of the four Cas1 active sites of the hexameric assembly is essential for 

catalyzing the spacer integration at the leader end of the CRISPR array. Thereby, the 

histidine functions as base to activate the 3’-OH of the prespacer for nucleophilic attack 

at the 5’ phosphate of the terminal repeat (Xiao et al., 2017). Along with each spacer 

integration event, a new repeat is generated. The detailed structural assembly of the 

integrase complex differs in the respective orientation of the dimeric subunits as well as 

in the presence or absence of auxiliary Cas proteins. These additional components are 

thought to essentially contribute to the protospacer selection (Sasnauskas & Siksnys, 

2020). Notably, some type III systems are able to acquire new spacers from viral RNA 

by employing a reverse transcriptase which is encoded in the CRISPR locus and is often 

fused to Cas1 (Silas et al., 2016). All these differences are reflected by different substrate 

preferences as well as varying spacer and repeat lengths (Sasnauskas & Siksnys, 2020). 

Also, the position of a protospacer-adjacent motif (PAM) within the recognized foreign 

nucleic acid sequence, or even the complete absence of such a sequence feature, 

highlights the individuality of the different CRISPR variants (Figure 4-3.1). PAMs are 

short nucleotide sequences that enable an effective selection of viral DNA by helping to 

discriminate between self and non-self, and they also seem to play essential roles during 

interference (Marraffini & Sontheimer, 2010; Mojica et al., 2009). However, the details 

of proto-spacer selection and the certain role of PAMs during this mechanism remain only 

partially understood (Gleditzsch et al., 2019; Leenay et al., 2016). 

The collection of spacer-repeat units represents a library for adaptive immunity which 

is transcribed to a long pre-crRNA in the expression stage (Figure 4-3.2). The non-

coding, A/T rich leader sequence upstream of the CRISPR array acts as a promoter for 

this cellular mechanism (Barrangou, 2013). The subsequent processing of the primary 

transcript into mature short crRNAs differs for the different CRISPR types. While for 

type I systems a CRISPR associated complex for antiviral defense (Cascade) containing 

the endoribonuclease Cas6 is essential for the specific cleavage of the pre-crRNA, type 

II systems employ the housekeeping RNase III in combination with Cas9 and a trans-

encoded small RNA (tracrRNA). This unique element is also included in the CRISPR 

locus (see Figure 4-2), contains a repeat-complementary sequence and activates pre-

Figure 4-2: Representation of an exemplary CRISPR locus. 
A typical CRISPR locus architecture containing elements which are required for the different stages 
of a CRISPR immune response. The CRISPR array contains the name-giving repeat-spacer sequences, 
and the cas operon contains the individual cas genes. The cas1 and cas2 genes are highly conserved 
among most CRISPR systems, as well as the presence of a leader sequence. The presence of a 
tracrRNA element and the cas9 gene, in contrast, is specific for class 2, type II CRISPR systems. This 
figure was modified from Chaudhuri et al., 2022. 
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crRNA cleavage (Barrangou, 2013; Makarova, Haft, et al., 2011). Processing of pre-

crRNA in type III CRISPR systems occurs in two steps. First, the primary transcript is 

sequence-specifically diced by the endoribonuclease Cas6, leading to a set of full spacer 

sequence which are flanked by 8 nts of the repeat at the 5’ end and the rest of the repeat 

sequence (~30-40 nts) at the 3’end. Subsequently, this RNA fragement is handed over to 

a Cascade-like protein complex, built of Csm- (type III-A) or Cmr-proteins (type III-B), 

to allow further trimming of the 3’ end by exonucleases (Carte et al., 2008; Hale et al., 

2009). The short repeat-derived tag remains at the 5’ end of the mature crRNA and was 

Figure 4-3: Similarities and differences in the mode of action of different CRISPR types. 
The three stages adaption (1), expression (2) and interference (3) of a CRISPR-Cas mediated immune 
response. Adaptive immunity is achieved by sensing of invasive nucleic acids and integration of 
fragments as proto-spacers into the bacterial CRISPR array. For type I and type II systems, but not 
for type III systems, so-called proto-spacer-adjascent motifs (PAMs) are key features for the 
recognition and incorporation of foreign nucleic acids. Spacer acquisition is catalyzed by the 
conserved proteins Cas1 and Cas2 and occurs at the leader end (1). The CRISPR array is transcribed 
during the expression stage, resulting in a long pre-crRNA. This primary transcript is further 
processed to yield mature crRNAs which form a ribonucleoprotein complex with various Cas effector 
proteins (2). During the interference, the crRNAs are essential guides to pair with reverse 
complementary sequences of the target DNA or RNA which is subsequently cleaved by CRISPR 
nucleases. In type III CRISPR systems, Cas10 is a key component of the effector complex and 
additionally generates cyclic oligoadenylates (cOAs) of different sizes to function as second 
messengers (3). All steps are shown for different examples of type I, type II and type III CRISPR 
systems, respectively. This figure was adapted from Makarova et al., 2011. 
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shown to be essential for interference. While type III systems lack a PAM sequence that 

help to discriminate between self and non-self, a chromosomal type III CRISPR locus 

and target DNA or RNA can be distinguished by the presence or absence of a sequence 

reverse complementary to the 5’ repeat fragment. Thus, homology of a potential target 

nucleic acid with the crRNA tag would lead to base pairing and prevents interference 

(Marraffini & Sontheimer, 2010; Zhang et al., 2012).  

During the interference stage, the full spectrum of the CRISPR mediated immunity 

becomes apparent (Figure 4-3.3). For all different types, the target specificity of the 

effector complex is dictated by the mature crRNAs resulting in cleavage of the invading 

DNA or RNA within the spacer-complementary sequence. However, the composition of 

the effector complexes varies drastically. Besides Cascade, Cas3 is an essential 

component of the multidomain effector complex of type I CRISPR systems. Cas3 harbors 

an histidine-aspartate (HD) domain and a helicase domain which collaborate in the 

unwinding and cleavage of a double-stranded DNA (dsDNA) target, respectively (Brouns 

et al., 2008; Jore et al., 2011). In contrast, type II systems exhibit a single domain effector 

complex by definition. Here, the multifunctional and tracrRNA activated Cas9 protein 

provides crRNA-guided cleavage of a dsDNA target (Jinek et al., 2012). Cas9 itself is a 

multidomain protein containing two different nuclease domains which both are required 

during the interference (Sapranauskas et al., 2011). As type I systems, also type III 

systems form multi-protein effector complexes. Type III-A effector complexes are built 

of six different Csm proteins and were thought to target foreign DNA (Marraffini & 

Sontheimer, 2008; Rouillon et al., 2013), whereas type III-B effector complexes were 

reported to contain six or seven different Cmr proteins and degrade RNA (Hale et al., 

2009; Zhang et al., 2012). However, this previously assumed subtype-specificity for DNA 

or RNA targets is now outdated (Tamulaitis et al., 2017). In both subtypes the 

multidomain-protein Cas10 represents the largest subunit of the ribonucleoprotein 

effector complex. Interference of these effector complexes was shown to be transcription-

dependent (G. W. Goldberg et al., 2014; Samai et al., 2015). Accordingly, target RNA 

binding triggers sequence-specific RNase activity as well as non-specific ssDNA 

degradation. DNase activity is provided by the HD nuclease domain of Cas10 which is 

present in most of the type III variants (Makarova et al., 2015). Cas10 was also reported 

to contains two small α-helical domains and two Palm domains. The latter include a 

conserved GGDD motif that was demonstrated to be responsible for metal-dependent 

conversion of ATP to cyclic oligoadenylates (cOAs) (Kazlauskiene et al., 2017; 

Niewoehner et al., 2017). 

 

4.2.3 Type III CRISPR systems use second messenger signaling 

Nucleotide based second messengers – an evolutionary success story 
 

Cyclic nucleotides are well-known components of immune signaling pathways in 

eukaryotes as well as in prokaryotes. For example, the human cGAS-STING pathway 

uses the cyclic dinucleotide cGAMP for signaling in antiviral immunity (Figure 4-4.1). 

The stimulator of interferon genes (STING) is a transmembrane protein conserved among 

eukaryotes (Kranzusch et al., 2015). The protein links recognition of viral nucleic acids 

to the initiation of antiviral immune responses (Ishikawa & Barber, 2008; Zhong et al., 

2008). However, STING does not sense DNA by itself, but is activated by the second 

messenger cGAMP (cyclic 2’,3’-GMP–AMP) (Burdette et al., 2011). This cyclic 
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dinucleotide is synthesized by the cyclic GMP–AMP synthase (cGAS) which is activated 

by sensing and binding to cytosolic DNA (Sun et al., 2013; Wu et al., 2013). 

 A similar system was discovered in bacteria, here, a phage infection disrupts the 

inhibition of a bacterial cGAS-like protein by metabolites and cyclic dinucleotides are 

produced (Figure 4-4.2). Beyond 2’,3’-cGAMP also the synthesis of other cyclic 

dinucleotides was observed, for example c-di-GMP, c-di-AMP and 3’, 3’-cGAMP.  

Figure 4-4: Immune signaling by cyclic nucleotides – an overview. 
1) The human cyclic GMP–AMP synthase (cGAS) recognizes DNA ligands and dimerizes to produce 
the 2’, 3’-linked cyclic GMP–AMP (cGAMP) which binds to stimulator of interferon genes (STING). 
Downstream signaling leads to activation of interferon regulatory factor 3 (IRF3) with subsequent 
transcriptional regulation, and to the expression of pro-inflammatory cytokines. 2) The bacterial 
cGAS-like protein is inhibited by metabolites in the uninfected state. Upon phage infection this 
inhibition is relieved  and different cyclic dinucleotides are synthesized (2’, 3’-cGAMP; c-di-GMP; c-
di-AMP; 3’, 3’-cGAMP). These activate different effector proteins like the SAVED domain containing 
endonuclease Cap4, bacterial STING, or even phospholipases resulting in DNA degradation, 
bacterial growth arrest and membrane degradation, respectively. 3) Type III CRISPR effector 
complexes sense invading nucleic acids which triggers the Cas10 subunit to convert ATP to cyclic 
oligoadenylates of different sizes (cA3, cA4, cA5, cA6). These oligonucleotides activate CARF- or 
SAVED domain containing effector proteins resulting in RNA and/or DNA depletion, transcriptional 
regulation, or proteolytic activity. The cOA induced stimulus can be downregulated by specific ring 
nucleases. This figure was assembled with the help of the following reviews: (Athukoralage & White, 
2021; Hopfner & Hornung, 2020; N. Liu et al., 2022) 
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These bacterial second messengers activate an arsenal of immune effector proteins which 

often contain a SAVED domain to sense the nucleotides (SAVED is an acronym for: 

SMODS-associated and fused to various effector domains; with SMODS being an 

acronym for: second messenger oligonucleotide or dinucleotide synthetase) (Lowey et 

al., 2020; Morehouse et al., 2020). The immune responses mediated by these effector 

proteins range from DNA and/or RNA cleavage over bacterial growth arrest to membrane 

degradation (N. Liu et al., 2022). These bacterial systems that provide immunity against 

phages, were termed cyclic oligonucleotide-based antiphage signaling systems (CBASS) 

(Cohen et al., 2019). 

In 2017, two independent research groups discovered a cyclic nucleotide based 

signaling pathway in type III CRISPR systems (Kazlauskiene et al., 2017; Niewoehner et 

al., 2017) (Figure 4-4.3). The conserved GGDD motif of the Palm domain of Cas10 were 

found to be responsible for the synthesis of cyclic oligoadenylates (coAs) after 

recognition of target RNA by the interference complex. These cyclic second messengers 

consist of three to six 3’, 5’-linked AMP subunits (cA3, cA4, cA5, cA6) and its synthesis 

is deactivated directly after target RNA cleavage (Kazlauskiene et al., 2017; Rouillon et 

al., 2018). To sense the second messenger, the effector proteins often contain a CRISPR-

associated Rossmann fold (CARF) domain, a WYL (for: tryptophan, tyrosine, leucine 

which are conserved in these domains) domain or a SAVED domain (Athukoralage & 

White, 2021; Makarova et al., 2014). Second messenger binding then, allosterically 

activates the effector domain. Within the last years many different cOA-activated effector 

proteins were described. These cOA activated enzymes range from DNAses and RNAses 

over proteases to transcription regulating proteins (Charbonneau et al., 2021; Lau et al., 

2020; Rostøl et al., 2021; Strecker et al., 2022).  

 

 

 

Figure 4-5: Chemical structures of different 3’,5’-linked cyclic oligoadenylates. 
a) cyclic triadenylate (cA3); b) cyclic tetraadenylate (cA4); c) cyclic pentaadenylate (cA5); d) cyclic 
hexaadenylate (cA6). For all molecules, the 3’,5’ linkage is indicated and the adenosine subunits are 
numbered. 
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Regulation of cyclic oligoadenylate signaling in type III CRISPR systems 
 

As cOAs activate downstream effector proteins that often degrade nucleic acids 

nonspecifically, this harbors a high potential for self-destruction. While fighting the viral 

attack, such mechanisms might slow down phage propagation by setting the cells into a 

dormancy state. However, an active escape from this cell dormancy is crucial thus, a tight 

regulation of the cellular level of signaling molecules is essential. The first regulating step 

is the deactivation of cOA synthesis immediately after complete degradation of viral 

transcripts, and as a second step an active cleavage of the second messenger occurs 

(Athukoralage et al., 2018). Elimination of extant cOA ensures a complete escape from 

the dormant state. This active cleavage was observed to be either catalyzed by standalone 

ring nucleases or by enzymes with dual activity, acting as effector and ring nuclease 

simultaneously (Athukoralage et al., 2018; Brown et al., 2020; Garcia-Doval et al., 2020; 

Jia et al., 2019). 

Interestingly, ring nucleases that rapidly degrade cyclic oligoadenylates were 

identified recently. The viral anti-CRISPR (Acr) ring nuclease, AcrIII-1, was reported to 

efficiently cleave cA4 and by this helps the virus to evade the cyclic tetraadenylate-

mediated immune response of type III CRISPR systems (Athukoralage et al., 2020). 

Besides this specific counteraction against cOA-mediated immunity, numerous Acr with 

different modes of action have been discovered in the last years as reviewed in: (Jia & 

Patel, 2021; Pawluk et al., 2018). The presence of anti-CRISPR systems shows once more 

the close co-evolution of bacteria and phages.  

 

4.2.3.1    Cyclic oligonucleotide sensor domains are conserved in CBASS and CRISPR 

The sensing of cyclic oligonucleotide based second messengers often employs 

CRISPR-associated Rossman fold (CARF) or SMODS-associated and fused to various 

effector domains (SAVED) domains. These key components are conserved among 

CBASS and CRISPR systems (Makarova et al., 2020). CARF domains are built from six 

characteristic β-sheets forming a Rossman-like fold surrounded by two α-helices on both 

sides. The highest sequence conservation is obtained in the two loops located directly 

after β1 and β4 (Figure 4-6 a). These loops have been reported to play key roles in 

binding and in ribonucleolytic cleavage of the ligand. Typically, homomeric assembly of 

two CARF domains creates a distinct binding pocket and binding of second messenger 

leads to a conformational rearrangement of the adjacent fused effector domain, resulting 

in allosteric activation (Makarova et al., 2014; Xia et al., 2022). As dimerization of two 

identical CARF domains results in a two-fold symmetry, CARF domain containing 

effector proteins are well-suited for symmetric signaling molecules, such as cA4 or cA6 

which are most common in type III CRISPR systems. However, in CBASS signaling 

pathways most cGAS/DncV-like nucleotidyltransferase (CD-NTase) enzymes produce 

asymmetric second messengers (Whiteley et al., 2019). The fusion of two CARF-like 

subunits into a single SAVED domain enables the sensor domain to recognize an 

expanded range of nucleotide signals. Due to this, CBASS immunity can employ different 

nucleobases and linkages as well as alternative ring sizes. Figure 4-6 b shows a 

comparison of structural core elements of CARF and SAVED, for example, a β-sheet 

surrounding α-helix (Figure 4-6 b, α3 in CARF corresponds to α2, α6 in SAVED) and 

two central helices in SAVED (α3, α7) which correspond to the central helix at the 

dimerization interface of CARF (α4) (Lowey et al., 2020). Despite some structural and 
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mechanistical similarities, CARF and SAVED differ in the way of activating the fused 

effector domains. While activation of CARF domain containing effector proteins was 

reported to be a consequence of second messenger induced significant conformational 

changes, such structural rearrangements could not be observed for SAVED domain 

containing effector proteins. Rather, it was observed that the latter oligomerize upon 

specific binding of the signaling molecule, and this oligomerization somehow activates 

the effector domain (Lowey et al., 2020; Makarova et al., 2020). Within the last few years 

scientists found out that SAVED domains do not only occur in CBASS but also in 

CRISPR systems sharing the same activation mechanism and partially using asymmetric 

cOAs (Hogrel et al., 2022; Rouillon*, Schneberger* et al., 2023; Steens et al., 2023).  

 

4.2.4 Identification of previously unknown mechanisms in CRISPR immunity 

The success of utilizing Cas proteins as genome and transcriptome editing tools has 

certainly contributed to the increasing popularity of CRISPR immunity over the past few 

decades. However, Cas9, Cas12 and Cas13 represent only a fraction of the diverse 

mechanisms associated with clustered regularly interspaced short palindromic repeat 

sequences. In recent years, a plethora of additional mechanisms and components 

contributing to CRISPR-mediated antiviral responses have been uncovered, 

demonstrating the richness and complexity of these mechanisms. 

4.2.4.1    Systematic prediction of genes that are likely to be linked with CRISPR-Cas 

Several groups have developed specialized pipelines for mining of new CRISPR 

systems, or genetic components that could be related to CRISPR mediated immune 

responses. Therefore, protein encoding genes in the vicinity of CRISPR arrays from 

sequenced bacterial and archaeal genomes were scored according to several parameters 

which describe the strength of CRISPR association. There is now a large number of 

predictions of genes that are functionally related to CRISPR-Cas systems. One of these 

studies specifically searched for membrane-associated proteins and found several strong 

candidates, most of which were located in type III CRISPR loci (S. A. Shmakov et al., 

2018). One of these candidates particularly caught our attention, a CRISPR-associated 

Lon protease (CalpL, originally named Lon-CARF) from Sulfurihydrogenibium sp. 

Figure 4-6: Schematic representation of the architecture of CARF- and SAVED domains. 
a) The conserved core of a CARF domain consists of six β-sheets surrounded by two α-helices on each 
side. The conserved sequences in the loops after β1 and β4 are involved in binding and degradation 
of cOAs. This figure was adapted from (Makarova et al., 2020). b) Comparison of the topology 
diagrams of a Csm6 CARF domain (left) and of the Cap4 SAVED domain (right). Similar secondary 
structure elements are highlighted. This figure was adapted from (Lowey et al., 2020). 
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YO3AOP1 (Figure 4-7). This protein was listed in a group of type III-associated proteins 

that contain a CARF domain and two predicted transmembrane helices, for some of them 

an additional Lon-like protease domain was identified. This is also the case for CalpL, in 

which the N-terminal Lon-like protease domain was predicted to face the extracellular 

space and a cOA-sensing CARF domain protrudes into the cytoplasm. As common for 

CARF domain containing effector proteins, CalpL most likely forms a dimer and is 

activated by cytosolic cOAs produces by Cas10. However, a detailed mechanism and the 

role of an extracellular protease remains unclear (S. A. Shmakov et al., 2018).  

 

4.3  Lon proteases are conserved elements to react on cellular stress 

While most characterized CRISPR systems use nucleases to degrade foreign genetic 

material, a proteolytic enzyme would be an intriguing new element in the vast array of 

type III-mediated immunity. Lon proteases are common components of various 

regulatory pathways in prokaryotes as well as in eukaryotes. In bacteria, the variety of 

functions include general stress response, regulation of toxin–antitoxin systems, 

degradation of damaged proteins and replication and repair of DNA. Moreover, Lon 

proteases have been reported to be essential virulence factors in pathogenic bacteria 

(Kirthika et al., 2023; Tsilibaris et al., 2006). In CRISPR-mediated immune responses, 

Lon proteases may be particularly involved in stress response and transcriptional 

regulation. 

 

4.3.1 Lon proteases are serine proteases with broad substrate specificity 

Most Lon proteases were found to form homohexameric assemblies with the 

proteolytic active Ser-Lys catalytic dyad facing towards an internal degradation chamber 

(Amerik et al., 1991; Kirthika et al., 2023). Although substrate recognition by these 

proteolytically active enzymes is not fully understood, no specific sequence motif appears 

to be recognized. Rather, substrate specificity appears to be achieved structurally, for 

example, the N-terminal domain of Lon proteases is involved in substrate recognition 

(Tsilibaris et al., 2006). While the barrel-shaped hexameric structure of Lon prevents most 

Figure 4-7: CRISPR loci of type III systems containing predicted CRISPR-associated genes.  
Predicted CRISPR-linked and conserved genes that encode potential CARF domain containing 
membrane proteins. A hypothetical domain organization of the protein from Sulfurihydrogenibium sp 
Y03A0P1 is shown on the right-hand side. The predicted protein contains an N-terminal Lon-like 
protease domain, two transmembrane helices and a cOA sensing CARF domain facing the cytoplasm. 
This figure is an excerpt from (S. A. Shmakov et al., 2018) 
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folded proteins from degradation (Kirthika 

et al., 2023), in the viral Lon protease, VP4, 

the target peptide is stabilized within the 

binding groove by forming a β-sheet with 

the adjacent loops (Figure 4-8) (Chung & 

Paetzel, 2013). Another interesting feature 

is the interplay of all different domains in 

substrate recognition, providing a highly 

organism specific substrate recognition (He 

et al., 2018). Proteolytic activity of the 

enzyme often requires multiple steps to 

prepare the substrate for presentation the 

protease active site. However, experiments 

with isolated protease domains showed  

that these were capable of degrading 

unstructured peptides. In these cases, the 

catalytic dyad residues were found to be located within a hydrogen bond distance in 

between Ser-Oγ and Lys-Nζ, thus a distinct three-dimensional arrangement of these 

residues seems to be important (Wlodawer et al., 2022). For the proteolytic cleavage, the 

active site lysine acts as general base and the catalytic serine nucleophilically attacks the 

carboxyl carbon (Chung & Paetzel, 2013). In addition to the nucleophilic serine, a 

conserved threonine or serine is commonly observed in the vicinity of the general base 

and might contribute in the not yet fully understood proteolytic cleavage mechanism 

(Chung & Paetzel, 2013; Paetzel et al., 2002). 

 

 

 

  

Figure 4-8: The active site of a Lon protease. 
Acyl-enzyme complex of a viral Lon protease 
(gray) and its substrate (salmon) (PDB-ID: 4izj). 
The catalytic residues are shown in magenta and 
the distance of K674 (magenta dashed line) is 
given in Å. Substrate and enzyme built a β-sheet, 
their peptide backbones form an extensive 
network of hydrogen bonds (black dashed lines). 
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4.4  Bacterial regulation of transcriptional initiation incorporates sigma factors 

To understand the role of the CRISPR-associated Lon protease from 

Sulfurihydrogenibium sp. YO3AOP1 in an antiviral immune response, we took advantage 

of the fact that functionally linked prokaryotic genes are often organized in operons 

(Rogozin et al., 2002). We therefore searched for conserved genes within the direct 

neighborhood of calpL employing the webFlaGs online tool (Saha et al., 2020). Besides 

genes as cas1, cas2, cas6 and cas10 which directly prove the association to type III 

CRISPR systems, three highly conserved open reading frames (ORFs) upstream of calpL 

could be identified (Figure 4-9). Further investigation of the proteins encoded by two of 

these ORFs lead us to name them CalpT (red, T for target) and CalpS (purple, S for sigma 

factor). The third conserved gene (gray) was not yet characterized. Both the sequence and 

the predicted structures show parallels to transcription-regulating σ factor–anti-σ factor 

systems, led us to investigate these in more detail.  

 

Sigma factors (σ factors) are multi-domain proteins that are essential components of 

bacterial RNA polymerase (RNAP) complexes (Burgess et al., 1969). The core complex 

of the bacterial RNAP is built of two α-subunits, one β-subunit, one β’-subunit and one 

ω-subunit, the resulting complex (~380 kDa) is catalytically active and able to non-

specifically bind DNA. However, for specific recognition of distinct promoters and 

subsequent transcriptional initiation, the core RNAP relies on dissociable σ factors. 

Besides their role in identification of promoter regions, σ factors are important stabilizing 

elements for the separated DNA strands around the transcription site and stimulate early 

steps in the RNA synthesis (Paget & Helmann, 2003). The proteome of most bacteria 

contains multiple sigma factors with different DNA binding specificities and different 

affinities for RNAP. Thus, exchange of the sigma factor directly affects the gene 

expression of RNAP (Losick & Pero, 1981). Tight regulation of the availability of distinct 

σ factors by complex regulatory pathways, enables a highly efficient transcriptional 

Figure 4-9: Analysis of the gene neighborhood of calpL reveals functionally linked genes. 
The analysis of the conservation of the genomic context of calpL was done using the webFlaGs online 
tool (Saha et al., 2020). The original organism is shown on top and the CalpL encoding gene is shown 
in green (1). Three conserved open reading frames (ORFs) were identified directly upstream of calpL 
indicated in red (2), purple (3) and gray (4). Additionally, conserved genes among type III CRISPR 
systems were highlighted in magenta (cas1), blue (cas2), yellow (cas6) and orange (cas10).  
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response on environmental changes. Sigma factors can be classified into two structurally 

unrelated families, the enhancer and ATP dependent σ54 sigma factors are often employed 

in the response to environmental signals. The more abundant σ70 family regulate the 

transcription of housekeeping genes and are also employed in various stress response 

mechanisms (Gruber & Gross, 2003; Treviño-Quintanilla et al., 2013). 

 

4.4.1 Classification of σ70 sigma factors 

Members of the σ70 family share two domains with high structural similarity and 

sequence conservation. These two domains, σ2 and σ4, specifically interact with distinct 

promoter elements centered -10 bp and -35 bp upstream of the transcription start site, 

respectively. Furthermore, these domains mediate most of the σ factor–RNAP 

interactions (Murakami et al., 2002). In addition to their specialized functions, the 

individual groups 1 to 4 differ by the presence or absence of additional regions, that are 

called σ1.1, σ1.2 (which is part of the σ2 region) and σ3. The largest members of the σ70 

family are found in group 1, which consists of the essential primary sigma factors and 

often contain an additional non-conserved region (NCR) in between σ1.2 and σ2.1 (Paget, 

2015) (Figure 4-10). Furthermore, members of group 1 are the only sigma factors that 

contain an N-terminal σ1.1 domain which is involved in autoinhibition (Gruber & Gross, 

2003). The optional σ1.2 domain is an important factor in the response to changes in the 

nutritional environment by interacting with the so-called discriminator element of the 

promoter (Haugen et al., 2006). The presence of a σ3 domain can stabilize transcription 

Figure 4-10: Domain architecture and structural arrangement of bacterial sigma factors. 
a) The domain architecture of σ70 sigma factors contains the conserved σ2 (green) and σ4 (red) 
domains. Members of group 3 contain additional σ3 and σ1.2 domains (blue and orange, respectively) 
that mediate interactions with the extended -10 (“ext. -10”) region and the discriminator element 
(“disc”) of the promoter, respectively. In contrast to the alternate sigma factors of groups 2-4, the 
housekeeping sigma factor (group 1) include an additional non-conserved region (NCR, salmon) in 
between the σ1.2 and σ2.1 domains. The interactions of the individual domains with a consensus E. coli 
promoter DNA are illustrated below. The non-template strand is depicted in purple and the template 
strand is colored in teal. The conserved sequence elements “-35”, extended -10, “-10” and 
discriminator are colored in yellow. b) Transcription initiation complex of E. coli RNA polymerase 
(different shades of gray) bound to a group 1 σ70 sigma factor (colored according to a)) and target 
DNA (purple/teal). The individual subunits of RNA polymerase and of the sigma factor are labeled in 
the figure and RNAP subunit β is shown transparent with a dashed outline to provide a better view. 
The different elements of the DNA (-35 element, extended -10, -10 element) as well as the template 
and non-template strand are indicated (PDB ID: 4yln). This figure was adapted from (Paget, 2015). 
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initiation complexes by interacting with the extended -10 region of the promoter, 

rendering the otherwise critical presence of the -35 element superfluous (Mitchell et al., 

2003). The members of the groups 2 to 4 are also referred to as alternative sigma factors, 

completely lack the σ1.1 and NCR domains and their range of functions varies 

enormously. Group 2 sigma factors are frequently involved in the cellular adaption to 

stress caused by extreme temperatures or nutrient limitation (Paget, 2015). The influence 

of these sigma factors on transcription is directly connected to their growth-rate 

dependent cellular expression level (Ihssen & Egli, 2004). Members of group 3 are 

structurally more divergent from group 1 sigma factors and often regulate gene expression 

correlated with heat shock, flagellar biosynthesis or sporulation (Gruber & Gross, 2003). 

The numerically largest group of sigma factors is also called the extracytoplasmic 

function (ECF) group and consists of more than 40 phylogenetically distinct subgroups 

that fulfill important roles in bacterial signal transduction (Staroń et al., 2009). 

 

4.4.1.1    ECF sigma factors 

ECF sigma factors only contain the conserved σ2 and σ4 domains and their encoding 

genes are often found in close proximity to their regulons (Paget, 2015). Their name was 

derived from the fact that initially found members of this group were associated with 

important roles in the response to extracytoplasmic stimuli (Lonetto et al., 1994). 

Promoter sequences that are recognized by this group of proteins often include a 

conserved -35 “AAC” motif while the -10 element is more diverged (Staroń et al., 2009). 

Structural and biochemical analysis of an ECF sigma factor from E. coli with its -10 

element DNA sequence revealed that the specific recognition is mediated by a flexible 

loop of the σ2 sub-domain. However, alterations in this loop completely altered the 

promoter specificity. Moreover, it was found that, unlike the melting of dsDNA by group 

1 sigmas, only a single base at position -10 upstream of the transcription start site was 

flipped out to interact with multiple amino acid residues of the loop. These findings 

suggest that a finely tuned interplay of the -10 sequence and the σ2 domain (or more 

specifically the variable loop in region 2.3 of this domain) is responsible for a highly 

specific detection (Campagne et al., 2014). To ensure that these transcriptional regulatory 

proteins are activated only when a specific signal is detected, tight control mechanisms 

are required that can respond quickly to this very signal. 

 

4.4.1.2    Regulation of ECF sigma factors by anti-sigma proteins 

Regulation of group 4 sigma factors is frequently achieved by co-transcription with 

anti-sigma proteins that bind to the sigma factor to inhibit its binding to the core RNAP. 

Thus, the specific regulons of a sigma factor are silenced until signal induced dissociation 

of its anti-σ partner. Anti-σ factors can either be soluble or anchored to the inner 

membrane via their variable C-terminal domain. In contrast to the C-terminal domain the 

N-terminal domain, that is also called anti-sigma domain (ASD), exhibits a certain 

structural conservation and is responsible for the binding of the sigma factor (Campbell 

et al., 2007; Treviño-Quintanilla et al., 2013). Binding to the sigma factor is often 

achieved by inserting a bundle of helices in between the σ2 and σ4 domains. Thereby, the 

sigma factor is kept in an inactive conformation and important regions for interactions 

with both the RNAP and the promoter are blocked (Campbell et al., 2003, 2007). 

Alternatively, a different group of anti-σ factors use parts of their ASD to wrap around 
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the σ2 and σ4 domains to inhibit binding of the sigma factor to RNAP and the promoter 

DNA (Maillard et al., 2014). To initiate transcription in response to a cellular signal, the 

inhibited σ factor needs to be released from its cognate anti-σ protein. There exist 

numerous different mechanisms to accomplish sigma factor release of which some are 

poorly understood (Hughes & Mathee, 1998; Treviño-Quintanilla et al., 2013). However, 

the most frequently used mechanisms can be classified into direct sensing, partner-

switching and regulated proteolysis. In some σ/anti-σ factor complexes, the coordination 

of Zn2+ by the ASD is essential for complex formation. Upon direct sensing of oxidative 

stress, the Zn2+ coordinating region undergoes changes to repel the metal ion which 

causes dissociation of the σ factor/anti-σ factor complex (Campbell et al., 2007). On the 

other hand, partner-switching mechanisms utilize an external sensing system that often 

regulates a phosphatase. If this enzyme is activated, an anti-anti-σ factor is 

dephosphorylated to enable complex formation with the anti-σ protein which in turn 

releases the sigma factor (Hecker et al., 2007). Mechanisms based on regulated 

proteolysis also involve external sensors which regulate the activity of proteases. After 

proteolytic cleavage of the anti-σ factor by a serine protease the complex of sigma factor 

and the ASD domain of the sigma factor is released into the cytoplasm (Ades et al., 1999). 

This complex still prevents transcription initiation, however, the N-terminal anti-σ 

domain can be rapidly degraded by ClpX proteases to release the fully active sigma factor. 

These ClpX protease systems often depend on specific adaptors that act as recognition 

motif for effective targeted degradation (Flynn et al., 2004). As also both proteolytically 

active enzymes are regulated by different mechanisms, two independent signals are 

necessary to release the transcription-regulating sigma factor. Such a two-factor 

authentication ensures a tightly regulated response on specific signals which are robust to 

fluctuations to a certain extend. 
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5. Results Part II 
This chapter focuses on the experimental findings related to CalpL, a Lon protease 

activated by cyclic oligoadenylates. At the beginning of our investigation, CalpL was a 

relatively enigmatic protein with limited information available. The basis of our 

assumptions largely relied on computational models, especially those put forth by 

Shmakov et al. in 2017. After a short time, we were puzzled by the consistent detection 

of a predicted membrane protein in the soluble fraction after lysis. To unravel this 

unexpected phenomenon and gain mechanistic insights, we aimed for structural 

elucidation. However, the journey proved to be full of unforeseen discoveries and 

challenges. Throughout this research, excellent collaborations helped shed light on this 

story. SAXS data acquisition and analysis was done in cooperation with S. Da Vela and 

D. Svergun (EMBL, Hamburg), EPR spectroscopy was performed by K. Ackermann and 

B. E. Bode (University of St Andrews, Scotland). K. Blumenstock and J. Schmid-Burgk 

(University of Bonn, Bonn) as well as H. Chi and M. White (University of St. Andrews, 

Scotland) helped to investigate the role of CalpT. Parts of our scientific findings have 

been published (Rouillon*, Schneberger* et al. 2023). I would also like to thank Stella 

Arau Jakubzik. During her master thesis from 2022 to 2023, she contributed to answer 

some of the many questions that arose. Last but not least, I would like to thank Christoph 

Winterberg for the buffer receipt of 'Buffer W', which was crucial for the purification of 

CalpT.  

5.1  CalpL is a cyclic nucleotide activated Lon protease 

Prior to this work, a codon-optimized variant of the CalpL-encoding gene (calpL) from 

Sulfurihydrogenibium sp. YO3AOP1 (UniProt identifier B2V8L9) was cloned into the 

IPTG inducible pET-11a vector. The construct was designed to contain an N-terminal 

His10 tag and a TEV protease cleavage sequence. Recombinant protein expression was 

done in E. coli BL21 (DE3) cells and reliable protein yields were observed.  

5.1.1 Preparations for successful structure elucidation 

5.1.1.1    Optimization of purification procedure 

Although large amounts of protein could be expressed and extracted from the cell 

lysate by Ni2+ affinity chromatography, subsequent gel filtration could not provide an 

adequate degree of purity. Before starting the crystallization of CalpL, the purification 

process was optimized. During the first purification trials, the cell lysate was loaded to a 

HisTrap affinity chromatography column (Figure 5-1 a, e 1) but over time Ni2+-NTA 

beads on a gravity flow column turned out to provide higher purity. The protein eluted as 

a single peak from size exclusion chromatography, with a tiny shoulder towards lower 

retention volumes (Figure 5-1 b, e 2). A comparison of the main peak retention volume 

with molecular weight references suggested a monomeric protein. With the help of the 

ProtParam online tool (Gasteiger et al., 2005), the theoretical pI value of CalpL was 

computed to pI=6.16. Thus, at pH 8.0 the polypeptide should carry a negative net charge 

and be suited for anion-exchange chromatography (AIEX). This method was tested as the 

next purification step and a significant decrease of impurities could be observed in the 

following SDS-PAGE analysis (Figure 5-1 c, e 3). After this, the decahistidine tag was 

cleaved off using a His6 tagged TEV protease construct (Figure 5-1 d, e 4). CalpL was 

separated from TEV protease, non-cleaved protein and the affinity tag by another Ni2+ 
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affinity chromatography. This optimized procedure yielded protein of high purity that 

was used for biochemical and structural investigation. 

To verify a successful His tag removal and demonstrate that the purified protein is 

indeed CalpL we did a Western Blot experiment (Figure 5-2). After binding of a 

horseradish peroxidase (HRP) conjugated secondary antibody to a His tag specific 

primary one, the blot was developed with a commercially-available enhanced 

chemiluminescence kit. For the His tagged protein sample, the immunoblot showed an 

intense band slightly larger than 55 kDa (Figure 5-2 b +). A much weaker, but yet 

distinct, signal at the same position was observed for the sample without His tag  

(Figure 5-2 b -). However, the significant intensity difference indicates that the main 

Figure 5-1: Optimization of CalpL purification procedure. 
a) UV280 chromatogram from Ni+ affinity chromatography (left) and the according SDS-PAGE 
analysis (right). Fractions that have been pooled and concentrated for further purifcation steps are 
indicated by a green bar and those that were discarded by a magenta bar. b)-d) Same depictions as 
in a) but showing results from preparative size exclusion chromatography (b), Anion-exchange 
chromatography (AIEX) (c) and Ni2+ affinity chromatography after TEV cleavage (d). All graphs show 
the retention volume on the x-axis and the UV280 absorbance (in mAU) on the y-axis. For methods 
using gradient elution, an additional y-axis on the right-hand side depicts the percentage of elution 
buffer. The value above the gel filtration peak annotates the exact retention volume at the maximum 
height. e) Schematic representation of the optimized purification process including affinity 
chromatography (1), SEC (2), AIEX (3) and tag removal by TEV protease cleavage (4). 
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proportion of protein within the sample 

could not be bound by the primary antibody. 

Figure 5-2 a shows exactly the same 

samples but on a Coomassie stained 

polyacrylamide gel demonstrating the high 

sensitivity of Western Blot analyses. All 

protein bands run at the same height in the 

blot and the gel and show no observable 

impurities. A comparison of both images 

indicates that the extreme signal difference 

in the blot was exclusively caused by the 

presence of a low amount of tagged protein 

in the non-tagged (-) sample but not a 

difference in the amount of loaded protein.  

With the certainty of having the right protein in satisfactory purity, crystallization trials 

were started. First attempts using commercially available crystal screens already yielded 

crystals, and diffraction experiments utilizing these crystals indicated that they consist of 

protein, but did not reach sufficient quality standards. After several rounds of 

optimization, a self-designed screen based on JCSG+ condition D7 (0.2 M LiSO4, 0.1 M 

Tris, pH 8.5, 40 % PEG400) led to the reliable formation of large and well-diffracting 

crystals.  

 

5.1.2 Structural investigation of CalpL, a soluble monomeric protein 

5.1.2.1    Experimental phasing by single wavelength anomalous dispersion (SAD) 

To solve the crystallographic phase problem, most often molecular replacement is 

used. While nowadays it is relatively unlikely that an adequate model for molecular 

replacement can neither be found in the protein data bank (PDB) nor generated by 

AlphaFold (Jumper et al., 2021), we were faced with exactly this problem in the pre-

AlphaFold days. To overcome this, we decided to try experimental phasing which 

requires an anomalous scatterer within the protein crystal of interest. Therefore, a 

selenomethionine (SeMet) derivative of CalpL was expressed and purified according to 

the optimized purification protocol, illustrated in Figure 5-1. SeMet CalpL showed a 

similar behavior as the native protein during affinity chromatography and gel filtration 

(Figure 5-3 a). After SEC, the purity could be increased by AIEX chromatography (not 

shown) and subsequent tag removal (Figure 5-3 b). Albeit TEV protease cleavage was 

only partially successful, the cleavage yielded enough protein for crystallization trials at 

23.1 mg/ml (≙400 µM). In the previously mentioned optimization screen, crystal growth 

was obtained after 3 days of incubation at 20 °C in 0.1 M Tris, pH 8.0, 33.68 % PEG400, 

0.11 M Li2SO4 (Figure 5-3 c i). Crystals were harvested with additional 15 % PEG400 

for cryo protection and flash frozen to liquid nitrogen (Figure 5-3 c ii). X-ray diffraction 

datasets were recorded at the P13 beamline of the Petra III storage ring (DESY) in 

Hamburg with resolutions up to 2.1 Å for the SeMet derivative (Figure 5-3 c iii-iv) and 

1.9 Å for native CalpL. For the experiment with SeMet crystals, the X-ray wavelength 

was set to λ=0.9795 Å. The resulting energy (12.6578 keV) corresponds to the absorption 

edge of selenium (Rose & Wang, 2016) which could be nicely visualized by an energy 

scan (Figure 5-3 c v). This experiment simultaneously proved the presence of 

selenomethionine within the crystals. The structure was solved by single wavelength 

Figure 5-2: Western Blot analysis of CalpL. 
a) Coomassie stained polyacrylamide gel 
showing CalpL with (+) and without (-) His10 tag. 
b) Western Blot with primary anti-His antibody of 
the same samples shown in a). 
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anomalous dispersion phasing using the AutoSol wizard of the PHENIX software 

package (Zwart et al., 2008). Thereby, the location of anomalous scatterer atoms, phasing 

and initial model building were done automatically. Using Coot and PHENIX.refine, the 

structural model was subsequently optimized and refined to Rwork and Rfree values of 19.3 

and 22.5, respectively (Afonine et al., 2012; V. B. Chen et al., 2010; Emsley & Cowtan, 

2004). CalpL consists of three domains, an N-terminal domain (purple), a Lon protease 

domain with a catalytic dyad formed of S152 and K193 (green, active site positions are 

highlighted in magenta) and a C-terminal SAVED domain which forms a large cOA 

binding cavity (Figure 5-4 a). Overall, CalpL is an elongated, banana-shaped protein of 

roughly 100 Å in length and 35 Å in diameter. According to calculations by the APBS 

electrostatics plugin for PyMol (Jurrus et al., 2018), the main area of the surface exhibits 

a rather high partial charge, suggesting a highly soluble protein. While most sections show 

a negative partial charge, two positively charged areas of the SAVED domain stand out. 

On the upside, a ∼22*22 Å2 large and roughly 6 Å deep positively charged cavity and a 

positively charged patch of similar size but without deepening on the downside, directly 

opposite. The concave area on the upside fitted a cAn molecule with 3≤n≤5 in molecular 

dynamics simulations quite well (data not shown). Another positively charged area can 

be found on the tip of the N-terminal part of the protease (Figure 5-4 b). Notably, at all 

Figure 5-3: Crystallization of a selenomethionine CalpL derivative. 
a) Chromatograms from Ni2+ affinity chromatography (top) and size exclusion chromatography 
(bottom), respectively. The retention volumes are shown on the x-axis and the UV absorbance on the 
left y-axes, independently for each graph. The percentage of elution buffer is shown on the right-
handed y-axis of the affinity chromatogram. b) SDS-PAGE analysis with samples from SEC (left) and 
affinity chromatography after TEV cleavage (right). The samples from SEC are indicated by colored 
bars according to the SEC chromatogram in a). Samples from IMAC are annotated below the gel.  
c) Images of the CalpL SeMet derivative crystal that led to structure determination before (i) and after 
harvesting (ii). Diffraction images from the shown crystal obtained at different rotation angles (iii, 
iv). v) Energy scan to visualize the absorption edge of selenium and identify the optimal X-ray energy 
for the data collection.  
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methionine positions, the electron density map showed large spheres around the selenium 

atoms reflecting the higher atomic number of selenium compared to sulfur (Figure 5-4 c).  

 

5.1.2.2    Structural homologies confirm the theory of a cOA activated Lon protease 

To compare the structure-based findings to the predicted functions and architecture, 

we further characterized the individual domains. Moreover, we searched for proteins with 

structurally similar domains. The N-terminal domain of CalpL is made up of four α-

helices (αA-αD) and shows only poor structural homologies, with the most interesting 

being a katanin domain which is essential for specific binding of polypeptides (K. Jiang 

et al., 2018). The Lon protease domain is formed by helices αG-αJ that, together with the 

helix bundle of the katanin-like domain, enwrap a four stranded β-sheet (β1- β4). A much 

higher structural conservation helped to find multiple structural homologs confirming the 

proteolytic function of this domain. By structural alignments, we identified S152 and 

K192 to form the characteristic catalytic Ser-Lys dyad of Lon proteases. The C-terminal 

domain represents the largest part of the protein and folds into a SAVED4-domain which 

is responsible for cOA binding (Makarova et al., 2020). Also here, structural conservation 

could be observed (Figure 5-5). The domain is built up of two CARF-like domains with 

a pseudo two-fold rotational axis running in between the two helices αP and αS. 

Interestingly, these two helices and the neighboring β-strands were predicted to form 

transmembrane helices (S. A. Shmakov et al., 2018). It is worth to mention, that an 

updated version of the THMHH 2.0 tool that uses deep learning methods (DeepTHMHH 

(Hallgren et al., 2022)) does not predict these helices to be membrane associated. The 

structural homologs of the protease domain, were later used to investigate the protease 

cleavage site at the target polypeptide (see Section 5.3.1). 

Figure 5-4: Structural overview of CalpL, solved by experimental phasing. 
a) Cartoon model of the CalpL structure showing the three domains in different colors. The positions 
of N-terminus and C-terminus are indicated as well as the active site residues (magenta spheres) and 
the cOA binding site. b) Electrostatic surface visualization of the upside (bottom) and the downside 
(top) of the protein. The partial charges are colored according to the included gradient legend. Active 
site position and cOA binding site are labeled. c) Magnified view onto two SeMet residues represented 
as sticks surrounded by the electron density map (blue mesh). 
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5.1.3 Biochemical demonstration of a functional cOA activated protease 

The structural analysis confirmed the theory of a cyclic nucleotide activated 

proteolytic enzyme. While molecular dynamic simulations validated that the SAVED 

domain would be suitable to bind cA3, cA4 or cA5, only the assumption that the target 

must contain a flexible loop could be made by locating the catalytic dyad. Phage display 

experiments to search for peptide sequences that show affinities towards CalpL remained 

unsuccessful. Therefore, we tried a different approach. Using the WebFLAGs server the 

gene neighborhood of calpL was analyzed to detect a highly conserved open reading 

frame upstream but within the same operon. The hypothetically encoded protein product 

(271 amino acids, UniProt ID B2V8L8) without annotated function shared sequence 

similarities to the MazF toxin within its N-terminal half. We decided to express and purify 

the protein we called CalpT (for target) to test it for proteolytic degradation. 

5.1.3.1    Expression and purification of CalpT 

A synthetic, codon-optimized variant of the CalpT encoding gene (CalpT) was cloned 

into a pET-11a vector. The expression construct was designed similarly to that of CalpL 

expression construct (N-terminal His10 tag and a TEV protease cleavage sequence). The 

protein was expressed in E. coli BL21 (DE3) cells. After optimizing the expression yield, 

different buffer compositions were tested for lysis and affinity chromatography. 

Unfortunately, CalpT always tended to aggregate either directly after lysis or after elution 

with imidazole. Keeping the protein at 20 °C after lysis improved the aggregation 

behavior, but did not solve the instability problem completely. Testing buffer further 

buffer compositions finally solved this problem. According to surname of the colleague 

who provided the buffer, it was named ‘Buffer W’. Especially for crystallization 

purposes, the purification was further optimized to increase the purity, e.g. heparin 

Figure 5-5: Domain architecture of CalpL and structural similarity search of domains. 
a) Topology diagram of CalpL including information on secondary structure elements. The different 
domains are marked by different colors as indicated. Catalytic residues S152 and K193 are 
highlighted by magenta spheres. b) Top ten results of structural similarity searches for the individual 
domains using the DALI server (Holm et al., 2023). The most interesting entries are accentuated in 
yellow. 
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chromatography helped to drastically increase the homogeneity. However, for first 

cleavage assays, Ni2+ affinity chromatography followed by gel filtration provided a 

sufficient degree of purity (Figure 5-6 a, lane ‘2’). 

5.1.3.2    Design of a protease cleavage assay to identify target and activator at once  

To investigate whether CalpT can be cleaved by CalpL, the two proteins were 

incubated for 1 h at 60 °C with different cOAs at 1.2:1:1.5 molar ratios. Subsequently, 

the different samples were analyzed by SDS-PAGE. The individual proteins migrated as 

expected in the polyacrylamide gel (CalpL ∼55 kDa, CalpT∼30 kDa). While for CalpT 

a weak band slightly below 25 kDa was observed, CalpL did not contain any noticeable 

impurities (Figure 5-6 a, 1-2). Incubation of both proteins without addition of cOA 

resulted in a combination of the individual protein bands. Addition of cA4 to the incubated 

protein mixture led to a different pattern of bands (Figure 5-6 a, 5). The CalpT band in 

between 25 kDa and 35 kDa almost disappeared, two new bands arose, one clearly visible 

band slightly below 25 kDa and one very faint band at ∼10 kDa. For the incubation with 

other cOAs, minimal activity of CalpL could be observed. To ensure, that CalpT 

degradation is caused by activated CalpL, the experiment was also done with a variant of 

CalpL (S152A) which lacks the nucleophilic serine of the catalytic dyad and showed no 

peptidase activity (Figure 5-6 a, 8-10). A functional cleavage could also be visualized by 

SEC-MALS experiments (Figure 5-6 b). The experiments did not only reveal that CalpL 

and CalpT for a stable heterodimeric complex in solution (purple), but furthermore, that 

upon activation with cA4 the ∼10 kDa cleavage fragment remained bound to CalpL while 

the ∼23 kDa eluted in a separated peak (black). The full CalpT–L complex eluted 

significantly earlier than that of CalpT10–L which in turn eluted earlier than CalpL alone 

(dashed green). In addition, the second cleavage fragment CalpT23 eluted significantly 

Figure 5-6: Protease activity assay to determine activator and target at once. 
a) SDS-PAGE analysis of samples from protease activity assay. A band at ∼55 kDa shows CalpL and 
one in between 25 kDa and 35 kDa corresponds to CalpT. On the left-hand side the molecular weights 
corresponding to the molecular weight marker (M) are annotated. All lanes are labeled according to 
the caption on the right-hand side indicating the content of the sample. b) SEC-MALS analysis of the 
CalpT–L complex and the cleavage fragments resulting from activation with cA4. The UV280 
absorbance and the molecular weight are shown on the left-handed and right-handed y-axis, 
respectively. The x-axis shows the retention volume. UV chromatograms are shown for all x-values 
and the MALS data is only shown for x-values where an absorbance signal was observed. The color 
coding is explained to the right to the chromatograms. For orientation, small pictograms of the peak 
contents are illustrated.	
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later than full length CalpT (dashed red). Analysis of the protein bands by peptide mass 

fingerprinting revealed that the 23 kDa cleavage fragment is the N-terminal part of CalpT 

and the smaller 10 kDa fragment is the C-terminal part of the protein (Figure 9-2). 

With the knowledge that CalpL is a cA4 activated protease that specifically cleaves 

CalpT into two distinct fragments, further questions came up: on the one hand we wanted 

to find out more on the cleavage specificity and the role of CalpT10 and on the other hand 

how the cA4 triggered activation mechanism of CalpL works. However, these questions 

needed individual investigations.  

5.2  CalpL is activated by cA4-induced oligomerization 

The next chapter focuses on the biochemical and structural investigation of the  

cA4-triggered activation mechanism. The detailed analysis includes binding studies as 

well as mutational analyses based on structural data. 

5.2.1 CalpL specifically binds cA4. 

To address the observation from protease cleavage assay that CalpL is specifically 

activated by cA4 from a quantitative point of view, binding of different cyclic 

oligoadenylates (cA3, cA4, cA5, cA6) to CalpL was compared by surface plasmon 

resonance (Figure 5-7 a). While nanomolar affinity binding (Kd≈1 nM) was observed for 

cA4, all other cOAs showed significantly weaker binding affinities that could not be 

Figure 5-7: The SAVED domain of CalpL contains a deep cavity to specifically bind cA4. 
a) Single cylce kinetics using CalpL as ligand and different cOAs as analytes. The response units are 
displayed against the time. The analyte concentration was increased from injection to injection from 
625 pM to 256 nM. b) Crystal structure of CalpL binding cA4. The cyclic nucleotide (stick 
representation) is shown inside its electron density (blue mesh). CalpL is visualized as surface model. 
c) Chemical structure of 3’-5’ linked cyclic tetraadenylate (cA4). 
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accurately determined within the experimental concentration range. Notably, the single 

cycle kinetics experiment revealed fast association- and dissociation rates which appear 

in a steep rise directly after the injection start or a rapid drop in response units after the 

end of the injection. To study the cA4-induced activation mechanism we aimed for a 

nucleotide bound CalpL structure. Several attempts of co-crystallization were 

unsuccessful, as either no crystals, only cA4 crystals, or CalpL crystals without nucleotide 

grew. However, by changing the approach to soaking native CalpL crystals with cA4 

solution (5 mM), it was possible to elucidate the structure at 2.2 Å resolution. The 

nucleotide-free CalpL structure was used for molecular replacement and the final model 

was refined to Rwork and Rfree values of 23.6 and 26.7, respectively. A highly defined 

difference electron density was observed for the cyclic oligonucleotide located in the deep 

surface cavity on the “upside” of the SAVED domain of the protease (Figure 5-7 b, 
compare Figure 5-4 b). The structure demonstrates that cA4 with its two-fold symmetry 

(Figure 5-7 c) is perfectly embedded in the positively charged surface cavity formed by 

the pseudo two-fold symmetric SAVED domain. Each two opposite adenine moieties are 

either horizontal or vertical to the CalpL surface with the latter ones being involved in a 

π-stacking with Y346 and Y475, respectively (Figure 5-8 a). Further electrostatic and 

hydrophobic interactions could be identified that target either the nucleobases, the ribose 

subunits or the phosphate groups. Some of these interactions are indicated in Figure 5-8 a. 

However, the structure did not show major conformational rearrangements compared to 

that of cA4 free CalpL (RMSD=0.365 [over 471 Cα-atoms]). Only minor changes in the 

loops surrounding the binding pocket were identified (Figure 5-8 b).  

5.2.1.1    Losing the ability to bind cA4 leads to a loss of protease activity. 

To prove that binding of cA4 to the distinctive cavity is directly related to protease 

activity, we mutated some of the residues that form the substrate binding site and analyzed 

the effect on proteolytic cleavage in combination with binding studies. These residues are 

shown as magenta sticks in Figure 5-8 a. In order to follow the reaction, samples were 

taken for SDS-PAGE analysis at 1 min and 5 min, respectively, after the addition of cA4. 

Wild type CalpL was able to degrade CalpT almost completely after just 1 min of 

incubation, whereas the protease-dead variant (S152A) did not show any cleavage. Some 

single mutants only slightly affected the cleavage activity, at least within the given 

reaction times. The most pronounced decrease in cleavage activity was observed for the 

Y346E mutant. A390F slowed down the degradation process, but after 5 min almost all 

CalpT was cleaved. The combination of two less active single mutants to a double mutant 

resulted in a further loss of proteolytic activity (Figure 5-8 d). In a second approach, a 

sterically challenging residue was introduced in the center of the surface cavity, which 

also reduced protease activity. However, when biotin was attached to the cysteine 

residues of the mutants, for S235C the activity was further decreased as expected, whereas 

biotinylating V454C increased the cleavage efficacy compared to the non-biotinylated 

mutant (Figure 5-8 e). The cA4 binding behavior of the mutants that showed the strongest 

effect in the protease activity assays was then characterized by SPR measurements. This 

confirmed a relationship between cA4 binding and proteolytic activity. Single cycle 

kinetics were performed using CalpL V454C (lower left), CalpL Y346E (upper right) and 

CalpL Y346E/A390F (lower right) as ligand and cA4 as analyte. The measurement of 

wild type CalpL (upper left) serves as reference. While the mutation of valine 454 to a 

cysteine drastically weakened cA4 binding, the single site mutation of tyrosine 346 to 

glutamic acid resulted in a reduced but still observable binding affinity. The introduction 
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of a second mutation (Y346E/A390F) almost abolished the ability to bind cA4. These 

results are fully consistent with the observations from the activity assays. 

Figure 5-8: Structure guided and detailed investigation of the cOA binding site. 
a) Visualization of interacting residues within the cOA binding site. The surface of the CalpL SAVED 
domain is shown and cA4 is included as ball and stick model. Amino acid sidechains within 4 Å 
distance to the nucleotide are represented as sticks. Residues which were mutated for subsequent 
analyses are highlighted in magenta. All shown residues are labeled and some electrostzatic 
interactions are indicated by dashed lines. Bond lengths are given in Ångström. b) Cartoon 
representation of apo CalpL (green, PDB ID: 7qda) superimposed to CalpL binding cA4 (gray, PDB 
ID: 8b0r) to illustrate the minor changes between the two states. c) SPR binding curves of different 
cOA-binding site mutants of CalpL showing a drastically decreased affinity towards cA4 compared to 
the wild type protein (green). For each individual single cycle experiment, response units are 
displayed against the time. The concentration of eacht single injection is shown above all four graphs. 
d) SDS-PAGE analysis of samples from protease activity assays to investigate the effect of mutating a 
single (or two single) amino acid side chains onto protease activity. Wild type CalpL (WT) and a 
protease dead variant (S152A) were included as reference. All mutants are indicated. Samples have 
been taken after 1 min and 5 min after activation, respectively. e) Same as in d) but with mutants that 
introduce a sterically demanding residue in the middle of the cA4 binding cavity. The reaction time 
was set to 3  min in this assay.  
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5.2.2 Binding of cA4 to CalpL induces oligomerization 

So far, we have analyzed in detail that the binding of the oligonucleotide is essential, 

as well as the presence of the two catalytic residues, serine 152 and lysine 193. However, 

since cA4 binding did not induce any conformational changes of CalpL, at least in our 

structure, we still wondered what mechanism causes the activation of the protease. 

Scientific discussions with collaborators at the University of St. Andrews, Scotland, led 

to the idea that the binding of cyclic oligoadenylates might trigger oligomerization in an 

organized manner. A similar behavior was later published for a SAVED domain-

containing immune effector where cA3 activates the protein by acting as a molecular glue 

causing a helical assembly (Hogrel et al., 2022). Recall that we indicated a positively 

charged surface patch at the downside of the CalpL SAVED domain (see Figure 5-4 b). 

This surface area could be made for such an oligomerization as it could sit on top of 

another CalpL molecule bound to cA4 by interacting with the negatively charged 

phosphate groups. 

To test this hypothesis, dynamic light scattering (DLS) and small-angle X-ray 

scattering (SAXS) experiments were performed. The latter were carried out and analyzed 

by collaborators in Hamburg. The SAXS data revealed an increased molecular weight of 

CalpL in a cA4-dependent and protein concentration-dependent manner. In addition, the 

data was used to produce a dimeric ab initio model. Thereby, it was important not to 

impose symmetry elements as we expected non-identical binding interfaces. The fitting 

algorithm generated stable solutions consisting of two stacked elongated shapes which 

were large enough to fit two CalpL monomers (Figure 5-9 a). To further validate the 

importance of the positively charged surface patch for the stacking, charge-flip mutants 

were designed that are located within this region (Figure 5-9 c). After successful 

mutagenesis, expression and purification of these protein variants they were tested for 

their ability to cleave CalpT (Figure 5-9 d). Arginine to glutamic acid mutations showed 

reduced (R361E) or even a complete loss (R338E) of proteolytic activity. Interestingly, 

for the R493C mutant, which was designed for site specific immobilization in SPR 

experiments and is located at the edge of the positively charged surface region, also 

showed a decreased activity. Both lysine to glutamic acid mutants tested did not exhibit 

significant changes in their cleavage efficiencies. DLS experiments confirmed a 

concentration dependent oligomerization behavior. An increasing particle size was 

observed upon addition of cA4 to wild type CalpL whereas without addition of the cyclic 

nucleotide, the particle radii remained at the size calculated for a monomeric protein 

(Figure 5-9 e). The experiment was done in the same way for different mutants. 

Strikingly, the double mutant Y346E/A390F, for which no more cA4 binding was 

observed, in turn lost its ability to oligomerize. Besides, one “downside” mutant (R361E) 

also resulted in a drastically decreased cA4-dependent oligomerization. Taken together, 

the different techniques helped to validate that cA4 induces oligomerization of CalpL, 

which then triggers the proteolytic cleavage. 

5.2.2.1    Oligomerization induced cleavage of CalpT occurs ‘in trans’ 

With the certainty that CalpL forms staggered oligomers with cA4 acting as molecular 

glue, sandwiched in between the monomers, we wondered why this behavior is necessary 

for activation. A plausible explanation for such a mode of action would be an ‘in trans’ 

cleavage, where CalpL cleaves the CalpT molecule bound to a neighboring protease. To 

investigate this, mixtures of preformed CalpT–L complexes (e.g. CalpL WT + CalpT WT, 
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CalpL S152A + CalpT WT, CalpL WT + CalpT A195E) were tested for cA4-triggered 

proteolytic cleavage (Figure 5-10 a). CalpT A195E is a non-cleavable variant of the 

protease target, further details on this mutant can be found in Section 5.3.1. No cleavage 

was observed for single mixtures of CalpL S152A–CalpT WT or CalpL WT–CalpT 

A195E. However, mixing the two complexes, which are not capable of ‘in cis’ cleavage, 

in a 1:1 molar ratio just before the addition of cA4, resulted in 50 % degraded CalpT 

(Figure 5-10 a, “50/50”). The remaining 50 % of uncleaved CalpT was caused by the 

A195E mutation. This could be confirmed by changing the ratio of the two complexes 

(Figure 5-10 a, “75/25”), where only 25 % of full-length CalpT remained. Addition of 

uncomplexed CalpL to a CalpL S152A–CalpT WT complex just prior to addition of the 

Figure 5-9: Binding of cyclic tetraadenylate triggers oligomerization of CalpL. 
a) Molecular weights derived from forward scattering, I0, calculated from SAXS data plotted against 
the concentration. At each concentration one data set was recorded with (red) and without (black) an 
equimolar amount of cA4. The molecular weight of monomeric CalpL is indicated by a dashed line. 
b) Ab initio/rigid-body model of a CalpL dimer generated based on SAXS data. c) Side view of the 
SAVED domain of CalpL, the “upside” is annotated as well as the “downside”. Residues that were 
tested for their contribution in protease activity and oligomerization are highlighted and labeled. 
d) SDS-PAGE analysis of protease activity assay to test “downside” mutants for protease activity. 
e) Hydrodynamic radii of different CalpL mutants determined by dynamic light scattering at different 
protein concentrations and in the absence (gray to black) and presence (cyan to violet) of cA4. 
Horizontal dashed lines indicate the calculated sizes of a CalpL monomer and modelled CalpL 
oligomers as indicated. The theoretical radii were computed using HullRad (Fleming & Fleming, 
2018). The significance of the differences in hydrodynamic radii depending on the presence of cA4 
was tested by two-tailed t-tests and is annotated (n.s. - P > 0.5; * - P ≤ 0.05;** - P ≤ 0.01;  
*** - P ≤ 0.001;**** - P ≤ 0.0001 ) 
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nucleotide addition, led to a complete degradation of CalpT. These results demonstrated, 

that the target of CalpL is cleaved ‘in trans’ by a protease adjacent to the CalpT–L 

complex that actually contains the degraded CalpT molecule.  

5.2.2.2    The directionality of proteolytic ‘in trans’ cleavage is defined 

Knowing the above, another question immediately arose: is the cleavage direction 

defined within a staggered oligomer, or is it unidirectional? To examine this, the protease 

activity assay was further modified. One component (for instance CalpL or the complex 

of CalpL + CalpT) was immobilized on Streptavidin beads to sterically block the bottom 

side and the other component was provided freely in solution. Just before activation, the 

individually preincubated components were mixed (Figure 5-10 b). When all CalpT–L 

complexes were bound to the beads, no cleavage was observed. This made it clear, that 

there is no ‘in cis’ cleavage in addition to the ‘in trans’ mechanism. Furthermore, we 

could identify differences for the mixtures of immobilized CalpT–L complex and soluble 

protease complex (lane 4/5) compared to immobilized protease and soluble CalpT-L 

complex (lane 2/3). When the protease can only attack from the top, no cleavage of CalpT 

occurred (lane 4/5). In contrast, when the protease could only attack from the bottom, 

CalpT was completely degraded in the assay.  

In conclusion, the addition of CalpT to CalpL results in a stable heterodimeric 

complex. This complex oligomerizes in an ordered manner upon addition of cyclic 

tetraadenylate. The oligomerization in turn, activates the protease–target complex and 

leads to a directional ‘in trans’ cleavage. The directionality is defined so that the protease 

cleaves exclusively ‘upwards’ (Figure 5-10 c). 

 

  

Figure 5-10: Determination of the cleavage directionality by protease activity assays. 
a) Protease activity assays (15 % SDS–PAGE, Coomassie stained) with different preformed CalpL–
CalpT complexes, as indicated. Pictograms are included for visualization. b) Same as in a) but using 
biotinylated CalpL bound to Streptavidin beads to block the bottom side. The indications “i*” and 
“s*” describe which component was immobilized to the beads and which was free in solution, 
respectively. c) Schematic representationof the cA4-induced cleavage mechanism. CalpL and CalpT 
form a stable complex (left. Addition of cA4 leads to an ordered oligomerization (middle), which results 
in an activation and subsequent ‘in trans’ cleavage of CalpT bound to a protease on top of the 
enzymatically active one (right).  
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5.3  Site specific cleavage requires CalpT–L complex formation 

The detailed analysis of the cleavage site specificity as well as the role of CalpT–L 

complex formation for effective proteolytic cleavage is described in the following section. 

This study includes structural and biochemical analyses.  

As the size of the CalpT cleavage fragments were in line with the analysis by peptide 

mass fingerprinting. CalpT was cleaved into a distinct larger N-terminal and a smaller C-

terminal cleavage fragment upon incubation with CalpL and subsequent activation of the 

protease by cA4 addition. To determine the specific cleavage sequence, we had a closer 

look into the structure and used the structure of the ATP-independent Lon protease of the 

yellowfin ascites virus for structural superposition (PDB ID: 4izj, (Chung & Paetzel, 

2013)). This helped to align a peptide chain into an elongated surface cavity that ends at 

the protease catalytic dyad (see Figure 5-11). 

5.3.1 Structure guided mutational analysis to investigate the cleavage site of CalpT  

The mentioned superposition hinted the position of the P1 site with its amino acid side 

chain pointing towards a small hydrophobic cavity of the CalpL surface suggesting to fit 

only tiny hydrophobic residues such as alanine or glycine. From the P1 site, the peptide 

chain proceeds through the channel in N-terminal direction with every second side chain 

pointing towards the CalpL surface (Figure 5-11). After this structural modelling we used 

the AlphaFold2 software to structurally predict CalpT. The program built a two-domain 

protein with a ∼23 kDa large N-terminal part and a C-terminal part of ∼10 kDa. Both 

domains were connected by a flexible loop which was searched for alanine or glycine 

residues, respectively (Figure 5-12 a). Indeed, we found four alanine residues within the 

respective region (Figure 5-12 a-b) and created glutamic acid variants for each of them 

individually (A172E, A182E, A195E, A201E). Protease cleavage assays using all four 

variants were performed and observed no cleavage for CalpT A195E (Figure 5-12 c). 

Assuming this alanine to be the P1 residue, the amino acid sequence at the cleavage site 

would read V190-L-R-H-V-A|S-T with the peptide bond in between A195 and S196 being 

Figure 5-11: CalpL substrate channel superposition. 
a) Surface electrostatics of the Lon protease active site region. The positions of the catalytic dyad 
residues are indicated. A line marks the likely substrate channel with indicated N- and C- termini of 
the peptide. b) Magnification of the substrate channel including a superposition with the enzyme 
intermediate of yellowfin asciitis virus protease (PDB ID: 4izj). The protease catalytic residues are 
indicated and highlighted by magenta spheres. The substrate peptide chain sequence was modified to 
match the CalpT cleavage site sequence. Even and odd amino acid residues of the peptide chain are 
colored differently and annotated by P1-P6. 
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the hydrolyzed one. Cleavage at that position would lead to an N-terminal fragment of 

23.17 kDa size and a C-terminal fragment of 8.75 kDa size which is in agreement with 

the observations made in the previous experiments. Interestingly, alanine 195 as well as 

the directly neighboring amino acids are conserved among CalpT homologs. 

Furthermore, SEC-MALS analysis was used to investigate if the mutants were able to 

form a stable complex with CalpL as it was observed for the wild type protein. All four 

glutamic acid variants were incubated with CalpL in a 1:1.2 (CalpL:CalpT) molar ratio 

and subsequently were run on a Superose6 gel filtration column. All mutants, except 

A201E showed complex peaks at the same retention volume as observed for CalpT and 

CalpL wild type proteins. However, the mixture of CalpL and CalpT A201E eluted in 

two separated peaks consistent with those of the individual protein samples (Figure 
5-13). The experimental molecular weights obtained from multi-angle light scattering 

supported that the A201E variant is unable to form a stable complex with CalpL, at least 

at the used experimental conditions. Notably, this mutant did only show partial cleavage 

in the protease activity assay (compare Figure 5-12 c). 

 

 

 

 

Figure 5-12: Structural prediction of CalpT helped to identify the protease cleavage site. 
a) AlphaFold2 generated structural model of CalpT with its N-terminal MazF-like domain on the left-
hand side (red, white) and its smaller C-terminal domain on the right-hand side (red, black). Alaninine 
residues within the unstructured loop in between both domains are highlighted by colored spheres.  
b) Amino acid sequence of CalpT starting with “G0” that remains from the TEV cleavage site. Alanine 
residues of the linking loop are marked by colored shperes above the respective position. The coor 
coding was done in the same way as in a). c) SDS-PAGE analysis of samples from a protease activity 
assay using wild type CalpL and CalpT A to E mutants. Wild type CalpT was used as reference with 
and without activation of the protease. For all CalpT mutants, the protease was activated. The color 
coding of the mutants was done in analogy to a) and b). 
 



Results Part II 

 92 

 

 

Figure 5-13: Analysis of the effect of CalpT cleavage site mutations on complex formation. 
SEC MALS analysis of wild type CalpL with different A to E mutants of CalpT to investigate the effect 
of the respective mutation onto complex formation. The retention volume is annotated on the x-axis, 
the UV absorbance on the left y-axis and the molecular weight on the right y-axis. The color coding 
of the graphs is explained in the caption on the right-hand side. 

Figure 5-14: CalpT-L complex analysis and crystallization. 
a) Single cycle kinetics to quantitatively investigate the complex formation of CalpL and CalpT. The 
individual experiments for wild-type CalpT (gray) and the CalpT A201E mutant (orange) are overlaid 
in the graph of response units agains reaction time. The concentrations of the individual injections 
are shown at the top. b) ITC experiment for the CalpT-L complex formation. The differential power 
(DP) of the thermograms are applied against the reaction time (top) and the resulting binding curves 
as a function of the enthalpy against the molar ratio (below). The measurement of wild-type CalpT 
(black) and that of the A201E mutant (orange). c) Gel filtration chromatogram (UV280 against rention 
volume) of the CalpT10-L complex (left). And the corresponding SDS-PAGE analysis of selected 
fractions (right). The fractions indicated by a green bar were pooled, concentrated and used for 
crystallization. d) Images of the protein crystals grown after 5 days of incubation at 20 °C. On the 
left-hand side, the whole drop is shown and on the right-hand side a magnification of the crystal which 
was used for X-ray scattering. e) Section of the diffraction image obtained from the scattering 
experiment using the crystal shown in d).  
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5.3.2 Structural investigation of CalpT–L complex formation 

Analytical gel filtration already showed complex formation of CalpT and CalpL 

qualitatively. Quantitative characterization of the interaction was achieved by SPR and 

ITC experiments. Both techniques suggested sub-nanomolar affinities of the two wild-

type proteins, whilst the interaction of CalpL with the A201E mutant of CalpT was still 

observable but of drastically lower affinity (Figure 5-14 a, b). To learn more on the 

complex formation, we co-crystallized CalpL with CalpT. The two proteins were 

preincubated and the complex peak after size exclusion chromatography was pooled and 

concentrated. This procedure was done with and without addition of cA4 to the protein 

mixture prior to the gel filtration step. However, only those crystallization experiments 

with the cleaved complex were successful.  

5.3.2.1    Crystal structure of CalpT10 in complex with CalpL 

After size exclusion chromatography, the fractions which contained both proteins in a 

1:1 ratio were pooled and concentrated to c≈30 mg/ml (Figure 5-14 c). After 5 days of 

incubation, crystals were obtained in condition E2 of the commercially available JCSG+ 

crystallization screen (Molecular Dimensions, Sheffield, UK) (Figure 5-14 d). Crystals 

were harvested with additional 35 % glycerol as cryoprotectant, flash frozen to liquid 

nitrogen and shipped to the Petra III electron storage ring in Hamburg. Diffraction data 

was collected (Figure 5-14 e) and the structure could be solved at 3.3 Å resolution by 

molecular replacement using the crystal structure of CalpL and the AlphaFold model of 

CalpT10 as search models. Despite the ‘low’ resolution, all CalpT10 residues fitted well 

into the density except for residue S196. However, this residue was still included to the 

model (Figure 9-3). The structural data showed that the CalpT10 fragment binds to the N-

terminal ‘katanin’ domain of CalpL and the interaction interface area could be determined 

to A=691.6 Å2 by the PISA online tool (Krissinel & Henrick, 2007). However, this tool 

commented that the interface might be a crystal packing artefact. To exclude this, we 

employed SEC-SAXS measurements of the complex which were in agreement with the 

crystal structure. The interface is highly charged, on the CalpL side mainly positively and 

on the CalpT side mainly negatively (Figure 5-15 a). As already suggested by the 

mutational SEC-MALS analysis (see Figure 5-13), A201 of CalpT is part of the interface. 

Several more residues could be identified to contribute to the complex formation 

electrostatically and hydrophobically. The interactions are shown in detail in Figure 
5-15 b and c. Interestingly, residue S196 of CalpT is located 37 Å far away from the 

protease active site and even stretching the loop would not make it fit there (Figure 9-3). 

This geometric arrangement excludes a self-cleavage within one heterodimeric complex 

without major conformational changes. This observation perfectly fits the results from 

the activity assays presented in Section 5.2.2 which determined the cleavage to occur ‘in 

trans’. 

 

5.3.2.2    CalpT10 is required for specific cleavage of the adjacent peptide sequence 

As the A201E mutant of CalpT was cleaved with a drastically lower efficiency, we 

investigated whether this can be explained by the decreased affinity for complex 

formation. To test, if the heterodimeric complex formation of the protease and its target 

is a required condition, two different artificial constructs were designed. For one construct 

(NiS037), the two VcSiaP specific VHH antibodies (see Section 2.1.2) were linked by 

the amino acid sequence of the flexible loop region of CalpT that includes the protease 
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cleavage site. The other construct (NiS038) was designed similarly, but with the CalpT10 

sequence instead of the C-terminal VHH antibody (Figure 5-16 a). For the latter one, 

complex formation with CalpL as well as with VcSiaP could be observed in gel filtration 

experiments. Additionally, it could be demonstrated, that NiS038 could be cleaved by 

CalpL even when interacting to VcSiaP via the N-terminal nanobody (Figure 5-16 b). 

This showed, that the N-terminal part is not relevant for an efficient cleavage and even 

increasing that part by a factor of 2 does not lead to a decreased cleavage. In SPR 

measurements, a binding behavior of CalpL to NiS038 was observed that was similar to 

that of CalpT (Figure 5-16 c). The results could be also verified by isothermal titration 

calorimetry (data not shown). Both artificial constructs were also tested in protease 

activity assays to find that only NiS038 could be proteolytically degraded, while NiS037 

Figure 5-15: Structural analysis of CalpT10–CalpL complex formation. 
a) Overview on the CalpT10-CalpL complex structure. The two proteins are shown as surface model 
and significant regions are labeled. On the right-hand side, the two proteins are rotated to visualize 
the interface regions. These regions are also shown magnified and colored accoriding to the 
electrostatic surface potential as indicated. b) Magnification of the interaction interface of the 
structure. Amino acid side chains that contribute to the binding by electrostatic interactions are 
labeled and shown as sticks. c) Representation of interactions between CalpL and CalpT10 visualized 
using LigPlot+ (Laskowski & Swindells, 2011). Electrostatic interactions (black) and salt bridges 
(red) are indicated by dashed lines and the respective bond lengths are given in Ångström (Å). 
Residues that undergo hydrophobic interactions are labeled in one letter code and their orientation is 
depicted. The color scheme is consistent from a) to c) (CalpT-red, CalpL-green). 
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remained as a whole. This suggested, that the C-terminal domain of CalpT, namely 

CalpT10, is absolutely necessary for CalpT to be cleaved by CalpL. By this, specificity is 

introduced which is not necessarily based on a recognition sequence adjacent to the 

cleavage site, as known for e.g. TEV protease, but on a complementary domain 

architecture of CalpT10 and the N-terminal domain of CalpL. 

 

5.4  Elucidating the role of CalpT in a phage defense signaling cascade 

After studying the cA4 activated cleavage mechanism of CalpL and determining the 

required properties of the protease substrate, we next focused on the role of CalpT in an 

effective phage defense mechanism. Obviously, the site-specific proteolytic cleavage of 

the polypeptide needs to trigger a downstream effect in the bacterial immune response.  

5.4.1 CalpT shares a structural similarity to MazE/F-like toxin-antitoxin systems 

CalpT10, characterized as a ‘domain of unknown function’, was found to play a key 

role in the essential complex formation with CalpL. However, the N-terminal domain, 

CalpT23, did not affect the cleavage mechanism, but its structural homology to the MazF 

toxin (Figure 5-17 a, b), an endoribonuclease, provided a starting point for further 

analyses. As it is known for MazF to form dimeric assemblies in solution (Simanshu et 

al., 2013; Zorzini et al., 2016), a similar behavior for CalpT was studied in silico and in 
vitro. Structural prediction of a CalpT23 dimer resulted in reasonable models with good 

confidence scores (Figure 5-17 c). To analyze this by PELDOR spectroscopy, a single 

cysteine was introduced at position 119 to attach an MTSSL spin label to the protein. If 

dimerization happens, a defined distance distribution should result from EPR experiments. 

However, neither without nor with cA4-induced cleavage of CalpT such an observation 

was made (Figure 5-17 d). Additionally, the ability of CalpT to cleave DNA or RNA was 

tested in collaboration with scientist from Bonn and St. Andrews, UK. Incubation of 

CalpT-L in presence or absence of cA4 with six different fluorescently labeled single 

stranded RNA sequences (ssRNAs) did not result in observable degradation of any of 

Figure 5-16: Investigating the role CalpT10 with respect to an efficient proteolytic cleavage. 
a) Sketch of the two artificial protein constructs, NiS037 and NiS038. NbS001 and NbS002 are VcSiaP 
specific VHH antibodies (described in Part I) The linker sequence is denoted and the CalpL cleavage 
site is indicated by a ‘*’. b) Size exclusion chromatogram of the VcSiaP/NiS038/CalpL complex in 
absence (solid line) and presence (dashed line) of cA4, respectively. The UV absorption is plotted 
against the retention volume. c) Single cycle kinetics using CalpL as ligand and CalpT (black, gray) 
or NiS038 (blue) as analyte. The response units are shown on the y-axis and the time on the x-axis. 
d) SDS-PAGE analysis of samples from protease activity assays. The components of each reaction 
mixture are indicated above the 15 % polyacryl amide gel. CalpL and CalpT wild type proteins were 
used as control (‘ctrl’). 
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these (Figure 5-17 f-g). To test more sequences at once, an RNA cleavage assay was 

designed that uses a library of ssRNAs to be tested for nucleolytic degradation. To build 

the ssRNA library, DNA oligos were designed with specific 3’- and 5’ ends and 10 

random bases in the middle. These oligos were transcribed by T7 RNA polymerase in 
vitro and the transcripts were incubated with CalpT-L in presence or absence of cyclic 

tetraadenylate, a control reaction was set up with MazF. Incubation of the RNA library 

with MazF indeed led to a depletion of sequences that contained the MazF recognition 

site (ACA) (Figure 5-17 e (left)). This proved that the assay worked in general. However, 

for CalpT-L, no signs for nuclease activity could be identified (Figure 5-17 e (right)). 

Figure 5-17: Investigating the structural homology of CalpT to a MazF toxin. 
a) Superposition of the CalpT alphafold model (red) with one monomer of MazF in complex with 
ssDNA (black/cyan, PDB ID: 5cr2). At the position where the nucleotide binds to MazF, the long αE 
helix of CalpT is located. b) Same as in a) but for CalpT and the MazE/F complex (black, palecyan, 
PDB ID: 4me7). The MazE helix is located at the same position as the αE helix of CalpT. c) Predicted 
structure of a possible CalpT dimer including an MTSSL spin label. The two protein chains are colored 
according to the prediction confidence as indicated (pLDDT, predicted local distance difference test 
(Tunyasuvunakool et al., 2021)). d) Consensus distributions determined by EPR spectroscopy of 
CalpL/T-E119C-R1 in presence (red) and absence (gray) of cA4. The predicted distance distribution 
of a CalpT23 dimer is shown in blue, it was calculated with mtsslWizard (Hagelueken et al., 2012). 
e) Illumina sequencing results to search a RNA library for cleaved sequences after incubation with 
MazF (left) and CalpT23 (right). The proteins were incubated with a ssRNA library containing 10 
random bases. After reverse transcription of the ssRNA these were sequenced. Compared to a control 
reaction without protein, sequences containing the target site were depleted. By this, the known 
recognition motif of MazF (ACA) could be found (left) while for the experiment with CalpL/T, no off 
diagonal sequences were identified. f) Fluorescence image of an SDS-PAGE to determine 
ribonuclease activity of CalpT after proteolytic cleavage. Six fluorescently labelled RNA sequences 
were tested (listed in g)). After 30 min of incubation at 60 °C, no cleavage was observed. g) Sequences 
of the RNA substrates tested in f).  
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5.4.2 CalpT forms a stable complex with the putative ECF σ factor CalpS 

Since the initial assumption that CalpT has nuclease activity like its structural homolog 

MazF could not be confirmed, we pursued another possible function of CalpT. Analysis 

of the gene neighborhood conservation as previously done to find CalpT as target for 

CalpL (see Section 5.1.3), drew our attention to a third conserved protein encoded by the 

operon (224 amino acids, 26.5 kDa, UniProt ID: B2V8L7). The encoded protein product, 

CalpS, showed structural similarities to ECF σ factors, which mediate the promoter 

identification by RNA polymerase (RNAP) and play a key role in transcriptional 

regulation during cellular stress (Paget, 2015; Singh et al., 2011). The AlphaFold model 

of CalpS is presented in Figure 5-18 a, and shows a protein comprised of two domains 

which are linked by a flexible loop. The individual domains have structural similarities 

to the σ2- and σ4- subunits which are responsible for specific binding of the DNA  

Figure 5-18: CalpT forms a complex with the ECF sigma factor CalpS. 
a) AlphaFold model of CalpS. The N-terminal and C-terminal ends are indicated as well as the σ2- 
and σ4 subunits. b) Predicted CalpS-T complex structure. All protein domains are labeled and the 
CalpT cleavage site A195 is highlighted. To identify the DNA binding sites of CalpS, the individual 
subdomains were superimposed with the experimental structures of sigma factor σ2 and σ4 domains 
bound to DNA fragments (used PDB IDs: 2h27 and 4lup). c) Model of  the tripartite protein complex 
CalpS-T-L. The CalpT10-L part consists of experimentally determined structures while the CalpS-T23 
part was generated by AlphaFold. Proteins and characteristic sites of them are indicated. d) SEC 
chromatograms from the purification of CalpS (dashed line) and the result from CalpS CalpT 
coexpression. The retention volume is depicted on the x-axis and the UV absortption at λ=280 nm on 
the y-axis. e) Superposition of the σ2- and σ4 subunit of CalpS (blue-purple) on a complex structure of 
a sigma factor (green) in complex with RNA polymerase (gray) and DNA (orange) (PDB ID: 5zx2). 
The individual components are labeled. CalpS was cut in the flexible linker region to enable individual 
alignments of the two domains. 
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at the -10 and -35 region, respectively. These regions are indicated in Figure 5-18 c, 

which depict a predicted complex of CalpL, CalpT, and CalpS. This prediction showed, 

that CalpT23 could bind to CalpS to regulate its function in an anti-σ factor manner, 

namely by blocking the DNA binding site of the σ factor and trapping it in a conformation 

that does not allow binding to RNAP (Figure 5-18 b, e).  

To test whether the predicted complexes also exist in vitro, a synthetic, codon-

optimized variant of calpS was cloned into a pBADHisTEV expression vector containing 

an N-terminal His6 tag and a TEV cleavage site. However, different constructs were 

designed in different expression vectors, including an MBP-fusion protein to increase the 

expression yield and help to keep the protein soluble and a protein without an affinity tag 

for coexpression studies. The protein was expressed in E. coli BL21 (DE3) and E. coli 
C43 cells. Although the expression yielded only small amounts of protein, peptide mass 

fingerprinting confirmed its accuracy. Strikingly, mass spectrometric analysis showed 

that CalpS coelutes with RNAP from the E.coli expression system (Sequence identities: 

RpoA=39.6 %, RpoB=50.4 %, RpoC=52.7 %, RpoZ=29.9 %). In contrast, coexpression 

of CalpS with CalpT prevented copurification of CalpS with RNAP (Figure 5-18 d). 

However, when CalpS was copurified with RNAP, CalpS was still able to bind CalpT 

and, mediated by the anti-σ factor, also CalpL. It was also observed, that CalpT could still 

be proteolytically cleaved by CalpL when in complex with CalpS and RNAP (Figure 
9-4). These experimental data confirmed the hypothesis that CalpL, CalpT and CalpS 

form a complex that prevents the σ factor, CalpS, from binding RNAP and thus, from 

transcriptional regulation. To further strengthen the structural model of the CalpS-T 

complex, some charge-flip mutants of residues that are part of the predicted complex 

interface were generated. And indeed, for CalpS R80E, no complex formation with CalpT 

was observed in analytical gel filtration experiments (Figure 5-19). 

 

5.4.3 Experimental validation of the full-length CalpT AlphaFold prediction 

All previous attempts to crystallize CalpT in its full length did not work out, neither 

for the protein alone nor in complex with CalpL or CalpS. Only the C-terminal part, 

CalpT10, was observed by co-crystallization of CalpT with CalpL. Co-crystallization trials 

without addition of cA4, yielded crystals after more than 50 days. Interestingly, all crystals 

that diffracted well enough for further analysis only contained CalpL and CalpT10. 

However, we did not surrender trying to solve the structure, and finally, succeeded with 

co-crystallization of CalpT with a VHH antibody.  

The primary idea to generate VHH antibodies against the CalpL–CalpT complex arose 

from the thought they might stabilize the CalpT-L complex, compete for cA4 binding, or 

bind the N-terminal domain of CalpT and provide hints for its function. For the 

immunization, the protease-dead mutant S152A of CalpL and wild-type CalpT were 

Figure 5-19: Mutational CalpS-T complex analysis. 
Analytical SEC of CalpS-CalpT interface mutants. 
The UV absorption is plotted against the retention 
volume. Dashed lines indicate the retention volume 
for the individual proteins and their complex as 
annotated. The color coding is described in the 
legend. 
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preincubated and run on gel filtration, just as for co-crystallization trials. Generation, 

expression and purification of VHH antibodies was done in a similar way as described in 

Section 2.1.1.2. By biochemical analysis, 2 CalpL targeting VHHs (NbS020-NbS021) 

and 4 CalpT targeting VHHs (NbS022-NbS025) were identified. Although the analysis 

is not discussed further below, it can be summarized that the two CalpL-specific 

antibodies bind to different epitopes, while the four CalpT-binding VHHs target 

overlapping regions. All nanobodies bound their antigen with nanomolar affinities, or 

even stronger and some of the them showed interesting effects, which need further 

analysis.  

Individual co-crystallization of all four CalpT specific VHHs with their target protein 

was only successful in the case of CalpT–NbS023, which is astonishing as they showed 

a similar binding behavior towards the same target region on the C-terminal CalpT 

domain. Crystals were obtained after 3 days of incubation at 20 °C in condition G4 of the 

Morpheus crystallization screen (Molecular Dimensions) (Figure 5-20 a). The crystals 

were harvested without cryo protection and a diffraction dataset was recorded at DESY, 

Hamburg (Figure 5-20 b, c). The structure was solved at 2.1 Å resolution by molecular 

Figure 5-20: VHH antibody stabilizes CalpT for crystallization. 
a) Pictures of CalpT–NbS023 complex crystals (left) including a magnification (right). Scale bars are 
included in the top left corner. b) Image of the crystal inside the cryo loop. The position where the 
Xray beam hit the crystal is indicated by a blue circle. c) Diffraction image obtianed from a test 
diffraction. d) Structural model of the CalpT–NbS023 complex (red and yellow, respectively). The two 
domains of the AlphaFold model (black) were superimposed onto the experimental structural 
individually. All protein domains, termini and the CalpT cleavage site A195 (magenta) are indicated. 
e) ITC thermogram from the titration of NbS023 to CalpT (top) and the resulting binding curve 
(bottom). For the thermogram, the differential power (DP) was plotted against the reaction time, and 
for the binding curve, the enthalpy (ΔH) against the molar ratio. Resulting binding data are shown in 
the box in the lower right corner. f) Magnification of the interaction interface of CalpT (red) and 
NbS023 (yellow). Residues that form electrostatic interactions are labeled and shown as sticks, 
interactions are indicated by dashed lines. Bond lengths are given in Ånström. 
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replacement using the CalpT10 structure, the CalpT23 AlphaFold model and the NbS001 

structure as search models. Like biochemical analysis already suggested, the VHH 

antibody was observed to bind to the C-terminal domain of CalpT. Both CalpT domains 

showed a high similarity to the AlphaFold model (r.m.s.d. for CalpT23=0.486 over 133 

Cα-atoms, r.m.s.d. for CalpT10=0.329 over 68 Cα-atoms) (Figure 5-20 d). The two 

domains of the structural model were superimposed independently after cutting the 

flexible connection loop. The high affinity binding (see Figure 5-20 e), was observed to 

be a result of a 630.1 Å2 large interaction interface. The most electrostatic interactions 

were identified between the CDR3 region of the nanobody and CalpT10 residues E217, 

D221, E222, and S247 (Figure 5-20 f). However, an additional, albeit distant, interaction 

was identified between the VHH (E89) and the CalpT23 domain (K118, E119) by 

analyzing the structure with the LigPlot+ software (Laskowski & Swindells, 2011), as 

well as with the PDBePISA tool (Krissinel & Henrick, 2007) (Figure 5-21 a). The latter 

one was also used to analyze all interfaces within the crystal. The largest area (1329.6 Å2) 

occurred between two CalpT monomers and stabilizes the flexible linker region within 

the crystal from one side. The other side of the same loop was stabilized by a NbS023 

symmetry mate by another large area (682.2 Å2) of crystal contacts (Figure 5-21 b). 

These contacts which are based on the crystal packing, might be the reason for a 

successful crystallization approach exclusively with NbS023.  

Since The VHH antibody binds to CalpT10 and the interaction surface overlaps with 

that of the CalpT–L complex, we investigated the effect of all VHHs on the protease 

activity. Therefore, CalpT and CalpL, respectively, were preincubated with one of the six 

VHHs, and subsequently, the other components were added to the reaction mixture. The 

protease activity assay was performed at 37 °C and did not show significant effects for 

NbS020 and NbS022. For NbS021, which targets CalpL, an increased proteolytic activity 

Figure 5-21: Crystal packing analysis of CalpT-NbS023 and activity assay. 
a) Overview on the CalpT–NbS023 complex structure showing an additional interaction between 
CalpT23 and the VHH. Residues are labeled within the magnification in the top right corner. The 
distances between the residues are given in Å. b) The complex (surface) and symmetry mates of the 
individual chains (ribbon) to illustrate the different interfaces Aa, Ab, Ac, and Ad (highlighted by 
colored speheres). The areas of the interfaces are annotated, all components are labeled. c) SDS-
PAGE analysis of samples from a protease activity assay after preincubation with the different VHHs. 
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was observed. However, this effect could not be further investigated, as first attempts to 

crystallize the complex failed. Preincubation of CalpT with NbS023, NbS024 or NbS025 

led to a slightly decreased proteolytic cleavage. Which might be caused by the 

overlapping interaction interfaces of the VHHs and the protease. However, these findings 

require further and more detailed investigation. 
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6. Discussion Part II 
Structural and functional characterization of the CRISPR-associated Lon protease 

(CalpL) from Sulfurihydrogenibium sp. YO3AOP1 revealed that CalpL contains a typical 

Ser-Lys catalytic dyad (Amerik et al., 1991; Kirthika et al., 2023) and is activated by 

cyclic tetraadenylate (cA4)-induced oligomerization.  

The binding of cA4 to SAVED domain-containing effector proteins was previously 

known only for CBASS systems (N. Liu et al., 2022), but within the last two years more 

and more CRISPR systems have been reported to be activated in a similar manner (Hogrel 

et al., 2022; Steens et al., 2024). To unravel the role of CalpL in bacterial immunity, we 

identified conserved genes within the same operon as CalpL and tested their interactions 

using in silico approaches, biochemical and biophysical methods, as well as X-ray 

crystallography.  

6.1  Analysis of the gene neighborhood conservation of CalpL  

Functionally related bacterial proteins are often encoded by genes that are localized in 

close proximity in the genomic DNA (Rogozin et al., 2002). To find possible candidates 

for protease targets, we used the WebFlags server for gene neighborhood conservation 

(Saha et al., 2020). This approach led to identify CalpT and CalpS, an anti-sigma factor 

– sigma factor pair that controls bacterial transcription upon activation by proteolytic 

cleavage. Apart of that, we observed CalpL homologs that showed significant differences 

in their sequence length, or the presence of calpT and calpS genes (Figure 6-1).  

 

6.1.1 Subtype classification according to the CRISPR locus 

6.1.1.1    Absence of Cas1 and Cas2 and presence of a signature gene  

By analyzing the gene neighborhood of organisms that encode CalpL homologs, it 

becomes evident that some do contain cas1 (magenta) and cas2 (blue) genes, which are 

important for spacer acquisition (Barrangou, 2013; Nuñez et al., 2014) and some do not, 

such as Sulfurihydrogenibium sp. (see Figure 4-9; Figure 6-1). CRISPR loci that lack 

those genes are most often assigned to the subtypes III-b or IV (Makarova & Koonin, 

2015). Such CRISPR systems, depend on the astonishing versatility of alternative 

adaption pathways (Majumdar et al., 2015; Mohanraju et al., 2016; Nuñez et al., 2015; 

Peters et al., 2017). The presence of the type III signature gene, cas10 (orange), in the 

CRISPR locus and the absence of the adaption module suggest the system to be of subtype 

Figure 6-1: Gene neighborhood analysis revealed interesting CalpL homologs. 
The conservation of the genomic context of calpL among different organisms was analyzed using 
the webFlaGs online tool (Saha et al., 2020). Like in Figure 4-9, Sulfurihydrogenibium sp. 
YO3AOP1 is shown on top and the CalpL encoding gene and its homologs are shown in green 
(1). The genes encoding for CalpT and CalpS are indicated in red (2) and purple (3), respectively. 
Further conserved ORFs are highlighted and indicated in the legend.  
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III b (Makarova et al., 2015; Makarova & Koonin, 2015). Furthermore, the locus encodes 

Cmr proteins which are important in this subtype of CRISPR immunity (Hale et al., 2009, 

2012; Makarova et al., 2015). 

 

6.1.2 CalpL homologs in other organisms show similarities and differences 

During the gene neighborhood analysis, we recognized that some organisms lack genes 

for the anti-sigma factor–sigma factor pair, calpT and calpS, and furthermore, some 

CalpL homologs seemed to differ in their sequence length. Some of these organism and 

their calpL-containing operons are depicted in Figure 6-1.  

 

6.1.2.1    Organisms that contain calpL genes but lack CalpS and CalpT encoding genes  

Upon taking a closer look at systems that lack the calpT and calpS genes, we 

recognized a gene ,’i’ (teal), downstream of cas6 (yellow), that was exclusively present 

in these organisms. We then predicted the complex structures of these hypothetical 

proteins with the corresponding CalpL homolog from Fervidobacterium chanbaicum, 

FcCalpL, and Fervidobacterium nodosum, FnCalpL, respectively (Figure 6-2 a, b). In 

each case, the AlphaFold2 prediction of the complex showed binding of the small 

hypothetical protein to the N-terminal domain of CalpL with the same interface as 

CalpT10. Both protease homologs contain a Ser-Lys catalytic dyad and showed evidence 

of cA4-induced oligomerization in predictions with the AlphaFold3 server (Figure 6-2 c, 

Figure 6-2: CalpL homologs are predicted to bind a different potential protease target. 
a) Predicted heterodimeric complex of FcCalpL (tan) and the hypothetical protein encoded (turquoise) 
by gene ‘i’  (Figure 6-1, teal) from Fervidobacterium chanbaicum. The cOA binding site, and the Ser-
Lys catalytic dyad are indicated. b) Same as a) but for the protein from Fervidobacterium nodosum. 
c) AlphaFold3 (Abramson et al., 2024) model of a cOA-induced dimer of FcCalpL. Eight AMP 
molecules were used for the prediction to mimic cOA. d) Same as a) but for the protein from 
Fervidobacterium nodosum. 
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d) (Abramson et al., 2024). At the position where CalpT is cleaved (H193-VAST-S198), 

the sequence of the potential protease target reads ILPS (F. chanbaicum) and VALS (F. 
nodosum), respectively. In contrast to the CalpS-T-L system from Sulfurihydrogenibium 

sp. YO3AOP1, proteolytic cleavage would not lead to the release of the N-terminal T23 

domain, but only to the release of a small peptide sequence at the C-terminus of the 

protein. Peptides are known to be important in eukaryotic immune processes (Quax et al., 

2013; Sui & Guo, 2021) and are also utilized by phages and some bacteria for 

communication purposes (Stokar-Avihail et al., 2019; Sturme et al., 2002). Thus, the 

protease-initiated release of a small peptide sequence could be part of the CRISPR-

mediated immune strategy of these organisms. 
Interestingly, some genes further downstream, CalpS and CalpT encoding genes, are 

found and both the protease–anti-sigma factor complex and the anti-sigma factor–sigma 

factor complex were predicted with high confidence scores. So either, the protease is 

multi-selective and capable of cleaving both targets to orchestrate a broader immune 

response, or the system evolved from one another and the two organisms still carry the 

genes for both targets. In any case, these analyses provided interesting aspects which 

might be worth studying in detail. 

 

6.1.2.2    CalpL homologs with significantly shorter amino acid sequences  

In the CRISPR locus of Sulfurihydrogenibium yellowstonenense a significantly shorter 

calpL variant can be found. A structural model showed that the encoded protein is very 

similar to CalpL from Sulfurihydrogenibium sp. YO3AOP1 (SsCalpL), but lacks the N-

terminal domain (Figure 6-3 a), which we found to be essential for the binding and 

subsequent proteolytic cleavage of CalpT. According to the WebFlags analysis, this locus 

does not encode an anti-sigma factor–sigma factor pair (Figure 6-1). Another interesting 

observation was made when examining the type III locus of Thermotoga profunda. Again, 

a CalpL variant that misses the N-terminal domain was predicted (Figure 6-3 b, dark 

gray). Since the locus contains a calpT and calpS variant, we wondered how an efficient 

cleavage of the anti-sigma factor could be achieved without the N-terminal target-binding 

domain. Upon having a closer look at the short ORF directly upstream of the predicted 

shorter calpL variant, I recognized a similarity to the missing N-terminal domain. An 

AlphaFold3 prediction including the translation of this ORF yielded a full-length CalpL 

structure (Figure 6-3 b, slate-blue). A further structure prediction suggested that this full-

length homolog is able to bind the CalpT homolog, which furthermore includes a possible 

cleavage sequence (VAAT) within a compatible loop region (Figure 6-3 b, cyan). In the 

case of T. profundum, the hypothetical shorter calpL gene could be a prediction error, or 

could also be a product of a gene fission. Such events occur to a significant extent in 

thermophillic organisms, like T. profundum, and often result in genes that are split in 

between specific domains (Snel et al., 2000). If a CalpL protein that consists of two 

individual peptide chains is still functional or if the encoding genes are only leftovers 

from exchanged genetic material requires further investigation. In S. yellowstonense, the 

absence of genes encoding a sigma-factor–anti-sigma factor pair argues for a non-

functional evolutionary remnant (Gil & Latorre, 2012; Molina & Nimwegen, 2008). In 

each case, the existence of significantly different but yet similar gene variants highlights 

the exchange and adaption of genetic material between different prokaryotic organisms 

(Diard & Hardt, 2017; Molina & Nimwegen, 2008). 
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6.1.2.3    A CalpL homolog that shows evidence for a different mode of action 

When examining the calpL variant from Fervidobacterium thailandense it becomes 

clear that two adjacent gene products share sequence similarity (29.6 % amino acid 

identity) but differ significantly in their length (495 vs. 259 amino acids) (Figure 6-1 ‘1’ 

and ‘ii’). Structural models of the two hypothetical proteins revealed that the smaller 

protein (UniProt ID: A0A1E3G190) contains only a SAVED domain (hereafter: 

FtsoloSAVED) whereas the larger protein (UniProt ID: A0A1E3G168) (hereafter: 

FtCalpL) is a structural equivalent of SsCalpL. Notably, an AlphaFold3 prediction 

including eight AMP molecules (to mimic cOA) and both protein sequences showed a 

heterodimer, held together by four AMP molecules (Figure 6-4 a), just like the predicted 

SsCalpL oligomer. The heterodimeric complex contains one soloSAVED protein on top 

of the cOA binding site (binding four AMP molecules) of FtCalpL. Investigation of the 

interacting surface areas by focusing on the electrostatic surface potential showed, similar 

to the analysis of SsCalpL (see Figure 5-4 b), compatible interfaces in terms of charge 

and size (Figure 6-4 b). Interestingly, the in silico analysis of possible homodimeric 

complexes yielded a reliable model for a FtsoloSAVED dimer, but failed to predict a 

dimeric FtCalpL. One possible reason for this could be a non-compatible positively-

charged patch on the FtCalpL downside, which does not match the size of the opposing 

cOA binding site, whereas this requirement seems to be fulfilled for FtsoloSAVED 

(Figure 9-5).  

At first glance, it remains unclear how such a system might be able to proteolytically 

cleave its target, as we proved the oligomerization to be necessary for an effective 

proteolytic cleavage (see Section 5.2.2). But ‘in trans’ cleavage could also occur without 

Figure 6-3: CalpL variants that are predicted to contain only the protease- and SAVED domain. 
a) A structural model of a CalpL homolog from Sulfurihydrogenibium yellowstonenese (blue cartoon, 
gray surface), aligned to SsCalpL (green cartoon), lacks the N-terminal domain, that is essential for 
binding of the protease target. b) The CRISPR locus of Thermotoga profunda also encodes a homolog 
protease that misses the N-terminal domain according to in silico predictions (dark gray cartoon and 
surface, a magenta sphere marks the sequence start). When the translation of the sequence directly 
upstream of that calpL gene is included for the structure prediction (slate-blue cartoon), the product 
becomes very similar to full-length SsCalpL. Notably, the full length construct is predicted to bind a 
CalpT homolog (yellow) that contains a possible protease cleavage site (cyan sticks). Colored bars 
represent the sequence lengths of the constructs. 
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oligomerization, it might be only essential that the target peptide accesses the protease 

active site. The lower the affinity of the peptide chain to the active site and the lower the 

local concentration of them two, the less probable such an event becomes. However, there 

is evidence that proteolytic activity even occurs in the absence of cA4 

 in case of SsCalpL. On the one hand, we observed cleavage of CalpT after several 

months in crystallization trials of the CalpL-T complex in absence of the second 

messenger. On the other hand, at higher concentrations in long-term protease activity 

assays (tincubation>1 h), sometimes a faint band at the height of CalpT23 was observed (see 

Figure 5-10 d, Figure 5-12 c, Figure 5-16 d). Thus, it appears that SsCalpL and its target 

have chosen a way to increase the local concentration by oligomerization in order to 

optimize the proteolytic efficiency. However, it remains unclear whether cA4 has another 

activating impact on the protease besides inducing oligomerization, for example by 

triggering conformational changes. In contrast to such a mode of activation, other known 

Lon-proteases are independent of activators, but rely only on the correct geometry of the 

catalytically active residues (Chung & Paetzel, 2013; Paetzel et al., 2002; Wlodawer et 

al., 2022). The stacking of soloSAVED on top of CalpL may be required for nucleophilic 

cleavage of the second messenger molecule, as it was recently shown that the cooperation 

of two stacked SAVED domains is essential for cOA degradation (Binder*, Schneberger* 

et al., 2024; Smalakyte et al., 2024). Degradation of these oligonucleotide-based second 

messengers is in turn an important ‘off-switch’ to return from the bacterial ‘infected state’ 

to the ‘normal state’ (Athukoralage et al., 2018, 2019; Athukoralage & White, 2021). 

  

Figure 6-4: Dimer of CalpL and a SAVED-only variant of it, encoded by two neighboring genes. 
a) AlphaFold3 model of the heterodimeric complex from CalpL (wheat) and soloSAVED (cyan) from 
Fervidobacterium thailandense held together by four AMP molecules that mimic cyclic oligoadenlyte. 
b) ‘Open book’ visualization of the two interacting proteins to highlight the interfaces. The bases of 
the four AMP molecules are annotated to highlight the complementary regions. Note that the four 
bridging AMP molecules were copied to be shown on both sides The surface is colored according to 
its electrostatic potential as indicated. 
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6.1.2.4    Another CalpL homologs shows evidence for being functional as a monomer 

A similar strategy seems to be used by Aquifex sp. that encodes a CalpL variant with 

an additional C-terminal domain, which we discovered by a FoldSeek search (Kempen et 

al., 2024) using our CalpL structure as input. The N-terminal domain, as well as the 

protease active site and the SAVED domain share the same structural fold and 28 % 

amino acid identity. Interestingly, the SAVED domain contains a positively charged 

potential cOA binding site, but no positively charged surface patch on the opposite 

(Figure 6-5 a). Instead, the additional C-terminal domain, which is connected to the 

SAVED domain by a flexible loop, contains such a positively charged region. Based on 

this features, one could imagine that this domain could cover the cOA-bound SAVED 

domain like a lid. Another FoldSeek search revealed a structural similarity of this 

additional domain to one monomer of an anti-CRISPR viral ring nuclease (PDB ID: 6scf). 

This ring nuclease allows viruses to evade type III CRISPR immunity by specifically 

binding and degrading cA4 (Athukoralage et al., 2020). Thus, this ring nuclease domain 

may allow the enzyme to cleave the second messenger molecule without oligomerization. 

However, as discussed in Section 6.1.2.3, it remains puzzling how the monomeric 

protease is activated by cOA. 

 

 

 

 

 

Figure 6-5: Structural investigation of a CalpL variant that harbors an additional domain. 
a) Surface representation of an AlphaFold3 model of a CalpL variant from Aquifex sp. (AsCalpL) 
showing the ‘upside’ (left) and the ‘downside’ (right). A magnification of the potential cOA binding 
site is included as well a magnification of the opposing surface region. The surface was colored 
according to its electrostatic potential. b) Cartoon representation of the structure shown in a) (teal) 
with indicated cOA binding site and protease active site. The crystal structure of a dimeric viral ring 
nuclease (PDB ID: 6scf; magenta, lime) was superimposed onto the C-terminal domain of AsCalpL. 
The right-hand side shows a more detailed view onto the superposition. The viewing direction and the 
rotation of the projection is indicated.  
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6.2  Mechanistic details of the CalpS-T-L mediated immune response 

 

6.2.1 Proteolytic cleavage by the Lon protease, CalpL 

Our results highlighted important requirements for a functional protease. Mutation of 

either residue of the Ser-Lys catalytic dyad to an alanine resulted in a loss of protease 

activity, consistent with previous analyses of Lon proteases (Amerik et al., 1991; Chung 

& Paetzel, 2013; Wlodawer et al., 2022). By mutational analysis, we showed that the 3-

dimensional substrate channel on the surface of CalpL, terminating at the protease active 

site, determines substrate specificity to a certain extend. Thus, the unstructured loop of 

the protease target must be complementary in structure and charge. This mechanism is 

similar, although not as extensive, to that reported for a Lon protease that exclusively 

degrades misfolded proteins by recognizing unstructured polypeptides by burying the 

protease active site in a hydrophobic core of an oligomer (Cha et al., 2010; Gur & Sauer, 

2008).  

In addition, our data revealed that the N-terminal CalpL domain defines the absolute 

substrate specificity by providing a binding site for CalpT10. The interaction of these two 

domains is essential for target recognition and cleavage. These findings are in line with 

previously published analyses of Lon proteases (Tsilibaris et al., 2006; Tzeng et al., 

2021).  

Another important aspect of CalpL is the cA4-induced oligomerization behavior. We 

have shown, that mutants of CalpL, that are either unable to bind the second messenger 

or to oligomerize upon cOA binding, have a significantly reduced (up to complete loss) 

protease activity. However, without a high-resolution structure of the CalpL oligomer, 

the exact reason for this need for oligomerization remains speculative.  

 

6.2.1.1    Oligomerization of CalpL  

The interplay between cA4-dependent filament formation and the proteolytic activity 

of CalpL remains the most puzzling aspect. Several Lon proteases assemble into 

hexamers (Botos et al., 2005, 2019; Cha et al., 2010), but there is no evidence that this 

quaternary structure is essential for a functional active site. Instead, the crystal structures 

of a Lon protease from Yellowtail ascites virus revealed a monomeric enzyme without 

indications for the formation of multimers (Chung & Paetzel, 2013). On the other hand, 

Rudyak et al. reported on a relationship between Mg2+ concentration, oligomerization 

state and activity of the Lon protease from Mycobacterium smegmatis (Rudyak et al., 

2001). However, the general activation of these enzymes seems to be allosterically 

induced by the substrate itself (Chung & Paetzel, 2013; A. L. Goldberg et al., 1994). For 

this allosteric activation, it may only be necessary to “place” the substrate peptide into 

the protease active site. Chung et al. showed that for the Y. ascites Lon protease, the target 

peptide interacts in an anti-parallel fashion with one side of the substrate binding groove 

and forms a parallel β-sheet with the other side of the groove. This stabilizes the active 

site and results in an optimized geometry of the catalytic residues (Chung & Paetzel, 

2013). A similar mode of stabilization is also conceivable for CalpL, since the peptide-

binding groove and surface architecture of the two different proteases are very similar. If 

this is the only mode of activation required, oligomerization of CalpL may simply be a 

strategy to increase the local effective concentration and thus the likelihood of the target 

peptide entering the protease active site. However, structural models of CalpL filaments, 
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as well as a recently published experimental structure (Smalakyte et al., 2024), show that 

it would be very difficult to place the substrate into the peptide-binding groove of the 

protease underneath without any further conformational rearrangements. If the proteolytic 

activity of  the CalpL homologs from other organisms, which show evidence for being 

monomeric (AsCalpL, see Figure 6-5) or only oligomerize to achieve cOA degradation 

(FtCalpL, see Figure 6-4), would be proven, this would suggest a different mode of 

activation, at least for those specific enzymes. To address whether cA4 binding induces 

conformational changes, FRET experiments might be appropriate. Moreover, by 

introducing artificial disulfide bridges to remove interdomain flexibility, i.e. by fixing the 

absolute orientation of the N-terminal domain towards the protease domain of CalpL (see 

Figure 5-4 a), and testing these mutants for proteolytic activity, valuable information 

could be obtained.  

 

6.2.1.2    Detailed mechanism of the proteolytic process according to Ser Lys proteases 

Although the active site of Lon proteases has been extensively characterized in the past 

(Chung & Paetzel, 2013; Wlodawer et al., 2022), a detailed mechanism of the underlying 

chemical processes is lacking in the literature. Based on current knowledge of the 

catalytic dyad of Lon proteases and the functional mechanism of other serine proteases 

(Dodson & Wlodawer, 1998; Radisky et al., 2006), I developed a working hypothesis for 

the individual and reversible chemical reactions, that in sum lead to irreversible 

hydrolysis of the peptide bond. 

The distance between the catalytically active serine and lysine needs to be in the range 

of a hydrogen bond to enable the coordination of the Ser Hδ by the free electron pair of 

Lys Nζ. Then, the free electron pair of Oγ can nucleophilically attack the carboxylic 

Figure 6-6: Possible mechanism of proteolytic cleavage for Lon proteases. 
Mechanism of the enzymatic hydrolysis of a peptide bond by Lon proteases. The atoms of the catalytic 
residues are labeled by greek letters on the top left. Rearrangement of electrons is indicated by blue 
arrows, nucleophilic attacks at the substrate are shown by teal arrows, and tetrahedral intermediates 
are highlighted by grey spheres. The acyl-enzyme complex (green) as well as the C-terminal and N-
terminal cleavage fragments (puprple) are higlighted by spheres. The chemical mechanism was drawn 
using ChemDraw and is based on known mechanisms for other Serine proteases (Dodson & 
Wlodawer, 1998; Radisky et al., 2006). 
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carbon of the peptide chain (Figure 6-6.1). Rearrangement of electrons via a tetrahedral 

intermediate leads to the removal of the C-terminal cleavage fragment and formation of 

an acyl-enzyme complex (Figure 6-6.2). Next, the deacylating water enters to 

nucleophilically attack the carboxyl carbon of the acyl-enzyme complex (Figure 6-6.3). 

Again, this leads to the formation of a tetrahedral intermediate (Figure 6-6.4) followed 

by electron rearrangement releasing the N-terminal cleavage fragment and recovering the 

catalytic residues (Figure 6-6.5). It should be noted that the proposed mechanism shows 

a deprotonated lysine side chain which is unusual at a physiological pH. However, 

different scenarios could lead to a deprotonated lysine side chain. The microenvironment 

of the lysine side-chain can affect the protonation state, for example, in a hydrophobic 

environment a drastically decreased pKa value for the amine (Nζ) group of the lysine 

could be observed (Takayama et al., 2008). A transiently deprotonated lysine could also 

be stabilized by nearby amino acid residues with Brønsted base characteristics 

(Wallerstein et al., 2015) or even metal ions (Dudev & Lim, 2002). 

While lysine (K193 in CalpL) and serine (S152 in CalpL) form the catalytic dyad, 

more recent publications have also highlighted the role of a highly conserved threonine- 

or serine residue (T175 in CalpL) (Figure 6-7). The Oγ of this amino acid is in hydrogen 

bond distance of the lysine Nζ and is proposed to be essential for the coordination of the 

deacylating water. For the nucleophilic attack on the carbonyl of the ester intermediate, 

it is essential that the water is placed in hydrogen bond distance and at a suitable Bürgi-

Dunitz angle of 107° (Burgi et al., 1973). Interestingly, the threonine could also serve as 

nucleophile for the initial attack on the peptide chain. In contrast to the nucleophilic attack 

by the catalytic serine, the threonine mediated attack would occur from the backside of 

the peptide chain and the deacylating water would have to enter from the other side 

(Chung & Paetzel, 2013; Paetzel et al., 2002). Although such activity would definitely be 

less favored in terms of geometry of the intermediate states, it may occur partially. This 

would explain the minimal proteolytic activity of the CalpL S152A mutant. However, it 

should be noted that a possible activity of this mutant was only observed in crystallization 

experiments after an incubation time of t>200 days, and the observation was not validated 

by mass spectrometry. Furthermore, it remains to be tested whether a T175A mutant is 

indeed catalytically less active and whether a double mutant of S152A and T175A is 

completely inactive. To mechanistically analyze the proteolytic process of CalpL in 

detail, structural analyses with intermediate states would be interesting as presented for 

Lon protease from Yellowfin ascites virus 

(Chung et al 2013). Time-resolved 

crystallography might be an interesting 

experiment (Moffat, 1996), but it would 

clearly be difficult to obtain CalpL crystals 

in an active, i.e. oligomeric, state and 

moreover, to initiate the proteolytic process 

from the outside. 

 

 

 

 

Figure 6-7: Detailed view on the catalytic dyad. 
The catalytic residues S152 and K193 of CalpL 
are superimposed onto the coresponding residues 
of the Lon protease from Yellowfin ascites (4izj). 
The conserved T175 on the backside is indicated 
and the distances of all residues to the proposed 
deacylating water are given in Ångström. 
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6.2.2 Validating the sigma factor–anti-sigma factor hypothesis 

It took some time to finally identify CalpT as an anti-sigma factor regulating CalpS. 

In silico analysis of the operon using the WebFlags server as well as predicting the  

CalpS-T complex with AlphaFold and searching for structural relatives with FoldSeek 

and HHpred, provided valuable information to formulate a hypothesis of an anti-sigma–

sigma factor pair and to design experiments to prove this hypothesis. When investigating 

the predicted interaction of the two proteins with mutants, we observed that CalpS R80E 

was unable to form the complex (see Figure 5-19). However, some of the interface 

mutants showed no effect on the complex formation. This observation may be explained 

by a closer look onto the predicted structure. While arginine 80 is in the center of the 

interface and coordinates E15 and D73 of CalpT, D88 and A91 are located at the edge of 

the interface, where mutations could be tolerated to a certain extent, since an orientation 

of the amino acid side chains away from the interface would not interfere with the 

predicted complex (Figure 6-8). 

As is typical for the inhibition of sigma factors by their anti-sigma factor, CalpT binds 

to the σ2 and σ4 domains (Paget, 2015). This complex formation prevents CalpS from 

binding to RNA polymerase and furthermore, the DNA binding interface is occupied by 

CalpT. 

 

 

6.2.3 A working hypothesis of the CalpS-T-L mediated antiviral signaling cascade 

 

After validation of the computational hypotheses, and recapitulation of all 

experimental results, we aimed to propose a working mechanism of the  

CalpS-CalpT-CalpL mediated signaling cascade that utilizes second messenger signaling 

and controlled proteolysis to combat phage attack. Signaling cascades are frequently 

initiated by proteases and often play important roles in cellular stress response. For 

example, bacterial toxin–antitoxin systems are activated by proteolytic degradation 

Figure 6-8: The CalpS-T interaction interface as predicted by AlphaFold2. 
The predicted heterodimeric complex of CalpS (blue) and CalpT (red) shows an interface that covers 
both the σ2 and σ4 domains of CalpS. While the CalpS R80E mutant lost the ability to form a stable 
complex, mutation of residues D88 or A91, which are located at the edge of the interface, did not 
affect the interaction, as judged by gel filtration experiments. Residues that may be important for the 
interface are labeled and shown as sticks, possible electrostatic interactions are indicated by dashed 
lines and the lengths are given in Ångström. The part of the CalpS surface that is within 4 Å of CalpT 
is colored red and framed by a dashed line.  
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(Schuster & Bertram, 2013), and Lon proteases have even been reported to participate in 

nutritionally controlled DNA replication (Leslie et al., 2015). In eukaryotes, proteases 

also control cellular pathways, such as the Gasdermin D mediated pore formation, which 

is initiated by proteolytic cleavage of the two-domain protein by inflammatory caspases 

(Kayagaki et al., 2015; J. Shi et al., 2015).  

The presented antiviral signaling cascade starts with the recognition of viral 

transcription products by the CRISPR type III complex, which leads to the activation of 

the Cas10 subunit to synthesize cyclic tetraadenylate (cA4) from ATP (Kazlauskiene et 

al., 2016; Niewoehner et al., 2017) (Figure 6-9.1/2). The second messenger molecule 

binds to the SAVED domain of CalpL, which is part of the preformed tripartite  

CalpS-T-L complex (Figure 6-9.3). The binding of cA4 changes the electrostatics of the 

SAVED domain, allowing head-to-tail assembly of SAVED domains. This cOA-induced 

oligomerization leads to proteolytic cleavage of CalpT. The strictly cOA-dependent 

oligomerization was demonstrated by SAXS and DLS experiments (see Figure 5-9) and 

emerged as a common activation mechanism in SAVED domain containing effector 

proteins in CBASS defense systems (Hogrel et al., 2022; Lowey et al., 2020), and - more 

recently - also in CRISPR systems (Smalakyte et al., 2024; Steens et al., 2024).  

Furthermore, we now know that the oligomerization also activates the nucleolytic 

cleavage of cA4 by CalpL (Binder*, Schneberger* et al., 2024). Such active degradation 

of the second messenger has been observed for CARF domain containing enzymes and is 

an essential step to ensure complete escape from the ‘infected’ state (Athukoralage et al., 

2018; Brown et al., 2020; Garcia-Doval et al., 2020). While CalpT10 remains bound to 

the N-terminal CalpL domain, the CalpT23-CalpS complex is released (Figure 6-9.4). 

Further proteolysis of the anti-σ factor, as reported for other members of the ECF σ factor 

family (Hughes & Mathee, 1998; Paget, 2015), releases the σ factor, CalpS, which can 

adapt a conformation to bind RNA polymerase (Figure 6-9.5). Subsequently, the RNA 

Figure 6-9: Working hypothesis for the CalpS-T-L mediated antiviral signaling cascade. 
Phage attack and injection of viral DNA (1). Upon transcription of viral DNA to RNA, the latter is 
detected by the type III CRISPR complex. Binding of viral RNA activates the complex, and the Cas10 
subunit of the ribonucleoprotein (RNP) converts ATP to cA4 (2). The second messenger binds to 
preformed CalpL–CalpT–CalpS complexes and triggers oligomerization (3). This, in turn, leads to 
proteolytic cleavage of CalpT, and release of the CalpT23–CalpS fragment (4). CalpT23 is probably 
degraded by proteases, which enables CalpS to adapt its active conformation and to bind to the RNAP 
(5). The σ factor, CalpS, directs the RNAP to a specific promoter at the genomic DNA to initiate 
transcription at that postion. This process enables the bacterium to counteract the phage infection (6). 
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polymerase holoenzyme complex (including CalpS) is able to initiate the expression of 

specific, most likely survival-promoting, genes (Figure 6-9.6) (Bergkessel, 2021; 

Murakami et al., 2002). The entire CRISPR type III signaling cascade thus combines 

detection of viral infection with transcriptional regulation by second messenger signaling 

and proteolytic activity. Other CRISPR-based immune responses also affect the 

transcription machinery in order to adapt to phage attack, but the effector proteins 

involved are not related to the Calp proteins (Hu et al., 2022; Strecker et al., 2022). 

Interestingly, Strecker et al. found that the σ factor, CASP-σ, has a high affinity a 

sequence similar to the promoter region of the cas1 and cas2 genes and may boost spacer 

acquisition. A similar scenario is unlikely for Calp systems, since many related operons 

lack these genes (see Figure 4-9, Figure 6-1). Future experiments will address the 

identification of the DNA target sequence of CalpS to learn more about the detailed mode 

of action of how transcriptional changes can help to survive a phage attack. 

Interestingly, the Cas10 proteins found in the Calp operons do not contain an HD 

nuclease domain, which normally degrades viral transcripts concomitantly with the cOA 

synthesis of the Palm domain (Jia & Patel, 2021; Kazlauskiene et al., 2017), suggesting 

that the cOA-induced signaling cascade and the resulting transcriptional changes are 

sufficient for antiviral immunity. It remains puzzling why second messenger signaling 

has evolved for this system, since the type III operon of Sulfurihydrogenibium sp. shows 

no evidence for any other CARF- or SAVED domain containing effector protein. Thus, 

cOA production activates only one specific enzyme and the potential of simultaneous 

activation of multiple effectors remains unused. More questions are left unanswered, 

ranging from the mechanistic details of how proteolytic cleavage is activated by cA4 

binding, to the proteolysis of CalpT23 to release CalpS, up to how the escape from the 

‘infected’ state is achieved in detail. 

However, the results presented here uncovered a completely new CRISPR-based 

defense strategy that shows an evolutionary link between bacterial CBASS systems and 

CRISPR systems, but also highlights how complex bacterial immune mechanisms can 

become, reminiscent of complex eukaryotic mechanisms. 
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6.3  Outlook 

Since the cA4-triggered oligomerization of CalpL is a mechanistic key element for the 

protease activity as well as for the nuclease activity, it is of great interest to study the 

details of this homomeric assembly. Unfortunately, the oligomers turned out to be 

unstable under the conditions we tried, even using non-hydrolysable F-cA4. Stabilization 

of the filaments could be achieved by different approaches. Lysine-specific covalent 

cross-linking using BS3 cross-linking reagents would be one strategy that has been used 

in our group to stabilize NLRP3PYD oligomers (Hochheiser et al., 2022). In order to 

observe stabilized CalpL filaments, the protein must be treated with either cA4 or F-cA4, 

followed immediately by the addition of BS3 cross-linking reagent. The length of the 

oligomers could be adjusted by varying the concentration of CalpL or cross-linker. It 

should also be noted, that cA4 is degraded and therefore the incubation time between cA4 

treatment and BS3 addition will affect the assembly. However, if F-cA4, or nuclease 

deficient CalpL mutants are used, this dependence should not be present, while the 

binding affinities are most likely not affected (Binder*, Schneberger* et al., 2024). 

Another strategy would be to artificially 

introduce cysteine residues at positions that 

allow the formation of intermolecular 

disulfides when the oligomerization is 

induced (Figure 6-10). Such an approach 

was already used to trap specific 

conformational states of TRAP transporters 

(Peter et al., 2024). The size of oligomers 

can be adjusted by varying the same 

parameters as described for the cross-linker 

approach. The selection of suitable 

positions for cysteines is not trivial, as even 

tiny changes in the geometry could lead to 

an inactive oligomer. Oligomer structures of CalpL homologs (Smalakyte et al., 2024) 

and AlphaFold 3 predictions could be used to design different cysteine mutants. 

Cryogenic electron microscopy (cryo-EM) could then be used to obtain structures of 

stabilized filaments. Interestingly, both the recently published filament structure as well 

as the structural model predicted by AlphaFold 3 suggests a non-staggered assembly 

(Figure 6-10 b), which is in contrast to the staggered oligomer (Figure 6-10 a) we 

modelled based on SAXS experiments. In order to differentiate between the two 

possibilities, FRET experiments could be performed. When attaching fluorescence labels 

to the N-terminal domain, the distance between the labels differs significantly for the 

different orientations. Thus, a staggered oligomer would lead to a much larger distance in 

between the labels (and hence, a reduced energy transfer) than its non-staggered 

equivalent. Of course, two different labels which are suited for FRET must be used. Two 

individual labeling reactions with either the one or the other label must be done and a mix 

of the two samples can then be used for the FRET experiments. 

Fluorescent-based assays could also provide information on the dynamics of the 

oligomerization and furthermore, also on the dynamics of the proteolytic cleavage. Total 

internal reflection fluorescence (TIRF) microscopy can be used to track the movement of 

fluorescent-labeled proteins. When biotinylated CalpL is immobilized on a streptavidin-

coated surface, fluorescent-labelled CalpT binds to the protease and creates a static 

florescence signal (Figure 6-11 a). This experiment would show whether the 

Figure 6-10: Sketch of CalpL filaments. 
CalpL (green) oligomers could be stabilized by 
engineered disulfide bonds (magenta). Our SAXS 
data suggested a staggered oligomer (a), but 
recent literature rather suggests a non-staggered 
cA4-induced stacking (b). 
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immobilization strategy is successful. Thereafter, fluorescent-labelled CalpL can be used 

instead of CalpT and different interaction times of the labelled protein with the 

immobilized CalpL would be expected, depending on the presence or absence of cA4 and 

F-cA4, respectively (Figure 6-11 b). When CalpL and CalpT are both labelled with 

different dyes, the proteolytic cleavage of CalpT would lead to dissociation of one 

fluorescence signal (magenta), while the other signal (green) stays bound in the CalpL 

filament (Figure 6-11 c). Note that non-hydrolysable F-cA4 should be used to prevent 

dissociation of the CalpL stacks. If it turns out that fluorescent labeling of CalpL or CalpT 

alters proteolytic activity, one could use the CalpL- or CalpT-specific nanobodies and 

label them. 

Since we assume that in cells CalpL is not present as a monomer but in a heterotrimeric 

1:1:1 complex with the CalpT and CalpS proteins, oligomers of this complex would 

provide further interesting information. In particular, the question of how the target 

peptide sequence of CalpT can reach the protease active site of CalpL could be 

investigated. By looking at structural models of a CalpT-L oligomer, it is difficult to 

imagine how the target sequence can reach the active site without conformational changes 

of CalpL. One possible region that could act as a hinge for conformational rearrangements 

is the transition between the N-terminal- and Lon protease domains (Figure 6-12). To see 

if conformational flexibility in between these two domains is important for the function, 

one could fix the relative conformation of the two domains by engineering interdomain 

disulfide bridges (Figure 6-12, magenta, i/ii). The ability of these mutants to 

proteolytically cleave CalpT can be investigated in protease cleavage assays.  

 

 

Figure 6-11: Illustrations of planned TIRF experiments to study CalpL oligomerization. 
A biotinylated CalpL variant is immobilized on a streptavidin-coated surface. Using fluorescent-
labelled CalpL (green) or CalpT (red), the dynamics of the interactions and proteolytic cleavage, 
depending on presence or absence of cA4 (yellow), can be investigated. 
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Figure 6-12: Preventing possible conformational changes by engineered disulfide bridges. 
The domain architecture of CalpL reveals a possible hinge region in between the N-terminal domain 
(purple) and the Lon-protease domain (green). The orientation of these two domains relative to each 
other could be fixed by engineering disulfide bridges (i or ii, magenta). 
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7. Methods 
 

The upcoming chapter contains a comprehensive list of the methods employed, 

accompanied by a detailed explanation of the underlying workflow. The initial section 

primarily focuses on preliminary tasks, including fundamental molecular genomics and 

cloning techniques used to prepare expression constructs, along with general procedures 

for protein biochemistry. Followed by a section that provides elaborate protocols for the 

recombinant expression and purification of all the proteins discussed, with some of these 

protocols being developed and fine-tuned during this work. The third part outlines the 

application of general analytical methods utilized to characterize the proteins and their 

complexes described herein. 

7.1  Molecular genetics and cloning 

7.1.1 Polymerase Chain Reaction (PCR) 

Polymerase chain reaction (PCR) was used for amplification of DNA-fragments 

containing the protein-coding sequences or parts of it. Primer pairs were designed to 

anneal to the ends of the desired sequence and to contain overhang regions containing 

recognition sites for selected restriction enzymes. This allowed targeted ligation of the 

amplified sequence into the multiple cloning site (MCS) of an expression vector. The 

reaction mix of a standard PCR and the standard protocol are listed in Table 7-1 and 

Table 7-2, respectively. 

 
Table 7-1: PCR reaction mix 

Component Stock concentration Final concentration 
Template DNA variable 50-100 ng 
Primer forward 100 µM 1 µM 
Primer reverse 100 µM 1 µM 
dNTPs 2.5 mM 200 µM 
DNA polymerase buffer 5x or 10x 1x 
DNA polymerase 5 units/µl 0.05 units/µl 
ddH2O  Fill ut to 50 µl 

 
Table 7-2: PCR thermocycler program 

Number of cycles Step Temperature [°C] Time [s] 
1 Initial denaturation 95 300 

30 
Denaturation 
Annealing 
Elongation 

95 
Tm -5  
72 

60 
60 
30/kb 

1 Final elongation 72 900 

 

7.1.2 Restriction enzyme digestion of DNA 

Restriction enzymes are endonucleases which are part of the bacterial or archaeal 

immune system. In molecular biology they are frequently used to specifically digest 

double-stranded DNA sequences. The enzymatic cleavage produced 5’ or 3’ protruding 

ends (sticky ends) that were used for subsequent ligation (see Chapter 7.1.4). For 
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digestion, 45 µl of the DNA was supplemented with 5 µl of CutSmart® buffer and after 

addition of the restriction enzymes, the reaction mix was incubated at 37 °C for 1 h. 

Subsequently, the endonucleases were heat inactivated according to the instructions of 

the manufacturer (New England Biolabs). The results were analyzed by agarose gel 

electrophoresis. 

 

7.1.3 Agarose gel electrophoreses 

To separate DNA samples by their size, agarose gel electrophoresis was performed. 

Samples were filled into an agarose gel (1 % agarose in TAE buffer) supplemented with 

DNA intercalating dye (peqGREEN). The gel was run in an electrophoresis chamber 

filled with TAE buffer for 40 min at a constant voltage of 100 V. DNA bands were 

detected by UV excitation of the used DNA-binding dye and documented using a 

ChemiDocTM XRS+ imaging system. If the DNA was needed for cloning purposes, the 

according bands were cut out with a scalpel and the contained DNA was extracted and 

purified using the ExtractMe DNA Clean-up & Gel-Out Kit according to the provided 

protocol. Afterwards, the concentration was determined by a NanoDrop 2000 spectro- 

photometer at λ=260 nm and the solution was stored at -20 °C. 

 

7.1.4 Ligation of DNA 

The digested DNA amplicon was ligated into the linearized destination vector using a 

DNA ligase from bacteriophage T4. To catalyze phosphodiester bond formation of the 

two compatible sticky ends, 50 ng of linearized vector was mixed with a 10-fold molar 

excess of insert. After addition of buffer, water and T4 DNA ligase, the reaction mix 

(20 µl in total) was incubated at 25 °C for 20 min and then at 16 °C overnight. After heat 

inactivation of the ligase at 65 °C, 10 µl of the solution was transformed into chemically 

competent E. coli cells. 

 

7.1.5 Site-directed mutagenesis 

To study the importance of specific amino acid residues, the triplet code of the protein 

encoding gene was modified by site-directed mutagenesis. For example, this was done to 

determine the exact cleavage site of CalpT, to observe the effects on complex formation 

between two proteins, or to introduce cysteines to site-specifically attach labels. For this 

purpose, a pair of primers was designed that contain non-overlapping and overlapping 

regions containing the triplet modification within the latter region. These regions were 

chosen in a way, that the melting temperature of non-overlapping sequences (Tm ,no) is  

5-10 °C higher than that of the overlapping sequences (Tm ,pp). The design of primers as 

well as the thermocycler program were based on the protocol established by Liu and 

Naismith (H. Liu & Naismith, 2008). The PCR reaction mix was pipetted as already 

mentioned in Section 7.1.1 and the thermocycler program is described in Table 7-3. 
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Table 7-3: PCR thermocycler program for site-directed mutagenesis 

Number of cycles Step Temperature [°C] Time [s] 
1 Initial denaturation 95 300 

3 
Denaturation 
Annealing 
Elongation 

95 
Tm, pp - 5  
72 

60 
30 
30/kb 

25 
Denaturation 
Annealing 
Elongation 

95 
Tm, no -5  
72 

60 
30 
30/kb 

2 
Denaturation 
Annealing 
Elongation 

95 
42 
72 

120 
60 
30/kb 

1 Final elongation 72 900 

 

7.1.6 Transformation of plasmid DNA into bacteria 

After ligation of a DNA fragment into a plasmid or subsequent to site-directed 

mutagenesis, the newly generated plasmid DNA was transformed into chemically 

competent E. coli cells. The cells used in this work and their application for either in vivo 

amplification and selection or protein expression are listed in Table 8-6. All competent 

cells were prepared in our laboratories according to a standard protocol using CaCl2 

treatment and stored at -80 °C as 50 µl aliquots.  

The cells were thawed on ice and 50-100 ng of plasmid DNA was added, for 

transformation directly from a ligation reaction mixture, 10 µl of the reaction mixture 

were added without determining the exact concentration. After incubation on ice for 

10 min, was followed by 45 sec incubation at 42 °C in a water bath. Subsequently, the 

cells were cooled on ice, 1 ml of LB media (without antibiotics) was added and the cell 

suspension was incubated at 37 C and 800 rpm shaking for 1 h. After this time, which is 

needed to allow the cells the expression of the antibiotic resistance genes encoded on the 

transformed plasmid, the cell suspension was centrifuged at 5,000 r.c.f. for 5 min. Excess 

media was discarded, the cell pellet was resuspended in the remaining (~100 µl) media 

and the suspension was streaked out on an LB agar plates supplemented with the 

appropriate antibiotics. The plates were incubated at 37 °C overnight. After successful 

transformation, a single colony was transferred to a liquid culture containing the same 

antibiotics. These liquid cultures were either used for subsequent plasmid extraction and 

sequencing, or served as preculture for protein expression.  

To optimize the work-flow efficiency, glycerol stocks (1.5 ml containing 20 % 

glycerol, 80 % cell suspension) were prepared from precultures of expression strains so 

that new precultures could be set up directly from this stocks which were stored at -80 °C. 

 

7.1.7 Plasmid DNA isolation and sequencing 

To check plasmid DNA, 50-100 ng were transformed into E. coli DH5α, or E. coli β10 

cells as described above. After successful transformation, a single colony was transferred 

from the agar plate to 4 ml of LB media supplemented with the appropriate antibiotics. 

The cell suspension was incubated at 37 °C for at least 10 h or overnight and 

subsequently, plasmid DNA was extracted and purified using the ExtractMe Plasmid mini 

kit (Blirt) or the Plasmid DNA purification kit (Machery-Nagel). DNA isolation and clean 

up was performed step-wise according to the protocol of the manufacturer. Finally, the 
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DNA concentration was determined by measuring the absorption at λ=260 nm with a 

NanoDrop 2000 spectrophotometer. A sample containing 12 µl plasmid DNA solution 

with a concentration in between 40-100 ng/µl was sent for external sanger sequencing to 

Microsynth SEQLAB or Eurofins Genomics. The sequencing results were analyzed using 

SnapGene. 

7.2  General methods for protein biochemistry 

7.2.1 SDS-PAGE 

To separate proteins by their size and visualize their purity, sodium dodecyl sulfate 

(SDS) polyacrylamide gel electrophoresis (PAGE) was used. This standard technique was 

used to check the protein purification procedure, to visualize proteolytic cleavage, to 

analyze complex formation and to prepare samples for peptide mass fingerprinting. By 

addition of SDS sample buffer and subsequent incubation of the samples at 92 °C for 

5 min, the protein samples were denatured. Afterwards, the samples were loaded to self-

prepared discontinuous polyacrylamide gels. The gels were run in a Mini-Protean Tetra 

Cell (Bio-Rad) electrophoresis system filled with SDS running buffer at a constant 

voltage of 250 V for 37 min. Thereafter, the gels were boiled for 1 min in Coomassie 

staining solution and incubated for 10 min at slow mixing, followed by boiling for 5 min 

in destaining solution and incubation for 1 h at room temperature and slow shaking. 

Coomassie staining was not done for subsequent Western Blot analysis. Coomassie 

stained gels were imaged with a ChemiDocTM XRS+ (Bio-Rad) imaging system. Either 

12 % or 15 % polyacrylamide gels were used, the ingredients for casting the gels are listed 

in Table 7-4. 

 
Table 7-4: Composition of polyacrylamide gels. 

Gel Ingredient Volume 

5 % stacking gel 

Acrylamide (30 %) 
Stacking gel buffer 
H2O 
TEMED 
APS (10 %) 

225 µl 
175 µl 
900 µl 
1.3 µl 
13.25 µl 

12 % separation gel 

Acrylamide (30 %) 
Separation gel buffer 
H2O 
TEMED 
APS (10 %) 

2.1 ml 
1.46 ml 
1.69 ml 
1.76 µl 
58.88 µl 

15 % separation gel 

Acrylamide (30 %) 
Separation gel buffer 
H2O 
TEMED 
APS (10 %) 

2.63 ml 
1.46 ml 
1.16 ml 
1.76 µl 
58.88 µl 

 

7.2.2 Western Blot 

For the specific detection of proteins following SDS-PAGE, Western Blot was used. 

During this work, all analyses were done with a primary His6 affinity tag antibody and a 

horseradish peroxidase (HRP) conjugated goat anti-mouse secondary antibody. Prior to 

the blotting, approximately 100 ng of protein were loaded to and run on a polyacrylamide 
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gel as described above. As already mentioned, the gel was not stained with Coomassie 

staining solution, but directly used for the blotting procedure. The blotting membrane 

(nitrocellulose membrane and the blotting paper were equilibrated in the transfer buffer. 

The components were assembled in a semi-dry blotting chamber so that the gel was on 

top of the membrane and the two were sandwiched by 2 blotting papers on each side. 

Potential air bubbles between the different layers were removed. The blotting chamber 

was assembled in a way that the membrane was facing the cathode and the 

polyacrylamide gel was on the side of the anode. Blotting was carried out at a constant 

current of 160 mA for 45 min. Subsequently, the blotting membrane was incubated in 

PBS-T with 5 % (w/V) milk powder for 1 h at room temperature and gentle agitation. 

Then, the membrane was washed three times with 10 ml of PBS-T for 10 minutes before 

it was incubated at 4 °C and gentle agitation overnight in 5 ml of a PBS-T solution 

containing a 1:10,000 dilution of the primary antibody. After another three washing steps 

wit 10 ml PBS-T each, the membrane was incubated for 1 h at room temperature and 

gentle agitation in 5 ml of a PBS-T solution containing a 1:5,000 dilution of the secondary 

antibody. Subsequently, the membrane was washed two times with 10 ml of PBS-T and 

then with 10 ml of PBS before it was developed with Western Blotting detection reagent 

(Invitrogen) and documented with a ChemiDocTM XRS+ (Bio-Rad) imaging system. 

 

7.2.3 Labeling of proteins 

7.2.3.1    Spin labeling 

For the analysis of a potential dimerization of CalpT, a single cysteine mutant (CalpT 

E119C) was designed to attach an MTSSL spin label via a maleimide reaction at the 

cysteine position. First, the mutant was expressed and purified as described for CalpT but 

without removal of the His10 affinity tag. A volume of 250 µl of a 315 µM protein solution 

was bound to Ni2+-NTA beads and the mixture was loaded to a gravity column. The flow 

thorough was discarded, the protein loaded beads were washed with 10 ml of reduction 

buffer (25 mM Tris, 250 mM NaCl, 1 mM TCEP, 10 % glycerol, pH 8.0) and 

subsequently with 20 ml of wash buffer (25 mM Tris, 250 mM NaCl, 10 % glycerol, pH 

8.0). The protein was eluted from the beads in spin label-containing elution buffer 

(25 mM Tris, 250 mM NaCl, 1 M imidazole, 0.6 mM MTSSL, 10 % glycerol, pH 8.0). 

Free spin label and imidazole was separated using a PD10 desalting column. To reduce 

background signal in the PELDOR measurements, the sample buffer was exchanged to 

contain D2O instead of H2O as solvent. The buffer exchange was done using a PD10 

desalting column equilibrated with wash buffer (see above) prepared with D2O. In 

addition, the buffer exchange procedure was done for wild-type CalpL and the protease 

deficient CalpL S152A mutant (Buffer: 20 mM Tris, 50 mM NaCl, pH 8.0). In a final 

step, the spin labelled E119C mutant of CalpT was proteolytically cleaved by CalpL to 

yield spin labelled CalpT23. Samples of full length CalpT, full length CalpT in complex 

with CalpL S152A and CalpT23 were sent to collaboration partners at the University of 

St. Andrews to be analyzed by pulsed EPR spectroscopy. 
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7.2.4 Mass spectrometry 

For peptide mass fingerprinting, protein bands from SDS-PAGE analysis were excised 

and sent to BSRC Mass Spectrometry & Proteomics Facility at the University of St. 

Andrews, Scotland. There, the gel bands were cut into 1 mm3 cubes and were destained 

with ethanol, acetonitrile and 25 mM ammonium bicarbonate. Reduction of the samples 

with 10 mM dithioerythritol, was followed by alkylation using iodoacetamide (20 mM). 

Shrinking of the gel pieces (acetonitrile) was followed by soaking in 25 mM ammonium 

bicarbonate supplemented with 2 ng/μl trypsin and peptide digestion was carried out at 

37 °C over night. Then, peptide extraction was done with 1% formic acid before the 

sample was loaded onto a Eksigent 2D ultra nano HPLC with Sceix 5600+ mass 

spectrometer. The Acclaim Pepmap 100 trap (Thermo Scientific, 20 mm × 75 μm) and 

column (150 mm × 75 μm) were in trap elute configuration with flow rates of 5 μl/min 

and 0.3 µl/min, respectively. The peptides were loaded onto the trap and washed for 5 min 

with loading buffer (0.05% trifluoroacetic acid) before the trap was switched in line with 

the column and the peptides eluted with a linear gradient over 20 min of 98 % A to 98 % 

B, in which A is water with 0.1 % formic acid and B is 80 % acetonitrile, 20 % water and 

0.1 % formic acid. The eluent was sprayed directly into the nanosource of the mass 

spectrometer. Mass spectrometry (MS) data were collected from 400 to 1,250 m/z in 

positive ionization for 150 ms. Data-dependant acquisition mode was utilized to collect 

MS/MS data from 100 to 2,000 m/z on the 20 strongest peptides with 2–5+ charge states. 

The peak list was extracted from the .wiff file using MSconvert, and the .mgf file was 

searched against an in-house database of 7,000 protein sequences to which the sequences 

of the proteins of interest were added. The following settings were used in the Mascot 

search: trypsin and semi-trypsin as digest enzymes; fixed modification of 

carbamidomethyl (c); and variable modification of oxidation (M). The MS tolerance was 

set at 20 ppm and MS/MS at 0.1 Da. 

7.3  Recombinant protein expression and purification 

7.3.1 Proteins for TRAP project 

 
Table 7-5: UniProt IDs TRAP project 

Protein Organism (origin) #AA / MW (kDa) UniProt ID 
VcSiaP Vibrio cholerae 3211 / 35.9821 

2992 / 33.7552 
3033 / 34.0723 

Q9KR64 

HiSiaP Haemophilus influenzae 3291 / 36.5131 
3062 / 34.1652 
3103 / 34.4953 

P44542 

1 UniProt sequence (includes signal sequence);  
2 UniProt sequence without signal sequence; 
3 recombinant expression construct after TEV cleavage. 

 

7.3.1.1    TRAP transporter P-domains 

The detailed procedure for protein expression and purification of VcSiaP and HiSiaP 

was described before (Glaenzer et al., 2017). The genes for both proteins were  

cloned into a pBADHisTEV vector containing a TEV cleavable N-terminal His6 tag 
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(Huanting Liu, University of St Andrews). All proteins were expressed in M9-minimal 

media to prevent sialic acid binding during the expression. For protein purification,  

Ni2+-affinity chromatography was followed by size-exclusion chromatography. The His 

tag was removed by incubation of a 1:50 mass ratio of TEV-protease to protein at 4 °C 

overnight. The purified protein was collected in the flow through of another affinity 

chromatography before it was concentrated, flash frozen in N2(l) and stored at -80 °C. 

 

7.3.2 Proteins for CRISPR project 

 
Table 7-6: UniProt IDs CRISPR project 

Protein Organism (origin) #AA /  
MW (kDa) UniProt ID 

CalpL Sulfurihydrogenibium sp. (strain YO3AOP1) 496 / 57.811 B2V8L9 
CalpT Sulfurihydrogenibium sp. (strain YO3AOP1) 271 / 31.844 B2V8L8 
CalpS Sulfurihydrogenibium sp. (strain YO3AOP1) 224 / 26.561 B2V8L7 

 

7.3.2.1    CalpL 

The codon-optimized gene for CalpL (UniProt ID: B2V8L9) was cloned into pET-11a 

vector containing an N-terminal His10-TEV tag. All CalpL constructs were expressed in 

lysogeny broth (LB) medium. Therefore, E. coli BL21(DE3) cells were grown at 37 °C 

until an optical density at λ=600 nm (OD600) of 0.6–0.8 was reached. At that cell density, 

expression was started by induction with 0.4 mM Isopropyl β- d-1-thiogalactopyranoside 

(IPTG), and the cell suspension was incubated at 30 °C for 4.5 h with shaking. Cells were 

collected by centrifugation at 4,000 r.c.f. for 25 min at 20 °C and resuspended in lysis 

buffer (20 mM Tris, 50 mM NaCl, pH 8.0). The cells were lysed by sonification (Sonopuls 

HD3100, Bandelin) and cell debris was removed by centrifugation at 75,000 r.c.f. for 

45 min at 10 °C. For protein purification, Ni2+-affinity chromatography (20 mM Tris, 

50 mM NaCl, pH 8.0; 500 mM imidazole was included for elution) using Ni2+-NTA resin 

beads and a gravity flow column was followed by size-exclusion chromatography (SEC) 

(20 mM Tris, 50 mM NaCl, pH 8.0) using a Superdex 200 16/600 column on an ÄKTA 

chromatography system (both: GE Healthcare). In case the purity was not sufficient, 

anion exchange chromatography (AIEX) was run on a HiPrep Q XL column (GE 

Healthcare) using gradient elution (20 mM Tris, 0-500 mM NaCl, pH 8.0). For Tag 

cleavage, overnight incubation at 4 °C with a 50:1 ratio (m/m) of protein to TEV protease 

(20 mM Tris, 50 mM NaCl, pH 8.0) was performed. A second Ni2+-affinity 

chromatography was done to remove the TEV protease and noncleaved CalpL. The 

protein purity was checked by SDS–PAGE analysis after each purification step. After 

successful purification, the protein was concentrated, flash-frozen in liquid nitrogen and 

stored at −80 °C in 20 mM Tris, 50 mM NaCl, pH 8.0.  

For structure determination, a selenomethionine derivative of CalpL was prepared 

using E. coli B834 cells and the SelenoMethionine Medium Complete kit (Molecular 

Dimensions) according to the instructions. Protein expression and purification were done 

in the same way as for the native protein.  
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7.3.2.2    CalpT 

Prior to protein expression, the codon-optimized synthetic gene (BioCat) for CalpT 

(UniProt ID: B2V8L8) including an N-terminal His10-TEV tag was cloned into pET-11a 

vector and transformed into chemically competent E. coli BL21(DE3).  

For the expression culture, 1 l of LB media was supplemented with 1 ml of Ampicillin 

(100 mg/ml) and 5 ml of overnight preculture. The cells were grown at 37 °C and 

continuous shaking at 130 rpm until an OD600 of 0.6-0.8 was reached. Subsequently, the 

protein expression was started upon induction with 0.4 mM IPTG and incubation at 30 °C 

with shaking at 130 rpm. After 4.5 h, the cells were harvested by centrifugation at 

4,000 r.c.f. for 25 min at 20 °C. To extract the protein, the cells were resuspended in lysis 

buffer (25 mM Tris, 500 mM NaCl, 10% glycerol and 1 mM DTT, pH 8.0) and sonicated 

(Sonopuls HD3100, Bandelin). By centrifugation at 75,000 r.c.f. for 45 min at 20 °C, cell 

debris was removed and the soluble fraction was filtered through a 0.8 µm syringe filter.  

To purify CalpT, Ni2+-affinity chromatography (25 mM Tris, 500 mM NaCl, 1 mM 

DTT, 10% glycerol, pH 8.0; 40 mM and 1 M imidazole was included for wash and 

elution, respectively) using Ni2+-NTA beads and a gravity flow column was followed by 

heparin chromatography (25 mM Tris, 0-1 M NaCl (gradient elution, 0 %-40 % over 

3.6 column volumes), 1 mM DTT and 10% glycerol, pH 8.0) using a HiPrep Heparin FF 

16/10 column on an ÄKTA chromatography system (both: GE Healthcare). Before 

loading the sample to the column, the protein solution was diluted 50-fold with no salt 

buffer (25 mM Tris, 1 mM DTT and 10% glycerol, pH 8.0). As a final purification step, 

size-exclusion chromatography was performed on a Superdex 200 16/600 column on an 

ÄKTA chromatography system (both: GE Healthcare) (25 mM Tris, 500 mM NaCl, 

1 mM DTT and 10% glycerol, pH 8.0). Removal of the N-terminal His tag was done by 

overnight incubation at 20 °C with a 20:1 ratio (m/m) of protein to TEV protease (25 mM 

Tris, 500 mM NaCl, 1 mM DTT and 10% glycerol, pH 8.0). Tag cleavage was only done 

for crystallization purposes, but not for any functional assays. A second Ni2+-affinity 

chromatography step was used to separate the TEV protease and noncleaved protein. The 

purity of the protein was checked by SDS–PAGE after each purification step. After 

successful purification, the protein was concentrated, flash-frozen in liquid nitrogen and 

stored at −80 °C in 25 mM Tris, 500 mM NaCl, 1 mM DTT and 10% glycerol, pH 8.0. 

All purification steps for CalpT were done at room temperature as the protein tended to 

aggregate at 4 °C. 

 

7.3.2.3    CalpS 

One codon optimized gene for CalpS was designed in a pBADHisTEV vector 

including an N-terminal His6 tag and TEV cleavage site. The Synthesis was done by 

BioCat. This gene was subsequently also cloned into a pET-28a vector to yield a MPB-

fusion protein with a TEV protease cleavage site in between MPB and CalpS. A second 

construct was cloned by Haotian Chi (University of St. Andrews) into a pEHisTev vector 

with a cleavable octa-histidine tag at the N-terminus of the protein. Furthermore, the same 

construct was cloned into a pCDFDuet vector yielding a tag-less protein. The different 

expression vectors were tested one after another. The so far most promising expression 

and purification procedure will be described in the following. Protein expression was 

done using E. coli C43(DE3) cells as expression strain. The main culture was inoculated 

with overnight preculture (10 ml/l) of high cell density. Cells were grown in lysogeny 

broth (LB) media at 37 °C at 130 rpm shaking. At an optical density of OD600≈0.7, the 



Recombinant protein expression and purification 

 127 

protein expression was induced by addition of IPTG (cend=0.4 mM). Expression was 

carried out at 16 °C over night. Thereafter, the cells were harvested by centrifugation at 

10 °C, 4,000 r.c.f. for 25 min, resuspended in 5 ml lysis buffer per gram of cell pellet 

(50 mM Tris, 500 mM NaCl, 20 mM imidazole, 10 % glycerol, pH 7.5, supplemented 

with EDTA-free protease inhibitor (Roche)) and lysozyme (1 mg/ml). The cells were 

lysed by sonification and the lysate was centrifuged at 10 °C, 75,000 r.c.f. for 45 min. 

The lysate was filtered using a 0.45 µm syringe filter and loaded to Ni2+-NTA beads (or 

Amylose beads for MBP affinity chromatography). As for CalpL and CalpT, affinity 

chromatography (50 mM Tris, 500 mM NaCl, 10 % glycerol, pH 7.5, 500 mM imidazole 

for elution) was followed by size-exclusion chromatography (50 mM Tris, 250 mM NaCl, 

10 % glycerol, pH 7.5). If desired, the affinity tag was cleaved off using TEV protease 

and another affinity chromatography was performed to yield untagged CalpS in the flow 

through. All purification steps were checked by SDS-PAGE analysis. Purified protein 

was concentrated, aliquoted at 50-100 µl volume and flash frozen in liquid Nitrogen, 

before the aliquots were stored at -80 °C. 

	
7.3.3  VHH antibodies 

7.3.3.1    Generation of VHH antibodies 

The ‘Landesuntersuchungsamt Rheinland-Pfalz (23 177- 07/A 17-20-005 HP) 

authorized all immunizations described in this work. Within 12 weeks, one alpaca 

(Vicugna	pacos) was immunized by six subcutaneous injections á 200 µg antigen (1:1 

(v/v) mixture of protein solution and GERBU-FAMA adjuvant). Subsequently, peripheral 

blood mononuclear cells (PBMCs) were isolated from 100 ml of blood, their mRNA was 

extracted and reverse transcribed to cDNA. To generate a library for phage display, VHH 

sequences were amplified by PCR and cloned into a phagemid vectors. The phage display 

was done using E. coli TG1 cells in combination with VCSM13 helper phages to enrich 

specific VHHs. The bait protein was therefore immobilized to magnetic streptavidin 

beads. After two rounds of panning, E. coli ER2738 cells were infected with the cleared 

and enriched phages and individual clones were selected to be grown in a 96-well plate. 

The supernatants from these small-scale expressions were tested for specific binding 

VHHs by ELISA. Hits were identified, sequenced and grouped according to their 

sequence similarity. 

 

7.3.3.2    Expression and purification of VHH antibodies 

All VHHs were generated by the Core Facility Nanobodies of the University of Bonn. 

The nanobody encoding genes were provided in a pHEN6 vector for TRAP transporter 

SBP specific VHHs and in a pSBinit2 for CalpT–L specific VHHs, respectively. All 

constructs contained an N-terminal pelB signaling sequence to achieve periplasmic 

expression at non-reducing conditions and a C-terminal HA-His6 tag for intracellular 

recognition and purification purposes. The plasmids were transformed into chemically 

competent E. coli WK6 cells and E. coli MC1061 cells, respectively. Cells were grown 

in 2 l Terrific Broth (TB) media (including 100 µg/ml Ampicillin and 25 µg/ml 

Chloramphenicol, respectively) inoculated with 25 ml of an overnight preculture and 

incubated at 37 °C and shaking until reaching an OD600 of 0.7. Protein expression was 

induced by adding 0.4 mM IPTG (25 ml of a 1 % L(+)-Arabinose stock solution for 

CalpT–L specific VHHs) followed by overnight incubation at 30 °C (22 °C for CalpT–L 



Methods 

 128 

specific VHHs) and 130 rpm shaking. The cells were harvested by centrifugation at 

5,000 r.c.f. and 10 °C for 25 min. The cell pellet was resuspended in 25 ml TES buffer 

(200 mM Tris, 0.65 mM EDTA, 500 mM sucrose, pH 8.0) and incubated for at least 1.5 h 

and slow mixing at 4 °C. For osmotic lysis, the cell suspension was diluted with 75 ml of 

0.25-fold concentrated TES buffer and incubated at 4 °C overnight with slow mixing. 

Subsequently, the suspension was centrifuged at 10,000 r.c.f. and 10 °C for 1 h, the 

supernatant was decanted to a new centrifuge beaker and once again centrifuged at the 

same conditions. The periplasmic extract was mixed with equilibrated Ni2+-NTA beads 

and incubated for 2 h at 4 °C and slow mixing. Afterwards, Ni2+-affinity chromatography 

was carried out on a gravity flow column. The flow through was discarded and the beads 

were washed with 100 ml wash buffer (50 mM Tris, 300 mM NaCl, 10 mM imidazole, 

pH 8.0). The protein was eluted in 15 ml elution buffer (50 mM Tris, 50 mM NaCl, 

500 mM imidazole, pH 8.0) and concentrated to a final volume of 4 ml using an Amicon 

3 kDa MWCO. The protein solution was loaded onto a HiLoad Superdex 75 16/600 gel 

filtration column for size exclusion chromatography (50 mM Tris, 50 mM NaCl, pH 8.0) 

on an ÄKTA chromatography system (both: GE Healthcare). Protein containing fractions 

were pooled, concentrated, flash frozen in N2(l) and stored at -80 °C. After each 

purification step, the purity was checked by SDS-PAGE analysis. 

 

7.3.3.3    Optimization of VHH antibody constructs for crystallization 

To improve the crystallization behavior, VcSiaP specific VHHs were cloned into a 

pET-28a vector containing a pelB signaling sequence and an N-terminal His6-TEV tag. 

The VHH encoding sequences were amplified by PCR and assembled into pET-28a-pelB-

His6-TEV by traditional cloning using the restriction enzymes BamHI and EcoRI or 

BamHI and XhoI for NbS001 and NbS002, respectively. The PCR products and the target 

vector were digested with the respective restriction enzymes and ligated at a molar ratio 

of 3:1. Positive clones were identified by double enzyme digestion and the correct 

sequences confirmed by sequencing at Microsynth AG (CH). The expression constructs 

were transformed into chemically competent E. coli BL21(DE3) cells. Expression and 

purification were performed in the same way as described above (Chapter 7.3.3.2   ). 

 

 

 

 

7.4  Analytical methods 

7.4.1 Analytical size-exclusion chromatography and SEC-MALS measurements 

7.4.1.1    Analytical size-exclusion chromatography 

Size-exclusion chromatography cannot only be used for protein purification, but also 

to characterize complex formation with affinities stronger than about 1 mM (Stevens & 

Schiffer, 1981). Analytical SEC was either carried out using a Superdex 200 (or 

Superose6) increase 10/300 gel filtration column on an ÄKTA chromatography system, 

or on a Superdex 200 (or Superose6) increase 3.2/300 gel filtration column installed on a 

1260 Infinity II HPLC system (Agilent). Column types, buffer compositions and 

concentrations that were used for the experiments are listed in Table 7-7. 
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Table 7-7: Specific information for analytical size exclusion chromatography. 

Experiment name / 
buffer composition Column / additional information Protein Conc. 

VcSiaP-VHH complex 
(including VcSiaP S14C T192C) 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

SD200 increase 3.2/300 
Flow rate: 0.07 ml/min 
Injection volume: 20 µl 

VcSiaP 
NbS001 
NbS002 

29.4 µM 
32.3 μM 
32.3 μM 

CalpS-T-L complex 
20 mM Tris, 250 mM NaCl, 
1 mM DTT, 10% glycerol, pH 8.0  

Superose6 increase 10/300 
*all samples were incubated at 50 °C 
for 60 min, SEC was done at RT 
Flow rate: 0.4 ml/min 
Injection volume: approx. 300 µl 

CalpL 
CalpT 
CalpS 
cA4 

182 µM 
182 μM 
182 μM 
200 µM 

CalpS-T complex 
20 mM Tris, 250 mM NaCl, 
1 mM DTT, 10% glycerol, pH 8.0 

SD200 increase 3.2/300 
Flow rate: 0.07 ml/min 
Injection volume: 20 µl 

CalpT 
CalpS 
 

20.0 µM 
20.0 µM 

 

 

7.4.1.2    Multi-angle light scattering (MALS) 

Multi-angle light scattering (MALS) is a powerful biophysical technique for 

determining the size and molecular weight of macromolecules in solution. The scattered 

light from a particle is measured at multiple angles, providing valuable information on 

the mentioned properties. To characterize the heteromultimeric protein complexes, SEC-

MALS runs were performed at room temperature on an Agilent 1260 Infinity II Prime 

Bio LC system coupled to a Wyatt miniDAWN MALS detector, an Optilab rEX refractive 

index detector and a Superose6 increase 10/300 or Superdex 200 increase 10/300 

chromatography column (both: GE Healthcare) equilibrated with the corresponding 

sample buffer. All data acquisition and evaluation were carried out using ASTRA 8 

software (Wyatt Technologies). Detailed information on the sample concentration and 

the experimental setup are listed in Table 7-8. All concentrations were adjusted by 

dilution with the appropriate running buffer and all samples were centrifuged at 

15,000 r.c.f. for 10 min before injection into the instrument. 

 
Table 7-8: Specific information for multi-angle light scattering experiments. 

Experiment name / 
buffer composition Column / additional information Protein Conc. 

VcSiaP (HiSiaP) & NbS001-003  
50 mM Tris, 50 mM NaCl, 
pH 8.0 
 
 

Superose6 increase 10/300  
Flow rate: 0.5 ml/min 
Injection volume: 50 µl 
*HiSiaP was only used in 
combination with NbS003 

VcSiaP 
HiSiaP 
NbS001 
NbS002 
NbS003 

120 μM  
120 μM 
120 μM 
120 μM 
120 μM 

HiSiaP & NbS004-011  
50 mM Tris, 50 mM NaCl, 
pH 8.0 
 

Superdex200 increase 10/300  
Flow rate: 0.5 ml/min 
Injection volume: 50 µl 
 

HiSiaP 
NbS004-
NbS011 
 

30 µM 
 

30 μM 
 

CalpT-L complex analysis 
25 mM Tris, 500 mM NaCl, 
1 mM DTT, 10% glycerol, 
pH 8.0 

Superose6 increase 10/300  
*all samples were incubated at 50 °C 
for 60 min, SEC was done at RT 
Flow rate: 0.4 ml/min 
Injection volume: 50 µl 

CalpL 
CalpT 
cA4 

51 μM  
59 μM 
60 μM 
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7.4.2 Thermal nano-DSF 

The stability of proteins can be monitored by their intrinsic fluorescence which 

changes upon unfolding of the tertiary structure caused by the application of thermal or 

chemical denaturant gradients. Multiple external factors, such as small molecules, 

macromolecular binding partners, or buffer compositions can affect the conformational 

stability. Nano differential scanning fluorometry (nano-DSF) can be used to analyze how 

changes in the buffer composition, binding of small molecules, or the binding of 

macromolecular molecules stabilize or destabilize a protein. 

Thermal denaturation curves were determined using a Prometheus NT.48 thermal 

nanoDSF device in combination with the PR.ThermControl software (both: NanoTemper 

Technologies). The sample concentration was set to 1 mg/ml of VcSiaP and potential 

binding partners were added at a 1.1x molar excess. All samples were centrifuged at 

14,000 r.c.f. and 4 °C for 10 min and then loaded to nanoDSF grade standard glass 

capillaries (NanoTemper Technologies). In all experiments, samples were loaded as 

technical duplicates to exclude errors that can potentially occur from tiny air bubbles 

inside the capillary. As starting temperature Tstart=20 °C and end temperature Tend=90 °C 

were set with a heating rate of 1 °C or 1.5 °C per minute. The different heating rates did 

not show effects on the observed denaturation curves. 

 

7.4.3 Dynamic Light Scattering (DLS) 

Dynamic light scattering is a technique to determine the hydrodynamic radius of a 

particle in solution. During the experimental procedure, all samples were centrifuged at 

15,000 r.c.f. for 10 min to remove aggregates and measured in a DynaPro NanoStar 

(Wyatt Technology) DLS device using the appropriate single use cuvettes. For each 

condition, three measurements were done at a sample temperature of T=25 °C and three 

measurement cycles of each 20 single data acquisitions with acquisition times of t=3 s. 

The device was controlled and evaluation of the data was done with the DYNAMICS® 

software (Wyatt Technology).  

7.4.3.1    Visualizing heteromeric protein–protein interactions 

To investigate changes of the hydrodynamic radius upon complex formation, protein 

solutions were initially prepared at a final concentration of c=40 μM of each component. 

For an improved signal, the concentrations were set to or c=114 µM in a second 

measurement. No significant changes were observed upon increasing the concentration. 

For each condition, a minimum of three measurements was done at a sample temperature 

of T=25 °C and three measurement cycles of each 20 single data acquisitions with 

acquisition times of t=3 s.  

 

7.4.3.2    Investigating cA4-induced oligomerization of CalpL 

To investigate the cA4-induced oligomerization of CalpL, samples at different 

concentrations were prepared (17.3 µM, 52.0 μM, 86.6 μM and 173 μM, either with (1:1 

molar ratio) or without cA4). The samples were measured using a DynaPro NanoStar 

(Wyatt Technology) DLS device using the appropriate single use cuvettes as described 

above. For initial measurements, the samples were measured directly after addition of 

cA4, and after 5, 10, 15, 30, 60 min. For incubation times less than 10 min, the sample 

was not centrifuged after, but only before, cA4 addition. To investigate the significance 



Analytical methods 

 131 

of the radii difference between wild-type protein and mutants, a two-tailed unpaired t test 

was performed. The resulting significances are depicted in the figures by “n.s.” (p≥0.05), 

“*” (p<0.05), “**” (p<0.01), and “***” (p<0.001), and “****” (p<0.0001). 

 

7.4.4 Isothermal Titration Calorimetry (ITC) measurements 

Isothermal titration calorimetry is a powerful technique to quantitatively determine 

thermodynamic parameters involved in molecular interactions. During a titration 

experiment, ITC directly measures changes in the total heat energy resulting from a 

binding event in solution providing valuable insights into the binding affinity (KD), 

stoichiometry (n), enthalpy (ΔH) and entropy (ΔS) of a reaction. This method is suitable 

for the investigation of a broad range of molecular interactions, such as protein–ligand, 

protein–protein, and enzyme–substrate interactions in the range of 10-2 M≥KD≥10-9 M 

(Lottspeich & Engels, 2012). ITC measurements were performed on a MicroCal PEAQ-

ITC (Malvern Panalytical, UK) using the corresponding software for instrument control 

and data analysis. The parameters of the individual experiments are listed in Table 7-9, 

Table 7-10, Table 7-11, Table 7-12, and Table 7-13. Prior to each measurement, the 

sample cell was equilibrated three times with water and subsequently three times with 

protein buffer. Protein solutions were transferred into the sample cell with a 500 µl 

Hamilton syringe the concentration of remaining sample solution was determined by UV 

absorption at λ = 280 nm with a NanoDrop 2000 (Thermo Scientific, US). The titration 

syringe was loaded automatically. All titration experiments were done at 25 °C.  

 

 
Table 7-9: Detailed information VcSiaP-VHH ITC experiments. 

Experiment name / 
buffer composition 

Analyte 
concentration 

Titrant 
concentration 

# of injections / 
injection volume 

NbS001 vs. VcSiaP 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP 
176 µM 
117 µM 

NbS001 
2.35 mM 
906 µM 

 
13 / 3 µl 
13 / 3 µl 

VcSiaP vs. NbS001 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

NbS001 
120 µM 

VcSiaP 
1.17 mM 

 
13 / 3 µl 

NbS002 vs. VcSiaP 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP 
109 µM 
117 µM 
114 µM 
35.5 µM 

NbS002 
869 µM 

1.00 mM 
1.09 mM 
364 µM 

 
19 / 2 µl 
19 / 2 µl 
13 / 3 µl 
13 / 3 µl 

NbS002 vs. VcSiaP W73A 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP W73A 
49.4 µM 
49.5 µM 

NbS002 
526 µM 
520 µM 

 
13 / 3 µl 
13 / 3 µl 

NbS002 vs. VcSiaP[NbS001]  
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP[NbS001] 
40 µM 

 

NbS002 
400 µM 

 
13 / 3 µl 
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Table 7-10: Detailed information SiaP-Neu5Ac ITC experiments. 

Experiment name / 
buffer composition 

Analyte 
concentration 

Titrant 
concentration 

# of injections / 
injection volume 

Neu5Ac vs. VcSiaP 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP 
107 µM 
108 µM 
543 µM 
100 µM 

Neu5Ac 
1.2 mM 
1.2 mM 
5.0 mM 
1.2 mM 

 
37 / 1 µl 
37 / 1 µl 
37 / 1 µl 
19 / 2 µl 

Neu5Ac vs. VcSiaP W73A 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP W73A 
53.6 µM 
47.6 µM 

Neu5Ac 
500 µM 
500 µM 

 
19 / 2 µl 
19 / 2 µl 

Neu5Ac vs. HiSiaP 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

HiSiaP 
49.4 µM 
95.0 µM 
50.0 µM 

Neu5Ac 
500 µM 
1.0 mM 
500 µM 

 
13 / 3 µl 
19 / 2 µl 
19 / 2 µl 

 
Table 7-11: Detailed information competitive VcSiaP-VHH/Neu5Ac ITC experiments. 

Experiment name / 
buffer composition 

Analyte 
concentration 

Titrant 
concentration 

# of injections / 
injection volume 

Neu5Ac vs. VcSiaP[NbS001] 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP[NbS001] 
120 µM [120 µM] 

Neu5Ac 
1.2 mM 

 
13 / 3 µl 

Neu5Ac vs. VcSiaP[NbS002] 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP[NbS002] 
120 µM [120 µM] 
120 µM [120 µM] 
120 µM [60 µM] 

Neu5Ac 
1.2 mM 
1.2 mM 
1.2 mM 

 
13 / 3 µl 
13 / 3 µl 
13 / 3 µl 

NbS002 vs. VcSiaP[Neu5Ac] 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaP[Neu5Ac] 
60.0 µM 
48.1 µM 

NbS002 
600 µM 
519 µM 

 
13 / 3 µl 
13 / 3 µl 

NbS002 vs. VcSiaPCC* 1) 
50 mM Tris, 50 mM NaCl, 
pH 8.0 

VcSiaPCC* 1) 
43.6 µM 

NbS002 
500 µM 

 
13 / 3 µl 

1) “VcSiaPCC*” denotes double cysteine mutant VcSiaP S14C T192C preincubated with sialic acid. 
Disulfide bond formation was forced by addition of H2O2 to the substrate bound protein (see 
Section 7.6) 
 
Table 7-12: Detailed information on CalpL-CalpT titration experiments 

Experiment name / 
buffer composition 

Analyte 
concentration 

Titrant 
concentration 

# of injections / 
injection volume 

CalpT vs. CalpL 
20.75 mM Tris, 117.5 mM NaCl, 1.5 % 
glycerol, 0.15 mM DTT, pH 8.0 

CalpT 
38.4 µM 
50.2 µM 

CalpL 
415 µM 
627 µM 

 
19 / 2 µl 

25 / 1.5 µl 
CalpT A201E vs. CalpL 
20.75 mM Tris, 117.5 mM NaCl, 1.5 % 
glycerol, 0.15 mM DTT, pH 8.0 

CalpT A201E 
37.5 µM 

CalpL 
415 µM 

 
19 / 2 µl 
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Table 7-13: Detailed information on HiSiaP-VHH ITC experiments. 

Experiment name / 
buffer composition 

Analyte 
concentration 

Titrant 
concentration 

# of injections / 
injection volume 

NbS003 vs. HiSiaP 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP 
50 µM 
54 µM 

NbS003 
513 µM 
514 µM 

 
13 / 3 µl 
13 / 3 µl 

HiSiaP vs. NbS003 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS003 
124 µM 
124 µM 
124 µM 

HiSiaP 
1.24 mM 
1.24 mM 
1.24 mM 

 
19 / 2 µl 
19 / 2 µl 
19 / 2 µl 

HiSiaP vs. NbS004 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS004 
115 µM 

HiSiaP 
1.20 mM 

 
19 / 2 µl 

HiSiaP vs. NbS005 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS005 
102 µM 

HiSiaP 
1.04 mM 

 
19 / 2 µl 

HiSiaP vs. NbS006 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS006 
102 µM 

HiSiaP 
1.02 mM 

 
19 / 2 µl 

HiSiaP vs. NbS009 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS009 
107 µM 

HiSiaP 
935 mM 

 
19 / 2 µl 

HiSiaP vs. NbS010 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS010 
91.6 µM 

HiSiaP 
1.02 mM 

 
19 / 2 µl 

HiSiaP vs. NbS011 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS010 
99.9 µM 

HiSiaP 
1.02 mM 

 
19 / 2 µl 

Neu5Ac vs. HiSiaP[NbS004] 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP[NbS004] 
50 µM [55 µM] 

Neu5Ac 
500 µM 

 
19 / 2 µl 

Neu5Ac vs. HiSiaP[NbS005] 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP[NbS005] 
50 µM [55 µM] 

Neu5Ac 
500 µM 

 
19 / 2 µl 

Neu5Ac vs. HiSiaP[NbS006] 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP[NbS006] 
50 µM [55 µM] 

Neu5Ac 
500 µM 

 
19 / 2 µl 

Neu5Ac vs. HiSiaP[NbS009] 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP[NbS009] 
50 µM [55 µM] 

Neu5Ac 
500 µM 

 
19 / 2 µl 

Neu5Ac vs. HiSiaP[NbS010] 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP[NbS010] 
50 µM [55 µM] 

Neu5Ac 
500 µM 

 
19 / 2 µl 

Neu5Ac vs. HiSiaP[NbS011] 
50 mM Tris, 50 mM NaCl, pH 8.0 

HiSiaP[NbS011] 
50 µM [55 µM] 
50 µM [25 µM] 

Neu5Ac 
500 µM 
500 µM 

 
19 / 2 µl 
19 / 2 µl 

HiSiaP[Neu5Ac] vs. NbS004 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS004 
46.8 µM 

HiSiaP[Neu5Ac] 
500 µM 

 
19 / 2 µl 

HiSiaP[Neu5Ac] vs. NbS005 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS005 
51.6 µM 

HiSiaP[Neu5Ac] 
500 µM 

 
19 / 2 µl 

HiSiaP[Neu5Ac] vs. NbS006 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS006 
48.6 µM 

HiSiaP[Neu5Ac] 
500 µM 

 
19 / 2 µl 

HiSiaP[Neu5Ac] vs. NbS009 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS009 
47.8 µM 

HiSiaP[Neu5Ac] 
500 µM 

 
19 / 2 µl 

HiSiaP[Neu5Ac] vs. NbS010 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS010 
54.4 µM 

HiSiaP[Neu5Ac] 
500 µM 

 
19 / 2 µl 

HiSiaP[Neu5Ac] vs. NbS011 
50 mM Tris, 50 mM NaCl, pH 8.0 

NbS011 
48.8 µM 

HiSiaP[Neu5Ac] 
500 µM 

 
19 / 2 µl 
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7.4.4.1    Sequential ITC experiments 

To analyze the competitive effect when titrating NbS002 to an analyte solution of 

VcSiaP and Neu5Ac, a multi-step sequential ITC experiment was designed. In a first step, 

sialic acid was titrated to VcSiaP. The volume that was added to the initially loaded 280 µl 

was removed from the cell (36.4 µl). The “new” analyte concentration was estimated by 

using the dilution of the initial concentration (V0=280 µl, Vend=316.4 µl). To estimate the 

concentration of the titrant in the analyte solution, the “new” analyte concentration was 

multiplied by the final molar ratio resulting from the titration. The syringe of the ITC 

device was washed and then, another titrant was loaded. In a second titration step, NbS002 

was used as analyte. After finishing this step, the excess cell volume was again removed 

and “new” concentrations of the analyte contents were calculated. In a final titration step, 

HiSiaP was used as titrant to detect free sialic within the analyte solution. Further details 

of the experimental parameters are listed in Table 7-14. 

 
Table 7-14: Detailed information for sequential VcSiaP-VHH/Neu5Ac ITC experiments. 

Experiment name / 
buffer composition 

 Analyte 
concentration 

Titrant 
concentration 

# of injections / 
injection volume 

VcSiaP wild type 
50 mM Tris,  
50 mM NaCl, pH 8.0 

 
1-1 
2-1 

VcSiaP 
49.4 µM 
46.3 µM 

Neu5Ac 
500 µM 
500 µM 

 
19 / 2 µl 
19 / 2 µl 

 
1-2 
2-2 

VcSiaP[Neu5Ac] 
43.7 µM [83 µM] 1) 

41 µM [82 µM] 1) 

NbS002 
495 µM 
491 µM 

 
19 / 2 µl 
19 / 2 µl 

 
1-3 
2-3 

VcSiaP[Neu5Ac/NbS002] 
38.7 µM [73 µM/81 µM]1) 

36.3 µM [72 µM/80 µM]1) 

HiSiaP 
520 µM 
544 µM 

 
19 / 2 µl 
19 / 2 µl 

VcSiaP W73A 
50 mM Tris,  
50 mM NaCl, pH 8.0 

 
1-1 
2-1 

VcSiaP 2) 
49.4 µM 
53.6 µM 

Neu5Ac 
500 µM 
500 µM 

 
19 / 2 µl 
19 / 2 µl 

  
1-2 
2-2 

VcSiaP2)[Neu5Ac] 2) 
43.7 µM [85 µM] 1) 

47.4 µM [85 µM] 1) 

NbS002 
491 µM 
493 µM 

 
19 / 2 µl 
19 / 2 µl 

  
1-3 
2-3 

VcSiaP[Neu5Ac/NbS002] 2) 
38.7 µM [75 µM/85 µM]1) 

41.9 µM [75 µM/83 µM]1) 

HiSiaP 
544 µM 
527 µM 

 
19 / 2 µl 
19 / 2 µl 

1) concentrations are estimated using the maximum cell volume (280 µl), the amount of added titrant 
(observed final molar ratio from experiment) and the volume that has been removed from the cell prior 
to the next titration (36.4 µl). 
2) highlights experiments where VcSiaP W73A mutant was used 
 

7.4.5 Surface plasmon resonance (SPR) measurements 

All SPR measurements were done on a Biacore 8K instrument (GE Healthcare) using 

a streptavidin-functionalized sensor chip (Serie S Sensor Chip SA, GE Healthcare). Data 

were recorded at a rate of 10 Hz and a flow cell temperature of 25 °C. The experiments 

were conducted in 25 mM Tris, 250 mM NaCl, 5% glycerol and 0.05% Tween-20, 

pH 8.0. For the immobilization three initial injections of 1 M NaCl in 50 mM NaOH 

(10 μl min–1, 60 s) were followed by injection of the biotinylated CalpL construct, 
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R493C-biotin (86 nM, 5 μl min–1, 180 s). Binding of cOA and CalpT was measured as 

single-cycle kinetic experiments. For the cOAs, a series of seven different concentrations 

(0.086, 0.26, 0.78, 2.33, 7, 21 and 63 nM) were injected at a flow rate of 30 μl min–1 

(contact time of 120 s, dissociation time of 600 s). For CalpT and NiS038, a series of 

seven different concentrations (0.0625, 0.25, 1, 4, 16, 64 and 256 nM) was injected 

applying the same parameters as above. The recorded data were double referenced by 

reference flow cell and blank cycle subtraction, and data were analyzed and fitted using 

Biacore Insight Evaluation software. 

 

7.4.6 Protease activity assay 

For the protease activity assays, CalpL (4.64 μM) and CalpT (5.11 μM) were prepared 

in 25 mM Tris, 500 mM NaCl, 5 % glycerol, 1 mM DTT, pH 8.0 and incubated for 1 h at 

60 °C. Subsequently, cOAs (5.11 µM) were added and the mixture was incubated for 

another 1 h at 60 °C. For SDS–PAGE analysis, 3 μl of 4× SDS loading buffer was added 

to 9 μl of the sample. The mixture was heated for 5 min at 94 °C and 10 μl was loaded 

onto a 15 % polyacrylamide gel, which was run at 250 V for 40 min. To investigate the 

effect of mutants, the incubation times and temperatures where changed, these changes 

are indicated in the according results. 

 

7.5  Crystallization and Structure Determination 

7.5.1 Crystallization of proteins and protein complexes  

All crystallization experiments were done using the vapor diffusion method. Sitting-

drop crystallization plates (MRC 2 Well Crystallization Plate, Jena Bioscience) were set 

up by hand or using a gryphon crystallization robot (Art Robbins, US). For all 

experiments, a 1:1 ratio of mother liquor:protein solution was used. The plates were 

incubated at 20 °C in a Rock Imager 1000 crystallization hotel  (Formulatrix, US) and 

imaged automatically in predefined time intervals. Crystals were harvested and flash 

frozen in N2(l). Detailed information on the crystallization condition, protein 

concentrations, and cryo protectant solution are listed in Table 7-15. Crystals were stored 

and sent at liquid nitrogen temperature. 

 

 

 
Table 7-15: Crystallization conditions that yielded the crystals used for structure determination. 

Protein (complexes) / 
buffer composition 

PDB 
ID 

Crystallization 
condition 

Cryo 
protectant 

Additional Information 

VcSiaP[NbS001] 
50 mM Tris,  
50 mM NaCl, pH 8.0 

9fvc Morpheus® 
B-9 

 590 µM VcSiaP  
750 µM NbS001 

0.3 µl + 0.3 µl drops 
VcSiaPholo[NbS001] 
50 mM Tris,  
50 mM NaCl, pH 8.0 

- ProPlex 
G12 

35 % (v/v) 
glycerol 

667 µM VcSiaP 
1.4 mM Neu5Ac 
695 µM NbS001 

0.3 µl + 0.3 µl drops 
VcSiaP[NbS002] 
50 mM Tris,  
50 mM NaCl, pH 8.0 

9fvb Morpheus® 
D1 

 440 µM VcSiaP 
470 µM NbS002 

0.3 µl + 0.3 µl drops 
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VcSiaP[NbS001, NbS002] 
50 mM Tris,  
50 mM NaCl, pH 8.0 

- Morpheus® 
G12 

 532 µM VcSiaP 
 539 µM NbS001 
539 µM NbS002 

0.3 µl + 0.3 µl drops 
VcSiaPW73A, holo[NbS002] 
50 mM Tris,  
50 mM NaCl, pH 8.0 

9fve ProPlex 
G3 

35 % (v/v) 
glycerol 

405 µM VcSiaP 
411 µM NbS002 

2 mM Neu5Ac 
0.2 µl + 0.2 µl drops 

CalpL  
20 mM Tris,  
50 mM NaCl, pH 8.0 

- 0.1 M Tris 
pH 8.0  

38.8% PEG400 
0.29 M Li2SO4 

+ 5 % (v/v) 
PEG400 

346 µM CalpL 
 

CalpL (SeMet derivative) 
20 mM Tris,  
50 mM NaCl, pH 8.0 

7qda 0.1 M Tris 
pH 8.0  

38.8% PEG400 
0.29 M Li2SO4

 

+ 5 % (v/v) 
PEG400 

350 µM CalpL 
 

CalpL-T10 

50 mM Tris,  
50 mM NaCl, pH 8.0 

8b0u JCSG+ 
E2 

35 % (v/v) 
glycerol 

ca. 440 µM CalpL 
ca. 440 µM CalpT 

after incubation with cA4 
followed by SEC 

CalpL[cA4] 8b0r 0.1 M Tris 
pH 8.0  

38.8% PEG400 
0.29 M Li2SO4

 

+ 5 % (v/v) 
PEG400 

+ 5mM cA4 

 

346 µM CalpL 
 

3 min soaking 

CalpT[NbS023] - Morpheus® 
G4 

 233 µM CalpT 
256 µM NbS023 

 

7.5.2 X-ray diffraction and data analysis 

7.5.2.1    Acquisition of X-ray diffraction data 

Diffraction data was collected either at beamline PX10 (Zuerich, Switzerland) with 

Pilatus 2M detector (1) or at beamline P13 operated by EMBL Hamburg at the PETRA 

III storage ring (DESY) with an Eiger 16M detector (2). Detailed information on the 

recorded data sets can be found in Table 7-16. 

 

7.5.2.2    Processing of X-ray diffraction data  

Processing of the X-ray diffraction data was carried out with the following software: 

AutoProc (Vonrhein & Bricogne, 2008) ,XDS (Kabsch et al., 2010), POINTLESS (P. 

Evans, 2006), AIMLESS(P. R. Evans & Murshudov, 2013). 

 
 

7.5.3 Molecular replacement and experimental phasing 

7.5.3.1    Molecular replacement to solve the phase problem 

All structures were solved by molecular replacement with phenix.phaser (McCoy et 

al., 2007) using the structural models listed in Table 7-16 as search model, except for 

CalpL which was solved by single-wavelength anomalous diffraction as described in the 

next section. 



Design of a VcSiaP mutant that can be locked in its closed conformation 

 137 

Table 7-16: Quality of the datasets and final refinements used for structure determination. 

Protein (complexes)   Highest 
resolution 

PDB ID 
for MR 

Rwork/Rfree 

VcSiaP[NbS001] (1) 2.6 Å 4mag / 5ovw 0.195/0.257 
VcSiaPholo[NbS001] (2) 1.9 Å 7a5q / 9fvc 0.192/0.232 
VcSiaP[NbS002] (1) 2.1 Å 4mag / 5ovw 0.195/0.257 
VcSiaP[NbS001, NbS002] (2) 2.3 Å 4mag / 9fvb / 9fvc 0.207/0.259 
VcSiaPW73A, holo[NbS002] (2) 2.8 Å 7a5q / 9fvb 0.229/0.265 
CalpL  (2) 1.6 Å 7qda 0.176/0.201 
CalpL (SeMet derivative) (2) 2.1 Å SAD phasing3 0.193/0.228 
CalpL-T10 (2) 3.3 Å 7qda / AF24 0.195/0.230 
CalpL[cA4] (2) 2.2 Å 7qda 0.236/0.267 
CalpT[NbS023] (2) 2.2 Å AF24 / 5ovw 0.240/0.282 

1 - Diffraction data collected at SLS (Zurich, Switzerland) 

2 - Diffraction data collected at DESY (Hamburg, Germany) 

3 - SeMet derivative of CalpL used for SAD phasing, as explained in detail 

4 - AlphaFold2 model was used for molecular replacement job 

 

7.5.3.2    Single-wavelength anomalous diffraction (SAD) phasing 

Since no suitable structural model for molecular replacement (sequence identity ≥ 

30 %) was available from the PDB, the phase problem for the CalpL apo structure was 

solved by single-wavelength anomalous diffraction (SAD). A selenomethionine 

derivative of the protein had to be produced beforehand, the procedure is described in 

Section 7.3.2.1. Crystallization was achieved using the optimized crystallization screen 

based on condition D7 of the commercially available JCSG+ crystallization screen 

(Molecular Dimensions, UK). The crystals were harvested with additional 5 % (v/v) PEG 

400 for cryoprotection. Prior to recording a diffraction data set, an energy scan was 

performed to identify the absorption edge of selenium to confirm the presence of the 

heavy atom within the crystal. A diffraction dataset was collected at beamline P13 of the 

PETRA III storage ring (Hamburg) using an X-ray wavelength of λ=0.9795 Å 

(≙12.659 keV), just above the absorption edge of selenium. The diffraction data were 

automatically processed using XDS and the structure was solved using phenix.autosol, 

and refined using phenix.refine (Liebschner et al., 2019).  

 

7.5.4 Model building and refinement 

All structural models were optimized with phenix.refine (Adams et al., 2010), COOT 

(Emsley & Cowtan, 2004) and ISOLDE (Croll, 2018). After each refinement step, the 

model quality was checked with MolProbity (V. B. Chen et al., 2010). All figures were 

prepared in PyMOL. 

 

7.6  Design of a VcSiaP mutant that can be locked in its closed conformation 

VcSiaP S14C T192C was incubated with sialic acid. After reducing the cysteine 

residues with 1 mM TCEP, separation of the reducing agent was followed by addition of 

H2O2 to force disulfide bond formation. This technique was already used in our lab for 

HiSiaP (Peter et al., 2024). 
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8. Materials 
All used chemicals, enzymes and other consumables, as well as used hardware are listed 

below. Moreover, this section contains a summary of all buffers and crystallization 

screens that have been used during this study. 

8.1  Chemicals 
Table 8-1: List of used chemicals and the corresponding manufacturer. 

Chemicals Supplier / Manufacturer 
Acrylamide (Rotiphorese Gel 30)  Carl Roth  
Agar  Sigma-Aldrich (Merck) 
Agarose Carl Roth  
Ammonium peroxydisulfate (APS) Carl Roth 
Ampicillin, sodium salt Carl Roth  
CaCl2 Carl Roth 
Coomassie Brilliant Blue R-250 Carl Roth 
D(+)-Glucose Carl Roth 
D(+)-Maltose monohydrate Carl Roth 
D2O Deutero GmbH 
EDTA (Ethlyenediaminetetraacetic acid) Carl Roth 
Glycerol Carl Roth  
Imidazole Carl Roth 
IPTG (Isopropyl-β-D-1-thiogalactopyra- noside) Carl Roth 
Kanamycin sulfate Carl Roth 
KH2PO4 Carl Roth 
L(+)-arabinose Carl Roth  
MgSO4 Carl Roth 
Milk powder Carl Roth 
N-acetylneuraminic acid (Neu5Ac, Sialic Acid) Carbosynth Limited 
Na2HPO4 Carl Roth 
NaCl Carl Roth 
NiSO4 Carl Roth  
Nitrogen (liquid) Linde GmbH 
Sodium dodecylsulfate (SDS), 20% AppliChem GmbH 
Tetramethylethylenediamine (TEMED) Carl Roth 
Tris(hydroxymethyl)aminomethan (Tris) Carl Roth 
Tween 20 Carl Roth 
β -Mercaptoethanol AppliChem GmbH 
cOmplete ULTRA, EDTA-free protease inhibitor Roche 
Cyclic oligoadenylates (cA3, cA4, 2’F-cA4, cA5, cA6) BioLog 
Chloramphenicol Carl Roth 
Streptomycin sulfate Carl Roth 

Manufacturers and their place of business: 

AppliChem GmbH (Darmstadt, Germany), Carbosynth Ltd. (UK), Biolog Life Science Institute 
GmbH & Co. KG (Bremen, Germany), Biosynth Ltd (, Carl Roth GmbH & Co. KG (Karlsruhe, 
Germany), Deutero GmbH (Kastellaun, Germany), Linde GmbH (Pullach, Germany), New England 
Biolabs (USA), Roche (Switzerland), Sigma-Aldrich (USA), 
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8.2  Consumables 
Table 8-2: List of consumables and their corresponding manufacturers. 

Consumables Supplier / Manufacturer 
96-deep well block (2 ml) VWR  
96-well microplates, round bottom Greiner 
Adhesive foil for crystallization plates Molecular Dimensions 
Blotting paper Whatman plc 
Falcon tubes (15 ml, 50 ml) Greiner 
Filter paper (0.22 μm)  Merck Millipore  
HisPur™ Ni-NTA Resin Thermo Fisher Scientific 
Korasilon™ silicon paste Carl Roth 
Microcuvette kit for the NanoStar, disposable Wyatt Technologies 
MRC 2 Well Crystallization Plate (96-well) Jena Bioscience  
PCR tubes Sarstedt 
pH indicator paper Carl Roth 

Pipette tips (20 μl, 200 μl, 1000 μl) VWR  
Prometheus standard capillaries NanoTemper Technologies  
Reaction tubes (0.5 ml, 1 ml, 2 ml) Eppendorf 
Series S sensor chip SA Cytiva 
Serological pipettes  
(5 ml, 10 ml, 25 ml, 50 ml) 

Sarstedt  

SnakeSkin™ dialysis tubing (3.5kDa MWCO)  Thermo Fisher Scientific  
SuperSignal™ West Pico PLUS Chemiluminescent Substrate Invitrogen 
Syringe filters (0.22 μm and 0.45 μm) Carl Roth 
Syringes (5 ml, 10 ml, 20 ml) Carl Roth 

Manufacturers and their place of business: 

Cytiva (USA), Eppendorf (Hamburg, Germany), Greiner (Kremsmünster, Austria),  
Jena Bioscience (Jena, Germany), Merck Millipore (USA),  
Molecular Dimensions (UK), NanoTemper Technologies (München, Germany), 
Sarstedt (Nürnberg, Germany), Thermo Fisher Scientific (USA),  
VWR (Darmstadt, Germany), Whatman plc (UK), Wyatt Technologies (USA),  
 

8.3  Enzymes, buffers and more 
Table 8-3: List of used enzymes and buffers including the corresponding manufacturer. 

Enzymes and buffers Enzyme type Supplier / Manufacturer 
Restriction enzymes Restriction Enzymes New England Biolabs 
OneTaq® DNA Polymerase DNA Polymerase New England Biolabs 
Phusion DNA Polymerase DNA Polymerase New England Biolabs 
Q5 DNA Polymerase DNA Polymerase New England Biolabs 
T4 DNA Ligase DNA Ligase New England Biolabs 
Polymerase buffers Buffer New England Biolabs 
Restriction enzyme buffers Buffer New England Biolabs 
T4 DNA Ligase buffer Buffer New England Biolabs 
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8.4  Buffers and media 

8.4.1 Protein purification buffers 
Table 8-4: List of protein purification buffers and their composition. 

VcSiaP / HiSiaP buffers 

Buffer A (lysis/SEC) 50 mM Tris, 50 mM NaCl, pH 8 
Ni2+-elution buffer 50 mM Tris, 50 mM NaCl, 500 mM imidazole, pH 8 
No salt buffer 50 mM Tris, pH 8 
High salt buffer 50 mM Tris, 1 M NaCl, pH 8 
P-domain nanobody buffers 

TES buffer 200 mM Tris, 0.65 mM EDTA, 0.5 M sucrose, pH 8 
0.25x TES buffer 50 mM Tris, 0.16 mM EDTA, 125 mM sucrose, pH 8 
Buffer A (SEC) 50 mM Tris, 50 mM NaCl, pH 8 
Ni2+-wash buffer 50 mM Tris, 300 mM NaCl, 20 mM imidazole, pH 8 
Ni2+-elution buffer 50 mM Tris, 50 mM NaCl, 500 mM imidazole, pH 8 

 

CalpL buffers 

Buffer A (lysis/SEC) 20 mM Tris, 50 mM NaCl, pH 8 
Ni2+-wash buffer 20 mM Tris, 50 mM NaCl, 20 mM imidazole, pH 8 
Ni2+-elution buffer 20 mM Tris, 50 mM NaCl, 500 mM imidazole, pH 8 
No salt buffer 20 mM Tris, pH 8 
High salt buffer 20 mM Tris, 1 M NaCl, pH 8 
CalpT buffers 

Buffer W (lysis/SEC) 25 mM Tris, 500 mM NaCl, 1 mM DTT, 10 % glycerol, pH 8 
Ni2+-wash buffer 25 mM Tris, 500 mM NaCl, 40 mM imidazole,  

1 mM DTT, 10 % glycerol, pH 8 
Ni2+-elution buffer 25 mM Tris, 250 mM NaCl, 750 mM imidazole,  

1 mM DTT, 10 % glycerol, pH 8 
No salt buffer 25 mM Tris, 1 mM DTT, 10 % glycerol, pH 8 
High salt buffer 25 mM Tris, 1 M NaCl, 1 mM DTT, 10 % glycerol, pH 8 
CalpS buffers 

Buffer W (lysis/SEC) 25 mM Tris, 500 mM NaCl, 1 mM DTT, 10 % glycerol, pH 8 
Ni2+-wash buffer 25 mM Tris, 500 mM NaCl, 40 mM imidazole,  

1 mM DTT, 10 % glycerol, pH 8 
Ni2+-elution buffer 25 mM Tris, 250 mM NaCl, 750 mM imidazole,  

1 mM DTT, 10 % glycerol, pH 8 
No salt buffer 25 mM Tris, 1 mM DTT, 10 % glycerol, pH 8 
High salt buffer 25 mM Tris, 1 M NaCl, 1 mM DTT, 10 % glycerol, pH 8 

 

CalpT-L nanobody buffers 

TES buffer 200 mM Tris, 0.65 mM EDTA, 0.5 M sucrose, pH 8 
0.25x TES buffer 50 mM Tris, 0.16 mM EDTA, 125 mM sucrose, pH 8 
Buffer A (SEC) 50 mM Tris, 50 mM NaCl, pH 8 
Ni2+-wash buffer 50 mM Tris, 300 mM NaCl, 20 mM imidazole, pH 8 
Ni2+-elution buffer 50 mM Tris, 50 mM NaCl, 500 mM imidazole, pH 8 
15 % Buffer W 20.75 mM Tris, 117.5 mM NaCl, 0.15 mM DTT,  

1.5 % glycerol, pH 8 
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8.4.1 Media for protein expression 
Table 8-5: List of media for cultivation of E. coli cells. 

Luria-Broth medium 

10 g/l Trypton 
5 g/l Yeast extract 
5 g/l NaCl 

Terrific-Broth medium 

12 g/l Trypton 
24 g/l Yeast extract 
4 ml/l Glycerol 

12.54 g/l K2HPO4 
2.31 g/l KH2PO4 

M9-minimal medium 

1 g/l (NH)4Cl 
0.5 g/l NaCl 

50 ml/l Glycerol 
8.49 g/l Na2HPO4 

3 g/l KH2PO4 
pH 7.4 

 

 

8.5  Bacterial strains 

 
Table 8-6: E. coli strains used in this work. 

Strain Usage 
β10 Mini cultures for sequencing 
DH5α Mini cultures for sequencing 
C43 (DE3) Expression of VcSiaP, HiSiaP, CalpS 
BL21 (DE3) Expression of CalpL, CalpT, CalpS 
WK6 Expression of SiaP specific VHH antibodies 
MC1061 Expression of CalpT–L specific VHH antibodies 
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8.6  Plasmids and Oligonucleotides 
Table 8-7: Plasmids used in this work and their characteristics. 

Plasmid Characteristics Source 

pBadHisTEV 

N-terminal His6 tag 
TEV protease cleavage site 
Ampicillin resistance 
pBAD promoter 

Huanting Liu  
(University of St. Andrews) 

pET11a 
Ampicillin resistance 
Lac promoter 

BioCat 

pET28a 
Kanamycin resistance 
Lac promoter 

Novagen 

pHEN6 

N-terminal pelB signal peptide 
C-terminal HA-His6 sequence 
Ampicillin resistance 
Lac promoter 

Core Facility Nanobodies 
(University of Bonn) 

pSBinit2 

N-terminal pelB signal peptide 
C-terminal HA-His6 sequence 
Chloramphenicol resistance 
pBAD promoter 

Core Facility Nanobodies 
(University of Bonn) 
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Table 8-8: Oligonucleotides for site-directed mutagenesis used in this work. 

Primer Sequence 

VcSiaP_W73A GGGGCTTGCGATACCGCGAGCAGAAGCGGT 
GTATCGCAAGCCCCATACGACCAAACTCAGCATAAGT 

NbS2_F101A 
GATCACGCACACGTAACACATCGAAAGTATGACTACTGG 
TTACGTGTGCGTGATCTGCTGCACAGTAATAAATGGCC 

CalpT_A189E CCTGGAGGAACCGGAAGAACAGGTTATTGAAATTGCACC 
CCGGTTCCTCCAGGATTTCAAAAATGCGGGTATGAAATTCTTT 

CalpT_A199E GAAATTGAGCCGGAACGTATTAGTGAATTTGTGCTGCGC 
GTTCCGGCTCAATTTCAATAACCTGTTCTTCCGGTTCG 

CalpT_A212E CATGTTGAGAGTACCAGTCAGAAAGCAACCTATACCGATG 
CTGGTACTCTCAACATGGCGCAGCACAAATTCACTAATAC 

CalpT_A218E CAGAAAGAGACCTATACCGATGATTTTGTTCTGTATCGTGGC 
GGTATAGGTCTCTTTCTGACTGGTACTGGCAACATGGC 

CalpT_E105C 
CAGCtgcGAAATTAGTAAATTCATTCTGATCG 
AATTTCgcaGCTGGTCAGGTAAAAATTATTGG 

CalpT_E119C 
GCAAAtgcGATCTGACAAATATTCTGAAATTC 
GATCgcaTTTGCTCAGGATGTCGATC 

CalpT_150N 
ATTCGCaacAAATTCAAAAAGGAAGAATTCAAC 
GAATTTgttGCGAATATCATCTTCAAAAATCG 

CalpT_K151C 
GCAACtgcTTCAAAAAGGAAGAATTCAACCAG 
TTTTGAAgcaGTTGCGAATATCATCTTCAAAAATCGG 

CalpL_N233Q 
catatcCAGaagccggaattagccctg 
ggcttCTGgatatgaataaagatgactggcag 

CalpL_H345R 
catttatCGAtatcagaaggaatatcacaaagtg 
ctgataTCGataaatgatgctggcttgc 

CalpL_Y346E 
tttatcatGAGcagaaggaatatcacaaagtgattg 
cttctgCTCatgataaatgatgctggcttg 

CalpL_A390F 
atcttTTCagccataatccgatagaaaagggtc 
ggctGAAaagataaatgataatcatcagagggt 

CalpL_R338E 
caacGAAcaagccagcatcatttatcattatcag 
cttgTTCgttgccgagaatgactccg 

CalpL_R361E 
cccgGAAaaaattaaagagaaaaagagcgagtttgag 
ctttaattttTTCcgggttatccgtaaggtcaatcac 

CalpL_K364E 
gaaaaattGAAgagaaaaagagcgagtttg 
ctttttctcTTCaatttttctcgggttatccgtaag 

CalpL_K366E 
attaaagagGAAaagagcgagtttgagaaaatttctgttaataaaaac 
gctcttTTCctctttaatttttctcgggttatccg 

CalpS_R80E 
gctatattcagGAAatgaccaaaaattttctggcagatgtgtatgcaag 
ggtcatTTCctgaatatagctaaccagaccgctctgctg 

CalpS_D88R 
ctggcaCGTgtgtatgcaagcgttaaactgatgagc 
catacacACGtgccagaaaatttttggtcatacgctgaatatag 

CalpS_A91R 
gtgtatCGAagcgttaaactgatgagcgaaaatg 
cgctTCGatacacatctgccagaaaatttttgg 

CalpT_W4E     
CTTTCAGctcTTTGGCCATACCCTGGAAATACAG             
CCAAAgagCTGAAAGATCTGTATAATGAATACATTGAGGAG      

CalpT_E15R    
CAGTTCcctCTCAATGTATTCATTATACAGATCTTTCAGCCATTTG 
CATTGAGaggGAACTGGAAGAAGATCTGACCAGTCATATTAG     

CalpT_D72R  
GCCAacgACTCACCTTCATGATTTCATACAGATTATTATC       
GTGAGTcgtTGGCATCATTTTGCCAGCAATAC               

CalpT_M90E  
GGGTctcGGTCGGCAGTTCAATAAAAATTTCGGTATTG         
CGACCgagACCCTGATTATTGAAACCACCAATAATTTTTAC      

CalpT_I111R 
CGATCAGacgGAATTTACTAATTTCTTCGCTGGTCAG          
GTAAATTCcgtCTGATCGACATCCTGAGCAAAGAAG           

CalpL_S152A 
ggcaaaGCTtatcagctggcagtagcagcg 
gctgataAGCtttgccagaaaagatattatcaaagatgacgaaaaag 

VcSiaP_A43C  
caagcTGTcagcttggtgatgatcgtgc                    
gctgACAgcttgggtacaaagcgagtttg                   

VcSiaP_S169C 
gtcattcTGTgaagtttatttagcgctgcagaccaatg          
ctaaataaacttcACAgaatgacatcggggttggcg            

VcSiaP_T192C 
caacaattaaaTGCatgaagttctatgaagtgcaaaagaacttagcc 
gaacttcatGCAtttaattgttggtagcgggttttcttgcc       
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Table 8-9: Oligonucleotides used for PCR amplification of genes or gene fragments. 

Primer Sequence 
CalpL_EcoRI_rev GATCGAATTCtcagaacggggagc 

CalpL_SacI_fwd GATCGAGCTCATGcatattaaacagctgctcaa 

CalpL_SalI_rev GATCGTCGACtcagaacggggagc 

CalpL_XhoI_fwd GATCCTCGAGATGcatattaaacagctgctcaa 

CalpS_BamHI_fwd GATCGGATCcatgagcggcaatgatc 

CalpS_BamHI_rev CTAGggatccttagccgttac 

CalpS_NcoI_fwd  GATCccatgggcatgagc    

CalpS_SacI_rev GATCGAGCTcttagccgttactgttcac 

CalpT_195_SacI_rev gatcgagctcTTAGGCAACATGGCGC 

CalpT_BamHI_fwd gatcggatccATGGCCAAATGGCTGAA 

CalpT_BamHI_fwd gatcggatccATGGCCAAATGGCTGAA 

CalpT_BamHI_rev GATCGGATCCTTAACCTTCCG 

CalpT_NcoI_fwd ctagCCATGGCCAAATGGCTGAA 

CalpT_NcoI_fwd ctagCCATGGCCAAATGGCTGAA 

CalpT_Nterm-His_NdeI_fwd CTAGCATATGGCCAAATGGCTGAAA 

CalpT_Nterm+His_NdeI_fwd CTAGCATATGCATCATCATCATCACC 

CalpT-Cterm_fwd_SpeI gatcactAGTCAGAAAGCAACCTATACC 

CalpT-Cterm_rev_XhoI gatcctcgagTTAACCTTCCGGCAGAATG 

CalpT-full_SacI_rev gatcgagctcTTAACCTTCCGGCAG 

 

8.7  Instruments and Columns for protein purification and analysis 

 
Table 8-10: Instruments used for protein purification and analysis. 

Instrument Name Manufacturer 
Cell sonicator SONOPULS HD3100 Bandelin electronic 
Centrifuge Avanti JXN 26 Beckman Coulter 
Crystal loops Micro loops MiTeGen 
Crystallization imager Rock Imager 1000 Fromulatrix 
Crystallization robot Crystal Gryphon LCP Art Robbins Instruments 
DLS DynaPro NanoStar Wyatt 
FPLC Äkta avant GE Healtcare 
FPLC Äkta pure GE Healtcare 
Gel imager ChemiDoc XRS+ Bio-Rad Laboratories  
HPLC 1260 Infinity II Agilent 
Incubators Multitron 

Minitron 
Infors HT 

ITC MicroCal PEAQ-ITC Malvern Panalytical 
MALS miniDAWN Wyatt 
nanoDSF Prometheus NT.48 NanoTemper 
PCR thermocycler Mastercycler Nexus SX1 Eppendorf 
Pipetting robot epMotion 5073 Eppendorf 
SEC columns SD75 16/600; 10/300; 3.2/300 

SD200 16/600; 10/300; 3.2/300 
Superose6 16/600; 10/300 

Cytiva  

Spectrophotometer NanoDrop DN-2000C Thermo Scientific 
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SPR Biacore 8K GE Healthcare 
Table top centrifuge (large) Centrifuge 5804 R Eppendorf 
Table top centrifuge (small) Centrifuge 5427 R Eppendorf 
Ultrasonic Bath USC100T VWR 
Water purification system Milli-Q Direct Merck Millipore 

 

8.8  Software 

 
Table 8-11: List of used software. 

Software name Developer / Company 
Affinity Designer Serif Ltd 
AlphaFold2 Jumper et al., 2021 
AlphaFold3 Abramson et al., 2024 
Biacore Insight Evaluation GE Healthcare 
CCP4i (Collaborative Computational Project, Number 4, 1994) 
ChemDraw 20.0 PerkinElmer 
ChimeraX-1.5 (RBVI), UCSF 
COOT 0.9.8.8 Emsley et al., 2010 
DataGraph Visual Data Tools 
DYNAMICS Wyatt Technologies 
FoldSeek Kempen et al., 2024 
GraphPad Prism 10 Dotmatics 
HullRad Fleming and Fleming, 2018 
ISOLDE Tristan Croll at Altos Labs 
LigPlot Laskowski and Swindells, 2011 
MtsslWizard Hagelueken et al., 2015 
Phaser McCoy et al., 2007 
Phenix Liebschner et al., 2019 
ProtParam (Expasy) Swiss Institute of Bioinformatics 
PyMOL Schrödinger LLC 
SnapGene Dotmatics 
WebFlags Saha et al., 2020 
XDS Kabsch et al., 2010 
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9. Additional Material 
Below, a collection of additional figures and tables can be found. These materials have 

been referenced within the main text to gain further information. However, these figures 

might not be essential for following the story. 

9.1  Additional Figures (Part I) 

 

 

  

Figure 9-1: Demonstration of the functional closing mechanism of the VcSiaP/NbS001 complex. 
a) Comparison of nanobody free and -bound VcSiaPholo structures. A magnification shows the 
interactions (dashed lines) between the SBP and sialic acid, the bond lengths of the strong 
coordination of R145 to the carboxyl group was measured. b) Comparison of substrate free and -
bound VcSiaP/NbS001 complex structures. c) Difference distance matrices generated with 
MtsslWizard (Hagelueken et al., 2012) to demonstrate a fully functional closing mechanism showing 
that for VcSiaPapo and VcSiaPholo in the upper left triagle and that of VcSiaPapo and VcSiaPholo/NbS001 
in the lower right part. 
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9.2  Additional Tables (Part I) 
Extended Data Table 1: Crystallographic data of VcSiaPapo–nanobody 1:1 complexes.  
 VcSiaP_apo-NbS001 VcSiaP_apo-NbS002 
Wavelength 0.999 Å 0.999 Å 
Resolution range 47.18 - 2.64 (2.71 - 2.64) 46.40 - 2.05 (2.13 - 2.05) 
Space group P 21 21 2 C 1 2 1 
Unit cell 169.6 72.4 85.6 90 90 90 151.3 50.3 134.0 90 114.9 90 
Total reflections 63055 (6023) 114870 (10986) 
Unique reflections 31540 (3021) 57561 (5513) 
Multiplicity 2.0 (2.0) 2.0 (2.0) 
Completeness (%) 99.61 (95.33) 99.54 (95.99) 
Mean I/sigma(I) 6.90 (1.34) 7.48 (1.04) 
Wilson B-factor 35.22 26.91 
R-merge 0.09713 (0.5301) 0.09801 (0.7936) 
R-meas 0.1374 (0.7496) 0.1386 (1.122) 
R-pim 0.09713 (0.5196) 0.09801 (0.7936) 
CC1/2 0.988 (0.638) 0.992 (0.436) 
CC* 0.997 (0.883) 0.998 (0.779) 
Reflections used in refinement 31516 (3009) 57530 (5499) 
Reflections used for R-free 2000 (191) 1997 (189) 
R-work 0.1947 (0.2644) 0.1952 (0.3056) 
R-free 0.2569 (0.3665) 0.2572 (0.3534) 
CC(work) 0.959 (0.826) 0.962 (0.728) 
CC(free) 0.919 (0.586) 0.918 (0.487) 
Number of non-hydrogen atoms 6701 7186 
  macromolecules 6644 6647 
  ligands 0 106 
  solvent 171 493 
Protein residues 852 846 
RMS(bonds) 0.013 0.013 
RMS(angles) 1.36 1.20 
Ramachandran favored (%) 97.04 97.85 
Ramachandran allowed (%) 2.61 2.03 
Ramachandran outliers (%) 0.36 0.12 
Rotamer outliers (%) 1.54 0.56 
Clashscore 7.06 6.04 
Average B-factor 44.72 34.38 
  macromolecules 44.77 34.26 
  ligands - 48.22 
  solvent 38.79 34.66 
PDB accession code 9fvc 9fvb 

Statistics for the highest-resolution shell are shown in parentheses. 
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Extended Data Table 2: Crystallographic data of VcSiaP W73Aholo–NbS002 complex. 
 VcSiaP W73A_holo-NbS002 
Wavelength 0.97626 Å 
Resolution range 33.8  - 2.81 (2.91  - 2.81) 
Space group C 1 2 1 
Unit cell 223.6 153.1 210.5 90 90 90 
Total reflections 340130 (33893) 
Unique reflections 170810 (17066) 
Multiplicity 2.0 (2.0) 
Completeness (%) 99.05 (99.39) 
Mean I/sigma(I) 8.09 (2.41) 
Wilson B-factor 44.90 
R-merge 0.06463 (0.3428) 
R-meas 0.0914 (0.4848) 
R-pim 0.06463 (0.3428) 
CC1/2 0.994 (0.731) 
CC* 0.999 (0.919) 
Reflections used in refinement 170742 (17064) 
Reflections used for R-free 2002 (200) 
R-work 0.2296 (0.2955) 
R-free 0.2649 (0.3374) 
CC(work) 0.934 (0.771) 
CC(free) 0.882 (0.607) 
Number of non-hydrogen atoms 39979 
  macromolecules 39703 
  ligands 528 
  solvent 0 
Protein residues 5063 
RMS(bonds) 0.018 
RMS(angles) 1.97 
Ramachandran favored (%) 97.37 
Ramachandran allowed (%) 1.89 
Ramachandran outliers (%) 0.74 
Rotamer outliers (%) 3.02 
Clashscore 15.29 
Average B-factor 45.04 
  macromolecules 45.07 
  ligands 40.05 
  solvent  
PDB accession code 9fve 

Statistics for the highest-resolution shell are shown in parentheses. 
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Extended Data Table 3: Table1 for VcSiaP[NbS001/NbS002] and VcSiaPholo[NbS001]. 
 VcSiaP_apo-NbS001-NbS002 VcSiaP_holo-NbS001 
Wavelength 0.97626 Å 0.826555 Å 
Resolution range 52.74  - 2.28 (2.36  - 2.28) 37.75 - 1.96 (2.03 - 1.96) 
Space group P 1 P 31 2 1 
Unit cell 55.2 66.6 98.0 101.7 104.2 96.5 71.5 71.5 190.4 90 90 120 
Total reflections 167391 (17385) 82893 (8192) 
Unique reflections 57307 (5711) 41447 (4096) 
Multiplicity 2.9 (3.0) 2.0 (2.0) 
Completeness (%) 96.25 (96.74) 99.86 (99.80) 
Mean I/sigma(I) 9.34 (2.37) 14.06 (1.03) 
Wilson B-factor 52.11 43.17 
R-merge 0.06688 (0.4817) 0.02306 (0.6818) 
R-meas 0.08171 (0.591) 0.03261 (0.9642) 
R-pim 0.04618 (0.3374) 0.02306 (0.6818) 
CC1/2 0.995 (0.817) 1 (0.483) 
CC* 0.999 (0.948) 1 (0.807) 
Reflections used in refinement 57263 (5705) 41443 (4092) 
Reflections used for R-free 2805 (269) 2004 (197) 
R-work 0.2073 (0.3501) 0.1924 (0.3351) 
R-free 0.2590 (0.4301) 0.2324 (0.3789) 
CC(work) 0.966 (0.810) 0.968 (0.670) 
CC(free) 0.931 (0.622) 0.970 (0.601) 
Number of non-hydrogen atoms 8625 3527 
  macromolecules 8520 3332 
  ligands 0 147 
  solvent 315 384 
Protein residues 1094 427 
RMS(bonds) 0.013 0.013 
RMS(angles) 1.28 1.23 
Ramachandran favored (%) 96.03 97.87 
Ramachandran allowed (%) 3.79 2.13 
Ramachandran outliers (%) 0.18 0.00 
Rotamer outliers (%) 1.32 0.00 
Clashscore 9.22 4.30 
Average B-factor 64.32 46.70 
  macromolecules 64.36 46.51 
  ligands  52.22 
  solvent 61.44 48.56 

Statistics for the highest-resolution shell are shown in parentheses. 
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9.3  Additional Figures (Part II) 

 

 

 

 

 

Figure 9-2: Mass spectrometric analysis of CalpL, CalpT and the proteolytiy cleavage fragments. 
15 % Polyacryl amide gel with samples from a protease activity assay. The indicated gel bands were 
cut out and sent for mass spectrometric analysis. The results from peptide mass fingerprinting are 
shown in the colored boxes. The box color corresponds to the color used to highlight the cutted gel 
band. The complete protein sequences are shown and covered peptide sequences are highlighted red.  

Figure 9-3: Additional illustration of the CalpT10–CalpL complex. 
CalpT10 is shown as cartoon representation within its electron density and CalpL is presented as 
cartoon and transparent surface model. CalpT residue S196 as well as the catalytic residues S152 and 
K193 of CalpL are highlighted as magenta spheres. The shortest distance between the cleavage site 
of CalpT (S196) and the protease active site was measured to 37.3 Å as indicated by a dashed line. 
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Figure 9-4: Further analysis of CalpS-T-L and RNA polymerase complexes. 
a) Results from analytical gel filtration experiments of CalpS with and without CalpT and CalpL, 
respectively. Each chromatogram peak is indicated by a pictogram to illustrate the components. 
Colored bars below the chromatograms refer to the respective gel samples depicted in b). For all 
graphs, the UV absorpiton at λ=280 nm was plotted against the retention volume. The contents which 
were preincubated prior to the SEC runs are annotated. b) SDS-PAGE analyses of samples taken from 
the analytical gel filtration runs shown in a). 
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Figure 9-5: Electrostatic surface analysis of the FtCalpL and FtsoloSAVED. 
a)-b) Open book’ visualization of the two interacting proteins CalpL and soloSAVED from an 
AlphaFold3 model of the heterodimeric complex from Fervidobacterium thailandense held together by 
four AMP molecules that mimic cyclic oligoadenlyte. The surfaces are colored by their electrostatuc 
potential. The bases of the four AMP molecules are annotated to highlight the complementary regions. 
Note that the four bridging AMP molecules were copied to be shown on both sides. c)-d) The same as 
shown in a)-b), but both proteins are rotated by 180° as indicated.  
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9.4  Additional Tables (Part II) 

 
Extended Data Table 4: Crystallographic data of CalpL and CalpL in complex with cA4. 
 CalpL (SeMet derivative) CalpL + cA4 
Resolution range 54.06 - 2.1 (2.18 - 2.1) 49.2 - 2.2 (2.28 - 2.2) 
Space group P 32 2 1 P 32 2 1 
Unit cell 68.9 68.9 255.4 90.0 90.0 120.0 69.5 69.5 256.3 90.0 90.0 120.0  
Unique reflections 41842 (3732) 37614 (3685) 
Multiplicity 2.0 (2.0) 2.0 (2.0) 
Completeness (%) 99.02 (90.28) 99.98 (100) 
Mean I/sigma(I) 23.30 (2.36) 8.37 (2.33) 
R-merge 0.0540 (0.344) 0.0347 (0.246) 
R-work 0.1932 0.2450 
R-free 0.2255 0.2747 
Number of non-hydrogen atoms 4487 4246 
  macromolecules 4175 4096 
  ligands 69 113 
  solvent 243 37 
RMS(bonds) 0.003 0.002 
RMS(angles) 0.567 0.535 
B-factors   
  macromolecules 43.7 41.7 
  ligands - 48.1 
  solvent 46.6 41.8 
PDB accession code 7qda 8b0r 

Statistics for the highest-resolution shell are shown in parentheses. 

 
Extended Data Table 5: Table1 for CalpL[CalpT] and CalpT[NbS023] complexes. 
 CalpL-T10 CalpT[NbS023] 
Resolution range 49.3 - 3.29 (3.41 - 3.29) 48.85  - 2.183 (2.261 - 2.183) 
Space group P 21 P 21 21 21 
Unit cell 89.8 96.6 131.7 90.0 98.2 90.0 54.0 85.3 114.3 90 90 90 
unique reflections 33758 (3319) 26053 (922) 
Multiplicity 6.8 (6.9) 2.0 (2.0) 
Completeness (%) 99.12 (99.34) 98.4 (83.9) 
Mean I/sigma(I) 9.92 (1.29) 7.77 (0.76) 
R-merge 0.1467 (1.559) 0.03488 (0.6088) 
R-work 0.1968 0.2329 
R-free 0.2313 0.2876 
Number of non-hydrogen atoms 9441 3249 
  macromolecules 9392 3191 
  ligands 47 69 
  solvent 2 39 
RMS(bonds) 0.002 0.004 
RMS(angles) 0.533 0.670 
B-factors   
  macromolecules 116.6 83.21 
  ligands - 124.74 
  solvent 69.3 82.15 
PDB accession code 8b0u - 

Statistics for the highest-resolution shell are shown in parentheses. 
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