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Abstract

With the introduction of the first antibiotics in the 1940s, lethal bacterial in-

fections like tuberculosis or pulmonary inflammation were widely believed to be

defeated. However, bacteria inherently hold a variety of effective resistance mech-

anisms enabling them to rapidly adapt to new environmental conditions. As a

consequence, the wide spread use of of antibiotics simultaneously has created selec-

tive pressure for antibiotic resistances in bacterial strains. In multidrug resistance

(MDR), whereby a host displays immunity to ≥ 3 antibacterial drug classes, the

active efflux of compounds by MDR efflux transporters plays a dominant role. In

Escherichia coli the AcrAB-TolC complex is one of the best studied MDR efflux

transporters causing resistances against a broad range of structurally and chemically

unrelated compounds. Spanning the entire periplasmic space, drugs are captured

directly from periplasm and subsequently expelled to the outer medium before they

can reach lethal concentrations or pass the inner membrane. The tripartite complex

consists of the inner membrane translocase AcrB, the outer membrane factor TolC,

and up to six AcrA adaptor proteins. The AcrA molecules not only stabilize the

complex formation but significantly enhance AcrB pump activity. The homotrimer

AcrB constitutes the engine of the complex using the proton gradient over the inner

membrane to drive the conformational changes necessary for substrate transloca-

tion. In this work we applied atomistic molecular dynamics (MD) simulations of

membrane-embedded asymmetric AcrB focusing on two questions: 1) How are pro-

tons transported through AcrB’s transmembrane domain? 2) How are substrates

recruited and transported by AcrB’s porter domain?

To date, only five residues of the transmembrane domain (TMD) are known to be

essential for AcrB proton transfer rendering the pump non-functional when mutated

to alanine. Located centrally in the proton-transferring transmembrane domain they

are believed to be directly involved in proton translocation. As internal waters are

essential for proton transfer through proteins, we calculated TMD-internal water

distributions. Based on the resulting average hydration pattern we detected three

possible routes of proton transfer through AcrB’s TMD. We find that the water

accessibility of the transduction routes is regulated by four groups of gating residues

in a combination of residue side-chain re-orientations and shifts of transmembrane

helices. Furthermore, we identified new key residues candidates by the quantification

of each residue’s frequency of water hydrogen contact. The existence of alternative

proton pathways could explain the robustness of the transporter against substitu-

tions of other TMD residues beside the known key residues.



In the second part of this work we analyzed the dynamics of the substrate bind-

ing and transporting porter domain addressing the question why all available X-ray

structures display nearly identical porter domain conformations within the same

reaction cycle intermediate. The porter domain can be divided into the substrate

channel entry, a central phenylalanine-rich hydrophobic binding pocket which is

open only in the B-intermediate state, and the porter domain exit. We find that

the porter domain is more flexible than previously assumed displaying clear opening

and closing motions of its entrance and exit regions. Concurrently we observe a pre-

dominantly closed hydrophobic binding pocket conformation in all monomers and

all simulations. Exploring currently unreported conformations in our simulations,

we propose that the structural similarity between the crystal structures is caused

by bound but structurally unresolved buffer or detergent molecules. Additionally, if

our simulations are correct and the opening and closing motions of the entry region

inhibits drug binding in vivo, the structural changes provide a reasonable expla-

nation for the AcrB activity enhancing effect of AcrA by stabilizing the open and

thus drug-accessible conformation of the porter domain. With no evidence for a

transition from an ABC to an AAA ”resting state”-like conformation during 100 ns

simulation time, our findings further support the existence of an asymmetric AcrB

conformation also in the absence of substrates for which our simulations provide the

first insight.

Addressing the question of porter domain dynamics in presence of substrate we

finally added 25 hexane molecules to the simulation system. We observed bind-

ing events to three of the four proposed substrate binding sites supporting their

function in protein/drug interaction. Furthermore, hexane passage through one of

the suggested alternative transport tunnels connecting the transmembrane domain

with the porter domain, confirms the proposed substrate capture from the mem-

brane bilayer. The fact that hexane bindings to the hydrophobic binding pocket

in the B-intermediate states restored its open, crystal structure-like conformation,

strengthens our assumptions that the high structural homogeneity displayed by the

crystal structures is caused by bound but unresolved substrates and the existence of

an asymmetric conformation in vivo.
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1 Introduction

1

1From top: Growth of Staphylococcus aureus is inhibited by a Penicilium mold colony (Christine

L. Case, Ed.D, Professor of Microbiology, Skyline College, California). Penicillium spec. (The

Funky Fungi Freak Show, Nancy Avarett; Discover Magazine). Structure of penicillin.



CHAPTER 1. INTRODUCTION

1.1 Multidrug Resistance

The human body contains about 1014 commensal microbes (bacterial, fungal, and

protozoan cells)(Alberts et al., 2007). They are part of the normal flora and con-

fined to distinct areas, including skin, mouth or the large intestine. Generally, they

are of benefit for the host since they contribute to the digestion of food (Wostmann

et al., 1982), promote the development of the gastro-intestinal tract (Hooper, 2004),

or deliver vitamins like vitamin B12 (Albert et al., 1980) and vitamin K (Bent-

ley & Meganathan, 1982). More importantly, they prevent other disease-causing

microorganisms (primary pathogens) they compete with to establish (Guarner &

Malagelada, 2003). However, also commensal microorganisms can act as oppor-

tunistic pathogens and cause disease if they gain access to normally sterile parts

of the body (e.g. peritoneal cavity) or the host suffers from a compromised im-

mune system (Alberts et al., 2007). Primary pathogens are distinct from the normal

flora of the body and cause disease independently of the host’s state of health. To

successfully colonize a host, however, it is prerequisite for both opportunistic and

primary pathogens to circumvent or repel to the host’s innate and adaptive immune

responses.

Figure 1.1. Types of horizontal gene transfer (HGT) and bacterial resistance mechanisms.

By horizontal gene transfer bacteria are capable to exchange genetic material indepen-

dently of reproduction. Transformation occurs when bacteria take up free DNA of other

organisms, whereas in transduction genetic material is transferred from one bacterium to

another by means of bacteriophages. Conjugation occurs when genetic material (most

often a plasmid or transposon) is transferred by cell-to-cell contact of bacterial cells. b)

Four reprepresentative resistance mechanisms of E. coli [adapted from Todar’s Online

Textbook of Bacteriology and modified]: The plasmid encodes for defense proteins like

the drug altering enzymes, drug degrading enzymes or efflux pumps, which prevent drug

accumulation within the cell.

The treatment of bacterial infections with antibiotics is common practice since

their introduction in the 1940s. Initially, it was taken for granted that any infectious

2



1.1. MULTIDRUG RESISTANCE

disease was curable by antibiotic therapy. Since then, however, bacterial strains have

become resistant to practically all of the commonly available agents (Nikaido 2009).

Rapid evolution, not merely caused by the high mutational rate, but rather by hori-

zontal gene transfer, enables bacteria to quickly develop new resistance mechanisms.

According to the antibiotic target, the lag between the introduction of a new an-

tibiotic agent and the appearance of first resistant strains ranges from the typical

one to two years up to 15 years (vancomycin)(Alberts et al., 2007). Proteins in-

volved in diseases (virulence factors) are encoded by so called virulence genes which

are frequently clustered together. They can be found in three locations: 1) on the

bacterial chromosome in groups called pathogenicity islands, 2) on extrachromoso-

mal virulence plasmids, or 3) in bacteriophages (bacterial viruses). Horizontal gene

transfer (HGT) describes the ability of bacteria to pick up pathogenicity islands and

virulence plasmids from other bacteria independently of reproduction (vertical gene

transfer). There are three types of HGT (see Fig. 1.1)(Alberts et al., 2007):

Transformation: A recipient cell picks up bacterial DNA from the environment.

Transduction: Bacterial DNA is transferred from one cell to another by bacterio-

phages.

Conjugation: Genetic material is transferred between bacterial cells via cell-to-cell

contact.

In this way, prokaryotic cells can acquire not only virulence genes but also re-

sistance genes (Alberts et al., 2007). Consequently, HGT constitutes the primary

reason for the emergence of bacterial strains resistant to one or even multiple antibi-

otics (Nielsen, 1998; Kay et al., 2002; Koonin et al., 2001). Bacteria inherently hold

a wide variety of resistance mechanisms since they enable them to survive under the

most diverse environmental conditions and defend themselves against other bacteria.

However, these defense strategies constitute an increasing problem in the treatment

of bacterial infections or in cancer therapy and thus of high clinical relevance (Ten-

over, 2006). Main mechanisms are (Nikaido, 1998a, 2009; Tenover, 2006)[Fig. 1.1

(a)]:

Drug inactivation/modification: Production of proteins neutralizing the antibi-

otic.

Alternative proteins: Development of proteins, which adopt the function of those

blocked by antibiotics.

Reduced drug accumulation: Reduction of the membrane permeability for an-

tibiotics and increase of active expulsion via efflux pumps.

Overproduction: The cell produces a surplus of target molecules or of efflux sys-

tems to become less susceptible towards the antibiotic.

3



CHAPTER 1. INTRODUCTION

Mutations: The target protein is altered to prevent binding of antibiotics.

When a host shows intrinsic immunity against a broad family of chemicals (resis-

tance to ≥ 3 antibacterial drug classes) against which it was never previously been

exposed, it possesses clinically significant multidrug resistance (MDR) (Tornroth-

Horsefield et al., 2007; Tenover, 2006) in which active efflux pumps play a major role.

Efflux transporter have been identified within all kingdoms of life and are classified

into five major groups: 1) the ATP-binding cassette superfamily (ABC)(Ambudkar

et al., 2003), 2) the major facilitator superfamily (MFS)(Paulsen et al., 1996a), 3)

the multidrug and toxic-compound extrusion family (MATE)(Hvorup et al., 2003),

the small multidrug resistance family (SMR)(Paulsen et al., 1996b) and the resis-

tance nodulation division family (RND) (Tseng et al., 1999; Nikaido and Takatsuka,

2009; Li and Nikaido, 2009).

1.1.1 The AcrAB-TolC efflux complex

Escherichia coli is a gram-negative rod-shaped bacterium which is part of the phys-

iologically intestinal flora of humans and other warm-blooded organisms. As part of

the microbial flora in the human body it is usually of benefit for the host by sup-

plying vitamin K (Bentley & Meganathan, 1982) and preventing other pathogenic

bacteria to establish (Hudault et al., 2001). However, virulent strains of E. coli are

responsible for various diseases like gastroenteritis, urinary tract infections, neona-

tal meningitis or acute and severe diarrhea (Chaudhuri & Henderson, 2012; Pitout,

2012).

A major feature Gram-negative bacteria differentiate from Gram-positive bacte-

ria is the composition of their cell envelopment. Whereas the latter is enveloped

by a single membrane with a thick cross-linked peptidoglycan layer on the outside,

the former is equipped with an inner and an outer membrane with a thin peptido-

glycan layer in the periplasmic space. The intrinsic low susceptibility characteristic

for Gram-negative bacteria was initially explained by the inhibited drug passage

through the second membrane, which indeed constitutes an effective permeability

barrier (Nikaido & Vaara, 1985; Plésiat & Nikaido, 1992; Nikaido, 1998b). However,

in 1993 Ma et al. revealed a high susceptibility of E. coli mutants when lacking

the acrAB genes. The first explanation that the mutation would lead to a deficient

outer membrane was discarded shortly afterwards with the finding that the genes

actually code for a multidrug efflux machinery (Ma et al., 1993).

The AcrAB-TolC complex represents one of E. coli’s most efficient mechanisms to

prevent accumulation of toxic substances within the cell (Ma et al., 1993; Zgurskaya

& Nikaido, 2000; Nikaido & Zgurskaya, 2001). Spanning the entire periplasmic space,

4



1.1. MULTIDRUG RESISTANCE

Figure 1.2. Components of the AcrAB-TolC efflux pump and the proposed complex

assembly based on (Symmons et al., 2009). The inner membrane (IM) component AcrB

(pdb entry: 2GIF) is composed of a transmembrane domain (TMD), a substrate binding

and translocating porter domain (PD), and a TolC docking domain (DD). Driven by proton

motive force, AcrB transports bound substrates to the efflux duct of the outer membrane

(OM) factor TolC (pdb entry: 1EK9) while up to six AcrA adaptor proteins stabilize

the assembled proteins. The AcrA molecules are attached to the IM by N-terminal lipid

anchors. Substrates (S) are proposed to be recruited from both periplasm and the inner

membrane. [Adapted from (Ruggerone et al., 2013) and modified.]

it allows the direct efflux of a broad range of unrelated compounds (Fig. 1.3) from

the inner membrane or periplasm directly into the medium (Zgurskaya & Nikaido,

1999b; Lomovskaya & Totrov, 2005)(Fig. 1.2). The efflux system consists of the

inner membrane RND (Tseng et al., 1999) transporter AcrB (acr iflavin resistance

protein B), which functions as the engine of the complex, binds substrates and

translocates them to the outer membrane factor TolC (tolerance to colicin)(Paulsen

et al., 1997) from where they are expelled to the medium. The membrane fusion

protein (Dinh et al., 1994) AcrA serves as adaptor protein and is essential for the

assembly and presumably also for the activation of the pump complex (Zgurskaya

& Nikaido, 1999b; Aires & Nikaido, 2005). Moreover, reconstitution experiments re-

vealed an enhancing effect of AcrA on AcrB function (Zgurskaya & Nikaido, 1999b).

5



CHAPTER 1. INTRODUCTION

Figure 1.3. Substrates of the AcrAB-TolC efflux complex. The efflux system confers

resistance to a wide variety of toxic compounds like bile salts, dyes, detergents, small

organic molecules and different classes of antibiotics. [Adapted from (Seeger et al., 2008)

and modified.]

1.1.2 The inner membrane transporter AcrB

AcrB is a homotrimer with each subunit consisting of 1049 amino acids and di-

vidable into a transmembrane domain (TMD), a porter domain (PD), and a TolC

docking domain (DD) (Murakami et al., 2002, 2006; Seeger et al., 2006)(Fig. 1.4).

The monomers are characterized by an N- and C-terminal symmetry indicating an

early gene dublicating event (Saier & Paulsen, 2001; Murakami et al., 2002; Dinh

et al., 1994)(Fig. 1.5). In RND translocases energy transfer and substrate interac-

tion are spatially uncoupled from each other, with the former taking place in the

TMD (Guan & Nakae, 2001; Takatsuka & Nikaido, 2006) and the latter in porter

and docking domain (Elkins & Nikaido, 2002; Mao et al., 2002). However, the de-

tailed mechanism of proton translocation, substrate binding and extrusion and how

they are coupled to each other is not entirely understood yet. Recent crystal struc-

tures allowed first proposals of a putative reaction cycle since they revealed each

of AcrB’s monomers trapped in a different conformational state (Murakami et al.,

2006; Seeger et al., 2006; Sennhauser et al., 2007). Based on the structural data and

various cross-linking studies (Seeger et al., 2008b; Takatsuka & Nikaido, 2007, 2009)

it is proposed that AcrB function is based on a peristaltic-like alternating pump

mechanism with the three conformational states designated as: A) loose/access, B)

6



1.1. MULTIDRUG RESISTANCE

Figure 1.4. Overall AcrB structure. a) AcrB consists of three identical monomers A, B

and C, subdivided into a transmembrane domain (TMD), porter domain (PD) and dockind

domain (DD). The TM domains encompass a large lipid-filled cylindrical shaped cavity

(central cavity) connected to the periplasm vie three vestibules just above the membrane

plane in the monomer’s interface. After substrate recruitment from the membrane bilayer

via the TM9/TM9-groove or from the periplasm via the periplasmic entrance (PDe)

region, the drugs are translocated to the central funnel, which is connected directly or

indirectly to the TolC duct when the pump mechanism is activated. b) The porter domain

is composed of the subdomains PN1, PN2, PC1 and PC2. The PDe is located between and

regulated by the PC subdomains and accessible only in monomer A and B. The docking

domain is composed of the DC and DN subdomains and stabilizes the trimeric structure of

AcrB with an extended loop of the DN subdomain protruding into the adjacent monomer.

tight/binding and C) open/extrusion (Murakami et al., 2006; Seeger et al., 2006).

The porter domain of monomers A and B exhibit a large cleft orientated orthog-

onal to the membrane plane (in this work referred to as porter domain entrance

= PDe) which narrows to an intra-molecular channel (in this study designated as

tunnel 1; Fig. 1.7). The channel leads to a hydrophobic binding pocket (HBP)

which is characterized by a high number of aromatic residues (Seeger et al., 2006).

Some of the asymmetric X-ray structures contained a substrate molecule within the

expanded HBP of monomer B (Tight binding of substrates), whereas in monomer

A the binding pocket is reachable but not accessible for substrates (Loose binding

or access of substrates to the PD)(Murakami et al., 2006; Nakashima et al., 2011;

Eicher et al., 2012). In the C-intermediate, the PDe is closed but an exit region,

connecting the HBP with the central funnel of the DD, is open instead (Open or

extrusion to the DD). Interestingly, cross-linking and mutational studies causing the

inactivation of one subunit in a covalently linked trimer resulted in an completely

inactive pump, hence evidence the rotating pump mechanism of AcrB (Zgurskaya,

7



CHAPTER 1. INTRODUCTION

Figure 1.5. The AcrB monomer topology. The monomer consists of a transmembrane

domain composed of twelve α-helices (TM) and the cytoplasmic Iα2 helix, the porter

domain with subdomains PN1, PN2, PC1, and PC2, and the docking domain subdomains

DN and DC. Nα/β and Cα/β indicate α-helices and β-sheets of the N- (light blue) and

C-terminal half (dark blue) of the periplasmic domain, respectively. The inter-monomer

connecting loop from the next monomer is indicated in red. (adapted from (Seeger et al.,

2008a) and modified).

2009).

The transmembrane domain

Members of the RND superfamily are proton/drug antiporters (Zgurskaya & Nikaido,

1999b) with proton conduction taking place in the TMD. Each of AcrB’s three trans-

membrane domains is composed of a bundle of twelve α-helices (TM1-12) [Fig. 1.6

(a)] of these the always centrally located TM4 and TM10 harbor the titrable residues

Asp407, Asp408 (both TM4), Lys940 (TM10) and Arg971 (TM11)[1.6(c)]. Leading

to a complete loss of function when substituted to alanine, they have been shown

to be essential for protein function and are thus designated as key residues (Guan

& Nakae, 2001; Takatsuka & Nikaido, 2006). Additionally, the close to the key

8



1.1. MULTIDRUG RESISTANCE

residues located Thr978 was identified as an important residue for protein function

(Takatsuka & Nikaido, 2006). Based on monomer-specific side-chain orientations,

the protonation states of key residues Asp407, Asp408, and Lys940 can be assessed

(Seeger et al., 2008a) [see Fig. 1.6 (a)]. In monomers A and B, the side-chain of

Lys940 forms a salt-bridge towards Asp407 and Asp408. In the C-intermediate, the

salt-bridge is interrupted due to a tilting of the Lys940 side-chain about 45◦ towards

Thr978 (TM11) resulting in a twisting of TM4 and TM10 as well as a bulging of TM5

toward TM4 (Murakami et al., 2006; Seeger et al., 2006) which is indicative for an

protonation/deprotonation event (Seeger et al., 2006; Pos, 2009). It is assumed that

the conversion of a B- to a C-like conformational state is the energy consuming step,

where the protonation of one or both aspartates causes the collapse of the salt-bridge

to the lysine and thereby triggers the conformational changes in the transmembrane

and porter domain (Seeger et al., 2006). Until now, however, the exact route and

number of translocated protons during one reaction cycle is unknown not least, be-

cause X-ray structures are lacking any densities indicative for water molecules in

the TMD which next to polar residues have been shown to be essential for proton

conduction through biomolecules (Brandsburg-Zabary et al., 2000). Furthermore, it

is not known, how the energy of the protonation/deprotonation events is transferred

to the PD, where large scale motions coordinate the drug binding and expulsion. A

likely candidate constitutes TM8, which has a distinct conformation in each subunit

and equally to TM2 protrudes far into the PD.

The three transmembrane domains envelop a large lipid-filled cylindrical shaped

cavity of 30 Å width, which is connected to the periplasm via three vestibules lo-

cated between two monomers just above the membrane plane [Fig. 1.4 (a)]. Close

by the vestibules a large groove formed by TM7, TM8, and TM9 (designated as

TM8/TM9-groove, Figs. 1.4) is present in monomers A and B, which is occluded

by the kinked TM8 in monomer C (Murakami et al., 2006; Sennhauser et al., 2007).

It is likely that the groove is involved in substrate recruitment from the membrane

bilayer as high resolution structures revealed bound AcrB substrate dodecyl-β-D-

maltoside in it. (Sennhauser et al., 2007; Eicher et al., 2012). Right above the groove

the entrance of an intra-molecular channel is present in monomer B (in this study

designated as tunnel 2) (Sennhauser et al., 2007) supporting this hypothesis.

The periplasmic domain

The periplasmic domain of AcrB consists of two extensive loops connecting TM1

with TM2 as well as TM7 with TM8, and protrudes about 70 Å into the periplasmic

space. It comprises the substrate recruiting porter domain (Elkins & Nikaido, 2002)

and the TolC docking domain. The intermediates are characterized by different

intra-molecular channels within the porter domain (Fig. 1.7) regulated by distinct

9
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Figure 1.6. AcrB’s transmembrane and porter domain. a) Each transmembrane domain

consists of twelfe α-helices, with central located TM4 and TM10 surrounded by the

other helices. TM8, based on the available structural information, undergoes the largest

conformational changes during the reaction cycle, forming a large groove (TM8/TM9-

groove) in monomer A and B, which is occluded in monomer C. The three TMDs form

a large lipid-filled cavity (central cavity). b) AcrB’s porter domain (PD) is composed of

subdomains PN1, PN2, PC1 and PC2. Rearrangements of the PC subdomains open or

close the porter domain entrance (PDe). Three helices donated by the PN1 subdomains

form a central pore (CP). c) Side-chain orientation and postulated protonation states of

TMD key residues Asp407, Asp408, Lys940, Arg970, and Thr978 in the crystal structure.

orientations of the subdomains PN1, PN2, PC1 and PC2 [Fig. 1.6 (b)]. In monomers

A and B a large cleft, oriented approximately perpendicular to the membrane plane,

is present between PC1 and PC2 through which substrates are suggested to enter

the PD (tunnel 1). Moreover, an additional channel was identified with its en-

trance located exactly above the TM8/TM9-groove (tunnel 2)(Sennhauser et al.,

2007; Murakami et al., 2006). Both channels end close by a hydrophobic binding

pocket, which is located in the PN2/PC1 subdomain interface and is defined by

the residues Phe136, Phe178, Phe610, Phe615, Phe617, Phe628 as well as Val139,

Val612, Iso277, Iso626 and Tyr327 (Seeger et al., 2006).

The exit channel, characteristic for the C-intermediate, leads from the HBP to-

wards the DD (Fig. 1.7). It is proposed that its accessibility is regulated by a gate

10



1.1. MULTIDRUG RESISTANCE

(in this work referred to as porter domain exit = PDx) formed by residues Gln124,

Gln125, and Tyr758 (Sennhauser et al., 2007). A detailed description about sub-

strate binding and transport can be found in 1.1.3. The TolC docking domain of

AcrB is composed of the DN and DC subdomains (Murakami et al., 2002) forming a

funnel-like structure which is proposed to be connected to the TolC channel when in

complex (Tamura et al., 2005; Symmons et al., 2009). The funnel narrows down to

the central pore located in the PD and is formed by an α-helix of the PN1 subdomain

of each monomer. First assumptions about the pump mechanism were based on the

hypothesis, that substrates first enter the central cavity through the vestibules, are

then transported through the central pore towards the funnel, where they are finally

lead to TolC (Murakami et al., 2002)[Fig. 1.7 (a)]. Indeed, the diameter of the pore

is too small for drug passage and there is no remarkable flexibility detectable in the

helix conformation in all native X-ray structures (see Fig. 3.2).

Latest studies confirmed the intra-molecular channels to be the most likely can-

didates for substrate translocation (Murakami et al., 2006; Husain & Nikaido, 2010;

Nakashima et al., 2011; Eicher et al., 2012; Seeger et al., 2008b). Next to the as-

sumed interaction with TolC, another function of the DD is the stabilization of the

homotrimeric form of AcrB by the extended loops of the DN subdomains (Pos, 2009),

designated as inter-monomer connecting loops (ICLs), protruding into the adjacent

monomer.

1.1.3 Substrate binding and translocation

Domain swapping experiments between members of the RND superfamily (AcrB/AcrD,

AcrB/MexB, MexB/MexY) with different substrates revealed that substrate recog-

nition takes place in the periplasmic domain of the transporters (Elkins & Nikaido,

2002). AcrB is able to bind and extrude a wide range of structurally unrelated com-

pounds including detergents, dyes, disinfectants, bile salts and antibiotics (Fig. 1.3).

Since the first reported crystal structure of AcrB in 2002, various crystallographic

data with AcrB in complex with one or multiple substrates contributed to a better

understanding of the drug translocation mechanism (Yu et al., 2003b; Murakami

et al., 2006; Sennhauser et al., 2007; Tornroth-Horsefield et al., 2007; Drew et al.,

2008; Su & Yu, 2007; Nakashima et al., 2011; Eicher et al., 2012) further comple-

mented by extensive cross-linking (Seeger et al., 2008b; Takatsuka & Nikaido, 2007,

2009) and steady-state fluorescence polarization studies (Husain & Nikaido, 2010).

The first AcrB/drug complexes were published in 2003 by Yu and co-workers

(Yu et al., 2003b) where drug molecules rhodamine 6G, ethidium, dequalinium, and

ciprofloxacin have been reported bound to the periphery of the central cavity. Based

on the first proposed translocation mechanism [Fig. 1.7 (a)] this binding has been
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Figure 1.7. Proposed substrate channels in AcrB. (a) Based on first symmetric X-ray

structures it was proposed that substrate are transported from the central cavity to the

central funnel through a pore formed by the PN1 subdomains of each monomer. (b) Re-

cent asymmetric AcrB/drug co-crystals as well as mutagenesis experiments rather indicate

substrate capture from periplasm via tunnel 1 and extrusion via tunnel 4. The involve-

ment of the alternative substrate tunnel 2 & 3 could not be supported experimentally so

far. (c) Presence of intra-molecular channels in the 2GIF crystal structure. Whereas the

hydrophobic binding pocket is connected with the periplasm via tunnel 1 in states A &

B, it is connected with the central funnel via tunnel 4 in the C-intermediate state. PDe

= porter domain entrance.

interpreted to represent the initial binding step prior to the transportation through

the central pore towards TolC (Murakami et al., 2002). Further AcrB/substrate co-

crystal structures published by (Tornroth-Horsefield et al., 2007) showed six ampi-

cillin molecules bound inside the central cavity in addition to an ampicillin molecule

between the β-sheets of the PC-subdomains. AcrB co-crystallized with ciprofloxacin,

rhodamine 6G, ethidium bromide, nafcillin, and Phe-Arg-β-naphthylamide (AcrB

inhibitor) in an N109A mutant (Yu et al., 2005) as well as with ethidium and tau-

rocholate (Drew et al., 2008) reinforced the importance of the PC-subdomains for

drug binding.

In 2006 Murakami and co-workers published the first asymmetric X-ray struc-

tures of AcrB in complex with minocycline, 9-bromo-minocycline and doxorubicin
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Figure 1.8. Substrate binding and transport in AcrB. Recent X-ray structures of AcrB

in complex with various drugs demonstrate the multi-site binding capacity of the efflux

pump. a) and b) show the top and front view of the PD (2GIF) in complex with sub-

strates rifampicin, erythromycin, minocyclin, doxorubicin, and dodecyl-β-D-maltoside as

in (Nakashima et al., 2011) and (Eicher et al., 2012). The switch loop is indicated in

grey (monomer A) and blue (monomer B) and divides the substrate tunnel 1 in an access

binding pocket and hydrophobic binding pocket. c) Side view of AcrB X-ray structure

with bound rifampicin (magenta spheres) and minocyclin (cyan spheres) as well as PD

substrate tunnels calculated using program CAVER (Peťrek et al., 2006). The entry tun-

nels are depicted in white, access binding pocket in green, the hydrophobic binding pocket

in light pink, the exit tunnel in purple, and the central funnel in yellow. d) The peristaltic

pump mechanism proposes the transport of drugs from the access binding pocket to the

distal binding pocket during transition from A intermediate state to B. [c) and d) adapted

from (Nakashima et al., 2011) and modified.]
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molecules in the HBP of monomer B (see Fig. 1.8). Their respective positions differ

slightly within the binding pocket and are proposed to reflect the multi-site binding

capacity of AcrB, which would be reasonable explanation for the broad range of

transported substrates.

Recent crystallographic studies of Nakashima et al. (2011) and Eicher et al.

(2012) showed the binding of high-molecular-mass drugs rifampicin, erythromycin,

as well as two stacked doxorubicins to the proximal/access binding pocket (binding

site between the PC-subdomains). Concurrently, the crystal structures contained

a single minocyclin or doxorubicin molecule (low-molecular-mass drugs) in the hy-

drophobic binding pocket. [Fig. 1.8 (a), (b)]. The accessibility of the different

binding sites seems to be coordinated by the position of the so-called switch-loop

(Eicher et al., 2012), allowing substrate binding either to the access binding pocket

(ABP) in the A-intermediate or to the HBP in the B-intermediate (Nakashima et al.,

2011; Eicher et al., 2012). Until now it is unknown if substrate binding happens in

consecutive steps in which drugs first bind to the ABP in the A-intermediate and

are subsequently transported to the HBP in the transition from A to B state (Fig.

1.9), or if substrates bind alternatively to the ABP or HBP depending on the drug’s

size. The presence of dodecyl-β-D-maltoside molecules in the TM8/TM9-groove

[see Figs. 1.4 (a) and 1.6 (a)] in two high resolution structures of AcrB (Sennhauser

et al., 2007; Eicher et al., 2012) supports the assumption of a possible recruitment

of hydrophobic substrates from the membrane bilayer.

1.1.4 Transport mechanism

Today two conformations of AcrB are known: the symmetric AAA conformation and

the asymmetric ABC conformation (Pos et al., 2004). Most of the current available

crystal structures exhibit a symmetric AcrB, which is assumed to represent a ”resting

state” in absence of any substrate (Su et al., 2006). The structures slightly deviate

from each other indicating a certain flexibility which is proposed to be necessary for

substrate acquisition (Tornroth-Horsefield et al., 2007). In presence of substrates,

in vivo cross-linking data (Seeger et al., 2008b) and analytical ultracentrifugation

experiments containing AcrB/DARPins complexes (Brandstätter et al., 2011) rather

imply the preference of asymmetric ABC conformation in cells. Moreover, the cross-

linking data indicates a certain conformational flexibility to form AAB, ABB and

BBC conformations depending on the substrate concentration (1.9) (Seeger et al.,

2008b,a).

The conformational states of AcrB are often compared to those of the F1-ATPase,

from which even the designations Loose/Tight/Open are taken over by Seeger et al.

in 2006. Similar to the ATPase a functional interdepence of the monomers is as-

sumed and that bi-site activation is necessary for drug efflux (Seeger et al., 2008a).
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This hypothesis was recently supported by a reported cooperativity binding for some

cephalosporins and penicillins (Lim & Nikaido, 2010). In one of the still rare com-

putational studies, targeted molecular dynamics (TMD) was applied to simulate the

transition from a B-like to a C-like conformation and with that the extrusion of

a doxorubicin molecule out of the HBP towards the central funnel (Schulz et al.,

2010). Although the drug moved along the predicted pathway along the exit tun-

nel, it never passed the exit gate. It was assumed that another activated monomer

might be necessary for a complete extrusion of the drug. Altogether, there is ample

evidence for the functionally rotating mechanism, where each of the monomers un-

dergoes a sequence of interdependent conformational transitions.

Figure 1.9. Proposed AcrB transport cycle extended by postulated intermediate steps.

The conformational states A, B, and C are colored in white, red, and blue, respectively.

Besides the symmetric AAA and asymmetric ABC conformations known from crystal

structures additional intermediate steps AAB, ABB, BBB, and BBC are postulated based

on cross-linking studies [adapted from (Seeger et al., 2008a) and modified]. The substrate

channel is divided into the access and hydrophobic binding pocket by the switch-loop

depicted in yellow. Inset: Side view of the intra-molecular tunnel 1 with bound rifampicin

and doxorubicin in access and hydrophobic binding pocket, respectively. [adapted from

(Nakashima et al., 2011) and modified].
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1.2 Thesis Outline

Despite extensive crystallographic studies only two conformations of AcrB are cur-

rently solved: the symmetric AAA and the asymmetric ABC form. Furthermore,

within the same reaction cycle intermediate the structures display nearly identi-

cal conformations with root mean square deviations below 0.1 nm. The binding

and transport of a broad range of structurally and chemically diverse compounds,

however, requires structural flexibility of the transporter. Computational studies

contributed to to a better understanding of AcrB/drug interaction by docking anal-

yses and targeted MD simulations (Takatsuka et al., 2010; Schulz et al., 2010; Vargiu

et al., 2011; Schulz et al., 2011) or were used to assess AcrB flexibility by normal

mode elastic network analysis (Lu et al., 2006). Additionally, coarse-grain simu-

lations representing residues as beads were used to analyze the dynamics of the

truncated porter domain in presence and absence of a substrate molecule in the

HBP (Yao et al., 2010). In contrast to experiments in the wet lab, however, the the

number of computational studies on AcrB is still low and so far did not provide in-

formation about other conformations besides the already known intermediate states.

In this thesis we present first atomistic and unrestrained molecular dynamics

simulations of the full AcrB trimer in a phospholipid/water environment focusing

on two questions:

1. How are protons transferred through AcrB’s transmembrane domain?

2. How are substrates bound and transported through AcrB’s porter domain?

1.2.1 Proton transfer through the TMD

As a proton/drug antiporter, AcrB utilizes the proton gradient across the inner

membrane to drive conformational changes in the PD. In aqueous solution protons

generally occur as fully solvated H3O (Hydronium ion) or larger entities and the diffu-

sion proceeds along a hydrogen-bonded network through the formation and cleavage

of covalent bonds called Grotthuss mechanism (Cukierman, 2006). In proteins, polar

and charged residues not only create a hydrophilic environment for proton conduct-

ing water molecules but itself act as reversible proton acceptors (Cukierman, 2006;

Brandsburg-Zabary et al., 2000).

Based on various mutagenesis studies, AcrB TMD residues Asp407, Asp408,

Lys940, Thr978, and Arg971 are proposed to be directly involved in proton con-

duction. Substitution of one of the so-called key residues to alanine significantly
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Figure 1.10. Potential proton transduction pathways through the TMD. (a) The AcrB

trimer was simulated in POPE/water environment at a 150 mM NaCl concentration.

(b) Simulated TMD water is organized in a key residue encompassing core region (CR)

connected to bulk water by one cytoplasmic (X) and up to three periplasmic water channels

(E1-E3). In a conflux region (CF) the E1-3 channels merge into a single channel before

reaching the core region. (c) Location of the periplasmic channel entrances in regard

to the phospholipid bilayer. Spheres represent phosphorous atoms in the POPE bilayer

whereas encircled residues indicate negatively charged surface residues that might serve

as attractors for water molecules or protons. [adapted from (Fischer & Kandt, 2011) and

modified]

decreased protein function or rendered the pump non-functional. However, a con-

nection of the centrally within the TMD located key residues either with periplasm

or cytoplasm remained elusive since the current available crystal structures do not

provide any information about TMD hydration. In (Fischer & Kandt, 2011) we per-

formed a series of 6 x 50 ns molecular dynamics simulations of asymmetric AcrB in

a phospholipid/water environment to elucidate potential proton conduction routes

analyzing water residence probabilities in form of mean water densities (Kandt et al.,

2004, 2005) and by comparison of TMD average structures representing extremes

of TMD hydration. Furthermore, we identified additional residues for mutagenesis

experiments based on averaged hydrogen bond frequencies between TMD residues

and internal water molecules.

Based on the average water distribution AcrB’s TMD organizes into six sections:

1) periplasmic bulk water 2) up to three entry channels (E1-3), 3) a conflux region

(CF) where the entry channels merge 4) a core region (CR) which includes the known

key residues, 5) one exit channel (X), and 6) cytoplasmic bulk. The hydration pat-

terns are intermediate-specific and dynamic. At the beginning, the CR of monomers

A and B is connected to both periplasm and cytoplasm. However, in contrast to

the continuous connection through the TMD in monomer B, the CR in monomer

A is only transiently connected to the bulk. With its CR completely isolated from

the bulk, monomer C shows a very different hydration pattern in comparison with

the other monomers and water densities are consistent over time. Whereas the
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core region is continuously hydrated, its connection to periplasm and cytoplasm was

found to be regulated by a combination of side-chain reorientations of four groups of

gating residues and shifts of transmembrane helices. Based on its position Arg971

has already been suggested to function as a linker for proton transfer between CR

and bulk. We could show that the orientation of Arg971 (downward in A and C,

upward and close to the CR in B) has an influence on the hydration of channel X

and thereby on the dissociation of protons from the CR.

The calculation of hydrogen bond frequencies between TMD internal residues and

water resulted in a number of potential mutagenesis candidates close to or along the

proposed water channels. However, in previous extensive mutagenesis studies on

TMD residues only the known key residues caused a significant loss of function

when substituted to alanine. Given the fact that AcrB provides not only one but

up to three potential routes for protons would explain the robustness of the pump

against mutations. Agreeing with (Seeger et al., 2006; Murakami, 2008; Seeger et al.,

2008a) our findings support that proton uptake occurs in the B state whereas pro-

ton release takes place in the C intermediate or in the transition to A. However, our

results additionally indicate a potential proton uptake in the A state. Finally, we

identified residues Glu346, Glu399, and Asp924 at the entrances of channel 2 and 3

as potential proton collecting antennas [Fig. 1.10 (c)].

1.2.2 AcrB Porter Domain Dynamics

In Fischer & Kandt (2012) we performed molecular dynamics simulations of substrate-

free AcrB in a phospholipid/water environment to assess if the structural homogene-

ity displayed in the crystal structures is an intrinsic feature of AcrB or possibly stems

from other causes. Based on distance, cross-sectional area and radius of gyration

analyses, we find PDe and PDx more flexible than assumed displaying clear opening

and closing motions (Fig. 1.11), and a favored closed conformation of the HBP in

all monomers. Our simulations indicate that the homogeneity is rather an effect of

bound but structurally unresolved buffer or detergent molecules, which are known

substrates of AcrB, than an intrinsic feature of the protein.

Based on the simulations we additionally propose an involvement of the Thr676-

loop (connection between the PC-subdomains) in substrate transport by pushing

compounds from the ABP towards the HBP. In contrast to PDe and PDx, this loop

displays a stable monomer-specific orientation. Reconstitution experiments indicate

that AcrB is able to pump substrates in absence of the adaptor protein AcrA and the

outer membrane factor TolC but also revealed an enhancing effect of AcrA on AcrB

function. The underlying mechanism is unknown since AcrAB co-crystal structures

are not available. However, a docking model of the AcrAB-TolC complex and a
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recently published CusBA co-crystal structure, an AcrAB homologue, indicate an

interaction of AcrA with the PC1 subdomain. If the opening and closing motions ob-

served in our simulations have an inhibiting effect on AcrB activity, it could provide

a reasonable explanation for the AcrB-enhancing effect of AcrA stabilizing the open

and thus substrate accessible conformation of the PD in monomers A and B. With no

evidence for a transition from an ABC to an AAA ”resting state”-like conformation

as proposed by (Su et al., 2006) during 100 ns simulation time, our findings further

support the existence of an asymmetric AcrB conformation in absence of substrates

in vivo.

Figure 1.11. Identified extreme conformations of the transport channel entrance PDe in

monomer A. [adapted from (Fischer & Kandt, 2012) and modified]

1.2.3 Hexane binding in AcrB

In the last part of this work we added 25 hexane molecules to the simulation system

to investigate substrate binding and its effects on AcrB porter domain dynamics.

Based on distance analyses between hexanes and protein residues we identified eight

regions on AcrB with an increased hexane residence probability. Three of these re-

gions match proposed drug binding sites on AcrB supporting their relevance for the

interaction with hydrophobic substrates.

In our simulations we observe hexane bindings to the TM8/TM9-groove and ac-

cess binding pocket in monomers A & B as well as to the hydrophobic binding

pocket in B. As expected, due to the closed PDe and TM8/TM9-groove confor-

mation hexanes did not bind to these binding sites in monomer C. Interestingly,

substrate bindings to the HBP in B not only stabilized the open, crystal structure-

like conformation of the HBP but even restored it if binding occurred later on. The

binding of hexane to the ABP, however, did not affect the dynamics of the PDe

which undergoes clear opening and closing motions as in substrate-free AcrB simu-

lations (Fischer & Kandt, 2012).
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Figure 1.12. Hexane binding in AcrB in monomer B. Hexane molecules readily entered

the HBP in monomer B. The pathway of a hexane is illustrated by its C3 atom positions

(sphere) for each time step (starting position = cyan, end position = magenta). To

reduce the thermal fuctuations arising when simulating under the conditions which mimic

a thermal bath, the movement of the hexanes was smoothed by setting the Trajectory

Smoothing Window Size to 20 frames.

Agreeing with fluorescence assays to determine the substrate path through AcrB

(Husain & Nikaido, 2010), the hexanes entered the porter domain mainly from the

water phase via PDe. However, we further observed one hexane entering the porter

domain from the TM8/TM9-groove via tunnel 2 supporting its importance for sub-

strate recruitment from the membrane bilayer (Murakami et al., 2006; Sennhauser

et al., 2007; Eicher et al., 2012).

Binding events to the HBP and the resulting stabilization of its open conforma-

tion in B support our hypothesis that bound but structurally unresolved substrates

are the reason for the high similarity between the available crystal structures. Due

to its small size particularly in comparison to detergent molecules like dodecyl-β-

D-maltoside, however, hexane bindings to the ABP are not sufficient to stabilize a

crystal structure-like conformation of the PDe. As hexanes were able to reopen a

closed HBP in monomer B but not in A, our simulations support the concept of al-

ternative substrate binding depending on the drug’s size and with that the existence

of an asymmetric AcrB in vivo.
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1.3 Applied Methods

1.3.1 Molecular dynamics simulation

Currently more than 80000 biomolecular structures are deposited in the Protein

Data Bank (Berman et al., 2000). In some cases several conformations of one pro-

tein are available reflecting their dynamic properties and sometimes allow first con-

clusions about their putative reaction mechanisms. In many cases, however, the

structural information is restricted to a single conformation. Next to experiments

in the laboratory, computational approaches like molecular dynamics (MD) simula-

tions are applied with increasing frequency to investigate the microscopic properties

of molecules. Simulating the dynamics of atoms based on a potential energy func-

tion, the observed internal motions of the first protein MD simulation in 1977 (bovine

pancreatic trypsin inhibitor) not only reflected the flexibility of the protein but were

also found to be important for protein function (McCammon et al., 1977). Today

MD simulations are a routinely used method to reproduce or complement the ex-

perimental data in order to gain the microscopic details or further explanations for

the underlying data. They are commonly applied for the

• folding of proteins

• refinement of 3D structures

• investigation of conformational changes and thermodynamics or

• analyses of molecule interactions.

MD simulations are additionally carried out for experiments that are impossible

or difficult to realize in the laboratory, for example in case of simulations at extremes

of temperature or pressure. A detailed introduction to molecular dynamics simula-

tions can be found in (van Gunsteren & Berendsen, 1990; Karplus & McCammon,

2002; Leach, 2001; Frenkel & Smit, 2001).

1.3.2 QM or MM? A question of detail

Structural determining experiments provide the first essential information for any

biomolecular simulation: the coordinates of a structure. From here on the question

of the project is crucial for the level of detail and therefore for the choice of the

computational method. Quantum mechanical (QM) simulations for example enable

the calculation of electronic distributions or chemical reactions, but are highly com-

putational demanding and at that moment restricted to hundreds of atoms due to

the consideration of each single electron. However, if the dynamics of a molecule
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are of interest, the simulation system easily reaches into the hundreds of thousands

of atoms additional to usual time scales of nanoseconds, where QM simulations are

no longer applicable. Instead classical molecular mechanics (MM) simulations like

molecular dynamics are deployed, where electrons are not considered explicitly but

indirectly by their effects on the system.2

In quantum mechanics, the dynamics of molecules are calculated by the Schrödinger

equation

ĤΨ = EΨ (1.1)

with the Hamilton operator Ĥ and the wavefunction Ψ. However, to solve the

equation for more than a single hydrogen atom, approximations are necessary. The

Born-Oppenheimer (BO) approximation states that since the atom nuclei are much

more massive (>99 % of the atom mass) than electrons and accordingly have much

smaller velocities, the wave functions of electrons and nuclei can be calculated sep-

arately in consecutive steps.

Ψtotal = ψelectronic � ψnuclear (1.2)

In MD simulations, the protein structure constitutes a collection of point masses

whose dynamics can be sufficiently approximated by classical mechanics. The time-

depended behavior of particles is calculated by the numerical solution of the equation

of motion or Newtons’s seconds law,

Fi = miai (1.3)

where F is the force exerted on each atom, m constitutes its mass and a its

acceleration. The force can also be expressed as the gradient of the potential energy,

Fi = −∇iV (1.4)

where V is the potential energy. To calculate the changes in position as a function

of time by the derivative of the potential energy, both equations are combined to

−dV
dri

= mi
d2ri
dt2

(1.5)

Thus, the trajectory of proteins (and solvent) can be calculated based on the

initial atom positions, their initial velocities and the acceleration derived from the

gradient of the potential energy function. In most cases the velocities are chosen ran-

domly from a Maxwell-Boltzmann of Gaussian distribution at a usually predefined

2A compromise constitute hybrid QM/MM calculations, where areas of interest are treated

quantum mechanically, and the dynamics calculation of the remaining system is accomplished by

classical MM.
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temperature, which, alongside with the pressure condition, is added to the exerted

forces,

d2ri
dt2

=
Fi
mi

+ Thermostat + Barostat (1.6)

and scaled by the atomic positions (pressure) and velocities (temperature). In

an MD simulation in principle each particle can interact with each other which in-

creases the computational cost by the square of the atom number N. To reduce the

cost, several methods have been implemented to enhance the efficiency. The fastest

motion in a molecule derives from the vibrations of hydrogens and restrict the time

step in an simulation to one femtosecond. Therefore the hydrogen bond (and in

most cases all other bonds) are kept constant enabling in a maximum time step of

two femtoseconds. To reduce the number of atoms, united atom force fields such

as GROMOS96 (REF) and derivatives can be applied in which only the represen-

tation of polar hydrogens is included explicitly, while CH 2 and CH 3 groups are

represented as a single unit. Furthermore, distance cutoffs for the calcutation of the

non-bonded interactions (Coulomb potential; see 1.3.3) are used.

1.3.3 Potential energy function

Using empirically derived force fields, the dynamic properties of molecular systems

(protein, water, lipids, etc.) are determined under the influence of internal and

external forces acting on each particle. The internal forces arise from the electric

effects in the system and the maintenance of specific bond lengths, bond angles,

dihedral angles, etc. between different atom types (see Fig. 1.13), which are derived

from experiment or quantum mechanical calculations.

The forces of the particles are calculated in form of a potential energy function

comprising two components:

V (−→ri ) = Vbonded(
−→ri ) + Vnon−bonded(

−→ri ) (1.7)

Bonded interactions The bonded interactions of the potential energy function

describe the interactions between covalently bonded atoms. The bonds are con-

sidered as springs with an equilibrium distance equal to the reference value of the

experiments or QM calculations.

Bond length If not constrained (see 1.3.2), the bond length is described by a har-

monic potential modeled after Hooke’s law

Vb(rij) =
1

2
kbij(rij − bij)2 (1.8)
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with kbij as force constant and bij as reference value.

Bond angle Equal to the bond length, the bond angles are described by a harmonic

potential scaled to the equilibrium value.

Va(θijk) =
1

2
kθijk(θijk − θ0ijk)2 (1.9)

with kθijk as the force constant and θ0ijk as reference value.

Dihedral angle The potential of dihedral angles is either harmonic, for example

to preserve a certain conformation like the planarity of a peptide bond or of

a benzene ring (impoper dihedral), or it is described by a periodic function to

describe internal rotation of two groups around a single bond (proper dihedral),

for example like the two methyl groups around the C-C bond in an ethane.

Here, the torsional strain is highest when the two methyl groups are in the

eclipsed or cis state and lowest when they are in anti of trans configuration.

Vid(ξijkl) =
1

2
kξ(ξijkl − ξ0)2 (1.10)

with kξ as force constant and ξ as the dihedral angle.

Vd(φijkl) = kφ(1 + cos(nφ− φs)) (1.11)

where φ is the angle between the ijk and jkl planes.

Non-bonded interactions Non-bonded interactions describe the electrostatics

in the system. In the potential function they are divided into the long-range electro-

statics (interactions of charged atoms) and the short-range electrostatics (transient

dipol-dipol interactions of approaching atoms).

Coulomb interactions are given by

Vc(rij) = f
qiqj
εrrij

(1.12)

with εr as dielectric constant, q as quantity of charge, (?) as radial distance,

and with the electric conversion factor f = 1
4πε0

= 138.935485 kJ mol−1 nm

e−2. The long-range electric interactions between (partial) charged atoms in-

duce a potential, which is inversely proportional to the distance of the charges.

To reduce the cost of the highly computational demanding long-range electro-

statics, interactions exceeding a predefined distance value are normally ex-

cluded from the calculation.
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Van der Waals interactions represent the short-range electrostatics in a molecule

and comprise an attractive and repulsive part. The attractive term origi-

nates from transient induced dipoles occurring when two atoms approximate,

whereas the repulsive term emerges when the distance between the atom nuclei

is too small and thereby causes the overlap of the electron orbitals. The terms

are combined in the Lennard-Jones (or 6-12) potential.

VLJ(rij) =
C

(12)
ij

r12ij
−
C

(6)
ij

r6ij
(1.13)

where C
(12)
ij and C

(6)
ij depend on the pair of atom types and r is the distance

between the particles.

Altogether the potential energy function is described as

V (ri) =
1

2

∑
bonds

kbij(rij − bij)2 +
1

2

∑
angle

kθijk(θijk − θ0ijk)2

+
1

2

∑
imp.dih.

kξ(ξijkl − ξ0)2 +
∑

prop.dih.

kφ(1 + cos(nφ− φs)) (1.14)

+
∑

coulomb

qiqj

εrrij
+

∑
LJ

C
(12)
ij

r12ij
−
C

(6)
ij

r6ij

In contrast to constrained bond lengths, position restraints can be used to restrain

the mobility of atoms by a user-defined force constant. In principle each particle

can be restrained during an energy minimization (see 1.15) or MD simulation. In

case of a membrane protein simulation, the protein is usually restrained during the

membrane equilibration phase. Position restraints are implemented into the poten-

tial energy function by

Vpr(ri) =
1

2
kpr|ri −Ri|2 (1.15)

with kpr as force constant and Ri as fixed reference position.

1.3.4 Periodic boundary conditions

An MD simulation enables the calculation of macroscopic properties using a rela-

tively small number of particles. Whereas in the laboratory the influence of the the

walls of the boundary are negligible, in MD simulations the probability for an particle

to interact with the boundary is very high and makes its consideration an important
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Figure 1.13. Potentials calculated in a potential energy function. Simulating a protein

is a mixture of conformational restrictions and flexibility. Bond length and angles are

described by a harmonic potential around an impirical determined reference value. To

reduce computational costs, the bond length is often kept constant. The imporper dihedral

is used to adhere the planarity for example of peptide bonds (green and red rectangles)

or for benzene rings (cyan hexagon). The proper dihedral angles Φ and Ψ describe

the orientation of two peptide plains to each other and are often used to check the

secondary structure. The Lennard-Jones potential is applied to implement the attractive

and repulsive forces arising from short-range interactions.
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Figure 1.14. Periodic boundary condi-

tions (2D). To avoid interactions between

protein (P) and the box boundaries, the

simulation box (yellow) is surrounded by

identical copies of itself.

task. Unless the effects of the boundary are intended, they are circumvented by pe-

riodic boundary conditions (Fig. 1.14), where the simulation box is surrounded by

identical copies of itself (26 copies in three dimensions). In two dimensions, if a par-

ticle leaves the box on the right side, its image particle will contemporary enter the

box from the left side. In this way, the influences of artificial boundaries are avoided.

1.3.5 The sampling problem

The microscopic state of a protein (and its simulated environment) is determined by

the atomic positions (r), for proteins usually derived from X-ray crystallography or

NMR spectroscopy, and their momenta (p). When a biological system is studyied by

MD simulation, the connection between the macroscopic observables (temperature,

pressure, energy, heat capacities, etc.) and the microscopic states is accomplished

by statistical mechanics. The atomic positions and momenta represent coordinates

in a multidimensional space (phase space), where a system of N particles results in a

phase space with 6N (3N for the atomic positions, 3N for the momenta) dimensions,

and a single point reflects one conformational state of the system. In an MD sim-

ulation, a route (= trajectory) through the phase space is generated as a function

of time. A collection of points in the phase space, which correspond to a particu-

lar thermodynamic state, constitute an assemble. Traditionally MD simulations are

performed under conditions of constant number of particles (N), volume (V) and

energy (E), which is denoted as the microcanonical or constant NVE ensemble. In

many cases, however, the temperature (canonical or constant NVT ensemble) or

additionally the pressure (isothermal-isobaric or NPT ensemble) are adjusted to a

certain value during simulation.

A major problem of MD simulations in comparison to experimental observables

is that simulations yield time averages (time-dependent dynamics of a simulated

protein) instead of ensemble averages (macroscopic sample with a large number of
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molecules). Indeed, since it is assumed that a system will pass through all possible

states with infinite time, the ergodic hypothesis in statistical mechanics states, that

the ensemble average equals the time average and the results would be independent

from the starting configuration. Nevertheless, even for relatively small systems with

a few tens of atoms the phase space is immense, making an ergodic trajectory not

achievable. Hence it is important to choose the simulation time as long as possible in

order to get enough representative conformations to approximate the experimental

data. With simulation systems of up to millions of particles and taking into ac-

count that in principle each atom can interact with all of its neighbors in the system

(e.g. via the electrostatics), sufficient sampling is highly computational demanding.

Whereas local motions such as atomic fluctuations or side chain motions with time

ranges of 10−15 to 10−1 s are relatively easy to to observe, it is much more expensive

for rigid body motion (domain motions or subunit motions) or large scale motions

(e.g. protein association/dissociation and folding/unfolding), which range from 10−9

to 1 s and 10−7 to 109 s, respectively.

Owing to the continuously increasing computational power, today time scales of

milliseconds are achievable by MD simulations. Nevertheless, they still only give

a glimpse in the dynamic behavior of proteins given the wide range of time scales

over which certain biomolecular motions occur. To observe protein reactions ex-

ceeding the time-ranges of an unbiased MD simulation, for example conformational

transitions between different intermediate states, various methods have been imple-

mented to steer a simulation. In a TMD (Targeted M olecular Dynamics) simulation

for instance (Schlitter et al., 1994), the protein is enforced to adapt conformations

decreasing the root-mean square deviation (RMSD, see 1.3.8) to a predefined end

structure independently of the height of energy barriers. Hence, conformational

transitions are accelerated which enables exploring the configurational space for

pathways between two conformations. A similar approach is applied in essential dy-

namics sampling (Amadei et al., 1996). However, in contrast to TMD the transition

from starting to end configuration is steered along a predefined set of Eigenvectors

derived from MD simulations of the protein. Both methods are useful to explore

specifically the unknown intermediates between two stable structures and they en-

able to reveal functional motions of the protein, which would normally exceed the

feasible time-range of an unbiased MD simulation (i.e. the rotation cycle of AcrB;

(Schulz et al., 2010; Vargiu et al., 2011; Schulz et al., 2011)).

1.3.6 Running an MD simulation - From energy minimization to

production runs

Like in wet lab experiments, a careful preparation is prerequisite to obtain valid

results from an MD simulation. The system setup of an MD simulation usually be-
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gins with an energy minimization (EM) of the protein to remove sterical clashes as

well as to find the next local energy minimum near the starting structure. EM is a

gradient-based procedure allowing the protein to adopt only lower potential energy

conformations in the configuration space without dynamical calculations. The MD

simulation begins with an equilibration phase in which the simulation system adjusts

to the simulation settings (pressure, temperature, etc.). For a membrane protein

simulation this phase can take several nanoseconds and additionally requires a pre-

ceding membrane equilibration where the protein coordinates are restrained. Once

the simulation system is energy minimized and equilibrated, the production runs can

be started and with that the data collection. For trajectory generation a sequence

of calculations is iterated for a user defined number of steps (Fig. 1.15)(Berendsen

et al., 1995; Hess et al., 2008):

1. Generation of starting velocities (if not predefined)

2. Computation of the forces acting on each atom

3. Computation of the resulting potential and kinetic energies and the pressure

tensor

4. Movement of the atoms is simulated solving Newton’s equations of motion

5. Pressure and temperature are scaled

6. Calculation of the new conformation

7. If required: new atom positions, velocities, energies, etc. are written to the

trajectory file

8. Back to 2. unless termination criterion is fulfilled.

9. Writing of the end conformation

1.3.7 GROMACS

GROMACS (GROningen MAchine for C hemical S imulations) is a non-commercial

software package for energy minimizations and MD simulations (Berendsen et al.,

1995; Hess et al., 2008). Moreover, it is equipped with a large number of tools for

the analysis of the simulation data. Developed and enhanced since 1991 in the in-

stitute of biophysical chemistry of the university of Groningen (Netherlands) it is

broadly used for biomolecular simulations and available for Unix/Linux, Macintosh

and Windows platforms.
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Figure 1.15. The global MD algorithm (adapted from GROMACS manual and modi-

fied)(Berendsen et al., 1984; Hess et al., 2008).
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1.3.8 RMSD

The root-mean square displacement (RMSD) analysis is in most cases the first choice

to check the stability of the simulated structure. It is also used, if not necessar-

ily without doubt (Grossfield & Zuckerman, 2009), to estimate when the structure

reaches the equilibrium phase. For the RMSD analysis two structures are superim-

posed and the distance between conformations at the time of t0 (usually the starting

structure) and tn is calculated based on the average length of the distance vector.

RMSD(t0, tn) =

√√√√ 1

N

N∑
i=1

‖−→ri (t0)−−→ri (tn)‖2 (1.16)

Generally, Cα atoms, backbone atoms or heavy atoms are applied as reference

atoms in this analysis. The problem when taking only on the RMSD values as

stability criterion is the averaging. It may well happen, that the structure is still

changing with time, but it yields a constant RMSD in regard to the reference struc-

ture. RMSD analyses are therefore useful to get only a first impression on the system

stability and how far the structure diverges from the reference structure.

1.3.9 PCA

Principle component analysis (PCA), also known as essential dynamics (Amadei

et al., 1993), is a commonly applied and efficient method to reduce the protein dy-

namics to its essential degrees of freedom (Amadei et al., 1993) which enables the

separation of collective motions (i.e. of domains) from random fluctuations (i.e. of

side-chains). Next to the complexity reduction of the simulation data, the evaluation

of the conformational sampling is important to assess if the data is statistical rep-

resentative. Common approaches are the quantification of the overlap of covariance

matrices between two PCA (Hess, 2002; Romo & Grossfield, 2011) or the deter-

mination of the cosine content of the first few principle components (Hess, 2002).

However, for large proteins it is assumed unlikely that simulations converge within

time scales of hundreds of nanoseconds (Amadei et al., 1999).

In this thesis we used the first three PCs of each multi-copy AcrB simulation

(multi-copy = one starting structure initiated with different velocities) showing that

all runs sample different regions of the conformational subspace. Even though the

simulations did not converge, we consider the amount of conformational sampling

achieved adequate given that the aim of our study was to explore AcrB ground state

dynamics near the crystal structure (Fischer & Kandt, 2012).
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1.3.10 Molecular Viewer

Molecular viewer are essential for the interpretation and communication of the re-

sults of an MD simulation. Additionally, most viewer comprise analysis tools for

instance for RMSD analysis or the measurement and plotting of distances, angles,

etc.. In this study two molecular viewer were applied:

VMD (V isual M olecular Dynamics) is a program for visualization, animating and

analyzing biomolecular systems and trajectories (Humphrey et al., 1996). In

this study it was the most applied viewer additionally used to generate grid-

based 3D water density maps via the VolMap plugin and for the figure gener-

ation.

PyMOL is a visualization and modeling program (DeLano, 2002). In this study

it was used for the processing of the averaged water density maps and for the

generation of the figures.
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CHAPTER 2. WATER DYNAMICS IN THE TRANSMEMBRANE
DOMAINS OF ACRB*

2.1 Abstract

Powered by proton-motive force, the inner membrane translocase AcrB is the engine

of the AcrAB-TolC efflux pump in Escherichia coli. As proton conduction in pro-

teins occurs along hydrogen-bonded networks of polar residues and water molecules,

knowledge of the protein-internal water distribution and water-interacting residues

allows drawing conclusions to possible pathways of proton conduction. Here, we re-

port a series of 6 × 50 ns independent molecular dynamics simulations of asymmetric

AcrB embedded in a phospholipid/water environment. Simulating each monomer

in its proposed protonation state, we calculated for each transmembrane domain

the average water distribution, identified residues interacting with these waters and

quantified each residue’s frequency of water hydrogen bond contact. Combining this

information we find three possible routes of proton transfer connecting a continu-

ously hydrated region of known key residues in the TMD interior to bulk water by

one cytoplasmic and up to three periplasm water channels in monomer B and A. We

find that water access of the transmembrane domains is regulated by four groups of

residues in a combination of side chain reorientations and shifts of transmembrane

helices. Our findings support a proton release event via Arg971 during the C inter-

mediate or in the transition to A, and proton uptake occurring in the A or B state or

during a so far unknown intermediate in between B and C where cytoplasmic water

access is still possible. Our simulations suggest experimentally testable hypotheses,

which have not been investigated so far.

2.2 Introduction

Since the first observations over a century ago (Summers, 2008), microbial resis-

tance to antibiotics has developed into one of the major challenges in biomedical

research today. Major strategies by which bacteria achieve antibiotics resistance

include inactivation of the drug, modification of the drug target and prevention of

drug access to its target molecule (Nikaido, 2009). A prominent example of the

latter mode of action is drug expulsion by an over-production of multi-drug (MDR)

efflux pumps which to date have been identified in five ubiquitous protein super-

families and one small eukaryotic-specific family (Saier & Paulsen, 2001). Whereas

members of the ATP binding cassette (ABC) superfamily resort to ATP hydrol-

ysis to power drug transport, MDR efflux pumps of the major facilitator (MFS),

multi antimicrobial extrusion (MATE), drug/metabolite transporter (DMT), and re-

sistance/nodulation/division (RND) superfamilies function by drug:cation antiport

mechanisms (Saier & Paulsen, 2001).
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Since its discovery 17 years ago (Ma et al., 1993), the inner membrane translo-

case acriflavine resistance protein B (AcrB) has become the best studied member of

the RND superfamily (Lomovskaya & Totrov, 2005). Functioning as the engine of

the tripartite MDR efflux pump AcrAB-TolC in Escherichia coli (Ma et al., 1993;

Zgurskaya & Nikaido, 1999b,a). AcrB recognizes and binds a broad palette of sub-

strates (Nikaido, 1998a, 1996; Piddock, 2006) using proton-motive force to drive

drug expulsion in the assembled pump (Nikaido, 1996; Tikhonova & Zgurskaya,

2004; Zgurskaya & Nikaido, 2000). Whereas the first crystal structure showed iden-

tical monomer conformations in the AcrB trimer (Murakami et al., 2002), following

X-ray studies revealed a structural asymmetry among the monomers, each trapped

in a different conformation (Murakami et al., 2006; Seeger et al., 2006; Sennhauser

et al., 2007). Interpreted as reaction cycle intermediates ”loose/access” (monomer

A), ”tight/binding” (monomer B), and ”open/ extrusion” (monomer C) in a peri-

staltic pump mechanism (Murakami et al., 2006; Seeger et al., 2006; Sennhauser

et al., 2007), the different monomer conformations have been found interdependent

and complementarily adaptive (Seeger et al., 2008a,b; Takatsuka & Nikaido, 2007)

representing an essential precondition for AcrB pump activity since inactivation of

a single monomer leads to a complete activity loss of the entire trimer (Zgurskaya,

2009). Similar to ABC transporters ((Davidson et al., 2008; Moussatova et al., 2008)

substrate transport and energy conversion in AcrB occur in spatially separated parts

of the protein.

Proton transfer from periplasm to cytoplasm through the transmembrane domain

(TMD) yields the energy driving the transport-relevant conformational changes in

the periplasmic porter and docking domains (Seeger et al., 2008b; Takatsuka &

Nikaido, 2007; Tamura et al., 2003). As proton conduction in proteins occurs along

hydrogen-bonded networks of polar residues and water molecules (Nagle et al., 1980)

in a Grotthuss-like mechanism (Buch-Pedersen et al., 2008; Cukierman, 2006; Marx,

2006; Wraight, 2006), knowledge of the protein-internal water distribution and inter-

acting residues allows drawing conclusions to possible pathways of proton conduction

(Abresch et al., 1998; Grudinin et al., 2005; Luecke, 2000; Svensson-Ek et al., 2002;

Arkin et al., 2007; Kandt et al., 2005, 2004). Compared to other proton pumps

such as bacteriorhodopsin (Garczarek et al., 2005; Lanyi, 2004), our current level

of understanding of the AcrB proton conduction pathway is still at the beginning.

To date, the distribution of AcrB-internal water is unknown, and five TMD residues

have been identified whose mutation to alanine leads to a loss of function of >90%

(Murakami et al., 2002; Guan & Nakae, 2001; Murakami & Yamaguchi, 2003; Seeger

et al., 2009; Takatsuka & Nikaido, 2006). For these residues intermediate-specific

protonation states have been proposed (Seeger et al., 2008a), based on their side

chain conformations in the asymmetric AcrB crystal structures (Murakami et al.,

2006; Seeger et al., 2006; Sennhauser et al., 2007).
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Whereas previous computational studies have focused on assessing overall AcrB

flexibility via elastic network normal mode analysis (Lu et al., 2006) and investi-

gating conformational cycling and drug transport using all-atom targeted molecular

dynamics of the membrane-embedded trimer (Schulz et al., 2010) and coarse-grained

multiple-basin simulations of the isolated AcrB porter domains (Yao et al., 2010),

here we report unbiased all-atom AcrB molecular dynamics simulations to investigate

protein-internal water dynamics. Addressing the questions of TMD hydration, pos-

sible proton conduction pathways and new key residues candidates, we performed

a series of 6 × 50 ns independent molecular dynamics simulations of asymmet-

ric, substrate-free AcrB (Seeger et al., 2006) in a phospholipid/water environment.

Simulating the currently proposed protonation scenario (Seeger et al., 2008a), we

calculated for each monomer water residence probabilities in form of mean water

densities (Kandt et al., 2005, 2004) identified all residues in the AcrB hydrogen-

bonded network and computed their average frequency of hydrogen bond contact to

TMD-internal water.

Although the explicit simulation of proton transfer requires at least partially a

quantum mechanical treatment (Marx, 2006; Aaqvist & Warshel, 1993; Kamerlin &

Warshel, 2010; Lill & Helms, 2001; Schmitt & Voth, 1998; Tuckerman et al., 1997;

Warshel, 2003) earlier studies (Arkin et al., 2007; Kandt et al., 2005) demonstrated,

that classical MD can produce insightful results following a similar approach as em-

ployed here. We find that TMD water distribution is monomer-specific. Whereas

periplasmic and cytoplasmic bulk water are transiently connected via a continuously

hydrated and key residue-encompassing core region in monomer A and throughout

the entire simulation time in monomer B, there is no bulk water access in monomer

C. Further, with the exception of monomer C, TMD hydration is also asymmetric

within each monomer with up to three water channels leading to the core region

from periplasmic side but only a single water channels connecting to cytoplasmic

bulk water.

Combining the information of average water distribution and residue water H-

bond frequency together with conformational changes between the monomers, we

identify three groups of new key residue candidates: (a) framework residues lining

the mean water densities and providing the scaffold for TMD water organization,

(b) four groups of gating residues regulating TMD bulk water access in a combina-

tion of side chain re-orientations and shifts of transmembrane helices, and (c) three

negatively charged TMD surface residues, which might act like proton antennas at-

tracting water molecules to the mouths of two periplasmic water channels, located

at or below the level of lipid head groups. With bulk water access present in the

A and B states but not in C, our data suggest that proton uptake occurs either in

a so far unknown intermediate between B and C or during the A or B state with

the third excess proton transiently stored in a protonated water cluster until the C
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intermediate is reached. With direct bulk water contact in C, our findings support

Arg971-H as likely proton release group candidate, deprotonating either in the C

intermediate or during the transition to A.

2.3 Materials and Methods

2.3.1 Simulation details

Molecular dynamics simulations were performed using the GROMACS 4.0.3 package

(Berendsen et al., 1984; Hess et al., 2008) and GROMOS96 53a6 force field (Oosten-

brink et al., 2004). The asymmetric 2.9 2GIF AcrB crystal structure (Seeger et al.,

2006) was used as starting structure. The protein was inserted in a pre-equilibrated

14 × 14 nm palmitoyloleoyl-phosphatidylethanolamine (POPE) bilayer using IN-

FLATEGRO as detailed in (Kandt et al., 2007) except for applying a scaling factor

of 2 in the expansion and 0.98 in the compression phase. The POPE bilayer was

built from an initial 9.6 × 9.5 nm POPE patch (Pan et al., 2009) that was enlarged

and equilibrated for 20 ns. Simulation settings were the same as for the AcrB runs

given below.

To solvate AcrB’s central lipid-filled cavity, 23 POPE molecules were placed man-

ually by selecting from a superimposed pre-equilibrated POPE bilayer lipid molecules

whose head groups did not clash with the surrounding protein. Where necessary,

lipid tail dihedrals were adjusted to remove steric clashes. 14 lipids were found in the

upper and 9 in the lower leaflet. The final simulation system comprises 3108 protein

residues, 457 POPE lipids, 49521 simple point charge water molecules (Berendsen

et al., 1981) 273 sodium ions and 230 chloride ions yielding a 150 mM NaCl solution

and total system charge of zero [Fig. 2.1 (a)]. Except for Asp407, Asp408, Lys940,

and Arg971, which were protonated according to (Seeger et al., 2008a), standard

protonation states were assumed for titratable residues.

Similar to (Caves et al., 1998; Kandt & Tieleman, 2010; Kandt et al., 2006) a

series of 6 × 50 ns independent and unrestrained MD simulations was performed;

each initiated using a different temperature seed number to generate the random

distribution of starting velocities. The production runs were preceded by a 30

ns membrane equilibration where all non-hydrogen protein atoms were position-

restrained applying a force constant of 1000 kJ/mol/nm2. In the simulations, all

bond lengths were constrained by LINCS so that an integration time step of 2 fs

could be chosen (Hess et al., 1997). Systems were simulated at a temperature of 310

K, maintained separately for protein, lipids and water + ions by a Berendsen ther-

mostat (Berendsen et al., 1984) with a time constant of τT = 0.1 ps. A Berendsen
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Figure 2.1. The full 2GIF AcrB trimer was simulated in POPE/water environment at a

150 mM NaCl concentration (a). To assess the degree of conformational sampling in our

simulations we calculated Cα root-mean square deviations of the entire AcrB monomers

(b) and the transmembrane domains (c) and performed for each monomer a principal

component analysis of the Cα atoms in the transmembrane domain (d).

barostat (Berendsen et al., 1984) was applied using semi-isotropic pressure coupling

with time constants of 4 ps and reference pressures of 1 bar for the contributions

in Z and XY directions. Electrostatic interactions were calculated using particle

mesh Ewald summation (Darden et al., 1993; Essmann et al., 1995) and twin range

cut-offs of 1.0 and 1.4 nm were applied for computing the van der Waals interactions.

2.3.2 Analysis

Conformational sampling

The amount of conformational sampling in the simulations was assessed on the

level of backbone and side chain dynamics. Next to standard Cα root-mean square

displacements RMSD [Fig. 2.1 (b,c)], each monomer’s path through conformational

space was determined and mapped down to three dimensions of the first three Eigen-

vectors in a principal component analysis of the TMD Cα atoms [Fig. 2.1 (d)]. To

this end all six simulations were concatenated and analyzed separately for each

monomer. As side chain conformation is to a large degree determined by the χ1/χ2

dihedrals around the Cα-Cβ and Cβ-Cγ bond, each monomer’s χ1/χ2 distribution

was calculated for all six simulations. To focus on residues interacting with TMD

water, the analysis was restricted to all side chains that in the monomer TMD av-

erage structure are located within a 2.0 Å distance cut-off of the monomer B water

densities run-averaged over the first third of simulation time (see below).
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Water dynamics in the transmembrane domains

Analogous to (Kandt et al., 2005, 2004; Kandt & Tieleman, 2010; Henchman &

McCammon, 2002) the TMD-internal water distribution was computed as mass-

weighted water densities using the VolMap tool in VMD 1.8.7 (Humphrey et al.,

1996). For each monomer the water densities were recorded at 1 Å3 resolution after

Cα-fitting the trajectories to the average TMD monomer conformation. Average

structures were determined using an iterative scheme of calculating the average con-

formation and re-aligning the trajectory to that average structure to compute a new

average structure. This procedure was repeated until the average structure stopped

changing. Four types of water densities were calculated: (1) To determine the overall

TMD water distribution, run-averaged water densities were computed over all six

simulations for the entire 50 ns simulation time. (2) To reflect the TMD hydration

during the simulation time selected for the hydrogen bond analysis (see below), run-

averaged water densities were calculated over the last 25 ns simulation time. (3)

To test whether each monomer’s TMD hydration pattern is constant or dynamic,

run-averaged water densities were calculated over thirds (0–17 ns, 17–35 ns, 35–50

ns) of the simulation time. (4) To monitor the opening state of each of the four

water channels in each monomer, water densities were computed over time windows

of 10 × 5 ns for each of the six simulations. In this analysis a channel was considered

open when it contained water for at least half of the 5 ns observation time which

was found corresponding to a water density of 0.2 H2O/Å3.

For the run-averaged water densities the resulting OpenDX voxels were averaged

into a single data set after conversion into PDB format via dxTuber (Raunest &

Kandt, 2011) encoding each voxel’s water density as formal B-factor. To reduce

computational cost, only a subset of the 49521 waters in the system was considered

in the VolMap analysis representing all water molecules at least transiently located

inside the TMDs. The water subset was defined based on an 8 Å distance cut-off

around a set of eleven residues distributed along the TMD Z-axis, that were found

to encompass all TMD-internal waters in each monomer in all trajectories [Fig. 2.1

(a)]. The residues included in this set are Glu414, Arg971, Asp407, Lys940, Leu937,

Phe982, Phe927, Phe988, Phe974, Val411, and Thr933. For visualization and anal-

ysis of the voxel-based water distributions, we focus on regions of high residence

probability [Fig. 2.2 (b)] characterized by voxels displaying a mean water density of

at least 0.03 H2O/Å3, which is the value for bulk water under standard conditions.

For the enveloping Connolly surfaces [Fig. 2.2 (c)] a probe radius of 1.4 Å was used.

To analyze the direction of water flow through the TMD, we monitored in all sim-

ulations the Z-coordinate of all waters at least transiently TMD-internal, counting

the water molecules entering or leaving the TMD on periplasmic or cytoplasmic side.

TMD-internal waters in this analysis were identified combining two water subsets
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comprising all waters found at least once within a 5 Å distance of (a) the center of

mass of Asp407, Asp408, and Lys940 or (b) the center of mass the conflux region

residues (Table 2.2).

Table 2.1. Initial set of TMD residues used in the first g hbond hydrogen bond analysis

LYS 342 ILE 438 VAL 482 TYR 926 LEU 944 ALA 999

THR 343 ILE 445 PHE 556 PHE 927 GLU 947 GLN 1000

GLU 346 ALA 446 PRO 565 GLN 928 PHE 948 ASN 1001

PHE 396 LEU 449 ALA 873 VAL 929 ARG 971 ALA 1002

LEU 400 VAL 452 TYR 877 GLY 930 THR 978 VAL 1003

LEU 404 PHE 453 ALA 912 LEU 931 ALA 981 GLY 1004

LEU 405 MET 456 ALA 915 LEU 932 PHE 982 THR 1005

ASP 407 PHE 459 ALA 916 THR 933 LEU 984 GLY 1006

ASP 408 THR 463 LEU 921 THR 934 PRO 988 VAL 1007

VAL 411 TYR 467 THR 922 ILE 935 LEU 989 MET 1008

ASN 415 PHE 470 ASN 923 LEU 937 VAL 990 GLY 1009

ARG 418 MET 478 ASP 924 LYS 940 SER 992 MET 1011

GLN 437 SER 481 VAL 925 ASN 941 GLY 998 -

Frequency of hydrogen bond contacts

Similar to (Kandt et al., 2005, 2004), the GROMACS tool g hbond was used to

identify residues forming hydrogen bonds to TMD-internal water molecules. De-

termining H-bonds based on a donor-acceptor distance (max 3.5 Å) and acceptor-

donor-hydrogen-angle cut-off (max. 30◦), g hbond produces time-resolved H-bond

occurrence maps for each water–residue pair that comes into H-bond contact at

least once throughout the simulations. For computational efficiency, not all possible

interaction partners among the 3108 protein residues and 49521 water molecules

were considered. Instead we focus on a selection of groups of interest in a two-step

g hbond analysis. As Asp407, Asp408, Lys940, Arg971, and Thr978 have already

been identified as relevant for AcrB proton transfer (Guan & Nakae, 2001; Murakami

& Yamaguchi, 2003; Seeger et al., 2009; Takatsuka & Nikaido, 2006), we regard these

as ’initial’ set of residues we use to begin our analysis. This set is complemented by

an additional group of residues (Table 2.1) we found lining the TMD-internal water

distributions in our simulations.

By a first H-bond analysis, where all waters but only the ’initial’ set residues were

considered, we determined a subset of ’essential’ water molecules that were at least

transiently interacting with the key residues. In a second H-bond analysis we mon-

itored the behavior of these waters against all protein residues in order to identify

further TMD residues forming H-bonds with the water subset. Analogous to (Kandt

et al., 2004) this eventually yields a complete list of AcrB residues that are, at least
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temporarily, in contact with essential water molecules. For each such residue in the

transmembrane domain of each monomer the average frequency of H-bond contacts

was computed as percentage of the last 25 ns simulation time and averaged over

all six trajectories. All molecular illustrations were created using VMD (Humphrey

et al., 1996) or PyMOL (DeLano, 2002).

Figure 2.2. TMD internal water molecules (blue sticks) were detected based on a 8 Å

cut-off around a set of 11 residues (yellow sticks) distributed along the TMD Z-axis (a).

For each monomer the average water distribution was computed as voxel-based, mass-

weighed mean water densities (b). Voxels exceeding a water density of 0.03 H2O/Å3

were visualized by enveloping Connolly surfaces using a probe sphere radius of 1.4 Å (c).

TMD water is organized in a key residue encompassing core region (CR) connected to

bulk water by one cytoplasmic (X) and up to three periplasmic water channels (E1-E3)

(c and d). In a conflux region (CF) the E1-3 channels merge into a single channel before

reaching the core region.

2.4 Results

2.4.1 Conformational sampling

To monitor protein stability and analyze the amount of conformational sampling

obtained in the simulations we (1) computed monomer and TMD Ca RMSDs after

least square fitting to the X-ray structure [Fig. 2.1 (b, c)]; (2) performed a principal

component analyses of the TMD Cα atoms [Fig. 2.1 (d)]; and (3) calculated for

each monomer in each run the distribution of χ1/χ2 dihedrals of all TMD residues

interacting with monomer B-internal water to assess the sampling of side chain con-

formations (Fig. 2.3).

After 50 ns, monomer RMSDs range from 2.2 to 3.4 Å [Fig. 2.1 (b)] and al-

though the conformational drift away from the crystal structure slows down during

the simulations, on monomer level no RMSD plateau is reached. On TMD level

the RMSD range extends from 1.7 to 2.8 Å except for two simulations where end

RMSDs of 2.9 and 3.2 Å are reached [Fig. 2.1 (c)] due to a shift of the cytoplasmic
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loop connecting transmembrane helix 6 and helix 1α2 in monomer A run, after 25

ns all TMD RMSD curves have reached a plateau. As indicated by the principal

component analyses [Fig. 2.1 (d)], all six simulations sample different regions of

conformational space. The RMSD between the respective mean structures ranges

from 2.1 to 2.5 Å . Although the χ1/χ2 dihedrals distribution is different for each

monomer, all six runs yield similar χ1/χ2 patterns within the same monomer (Fig.

2.3).

Figure 2.3. χ1/χ2 dihedrals distribution of TMD side chains interacting with TMD-

internal water in monomer A, B and C. Within each monomer similar side chain confor-

mations are sampled.
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Figure 2.4. Water distribution in the TMDs represented as run-averaged mean water

densities computed over the entire 50 ns (a) and time windows of 16.7 ns (b). (a) ad-

ditionally shows 15 experimentally tested residues and their influence on AcrB function.

Whereas the core region (yellow) is continuously hydrated in all monomers, connections

to bulk water are only present in monomers A and B. When time resolution is increased

and water densities are calculated over thirds of simulation time, it becomes evident that

in monomer A and B the TMD hydration pattern is dynamic (b). Except for opaque

isosurfaces in (a) indicating preferred hydration sites with water densities >0.2 H2O/Å3,

all other isosurfaces represent water densities exceeding 0.03 H2O/Å3. The protein con-

formations shown are monomer average structures with the root mean square fluctuations

represented as tube thickness in (a).

2.4.2 Water in the transmembrane domain

To determine the TMD-internal water distribution and dynamics, we computed for

each monomer water residence probabilities in form of mean water densities (Kandt

et al., 2005, 2004) using four different time windows of 50, 25, 16.7, and 5 ns. Except

for the latter the water densities were averaged over all six simulations.

Organization

As shown in Figure 2.2(c,d), TMD-internal water is organized into six sections: (1)

periplasmic bulk water, (2) up to three periplasmic channels E1-3 leading into the

TMD, (3) a conflux region (CF) where the entry channels merge into one, (4) one

centrally located core region (CR), and (5) a cytoplasmic channel X connecting to

(6) cytoplasmic bulk water. The core region includes the experimentally known pro-

ton transfer key residues Asp407, Asp408, Lys940, and Thr978 and is permanently

hydrated by a group of up to 12 water molecules. The residues lining water chan-

nels, conflux, and core region are summarized in Table 2.2. Figure 2.4(a) shows
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Table 2.2. Residues lining the six regions of the TMD water distributions.

Region Residue

E1 channel Phe556 Ser561 Tyr877 Val909 Asn923 Phe927 Gln928 Leu931

E2 channel Val912 Leu916 Leu921 Phe927 Gly930 Leu931 Ala1002 Thr1005

Gly1006

E3 channel Thr343 Glu346 Ala347 Leu350 Gly985 Val986 Ser988 Leu989

Conflux region Val399 Leu400 Ile402 Gly403 Leu404 Thr933 Leu937 Phe982

Leu989 Thr1005 Val1007 Met1011

Core region Ala371 Val375 Gly403 Leu404 Ile446 Met478 Ser481 Val484

Thr489 Leu881 Val884 Val901 Met902 Val905 Gly908 Val909

Thr934 Ile935 Leu937 Ser938 Ala939 Lys940 Asn941 Arg971

Thr978 Phe982 Met1011 Thr1015

X channel Val411 Leu442 Leu944 Arg971 Pro974 Phe948 Arg418 Ile975

the run-averaged water densities calculated over the entire 50 ns simulation time

(transparent isosurfaces) in context with 15 experimentally tested TMD residues

and their maximum impact on AcrB function (Guan & Nakae, 2001; Seeger et al.,

2009; Takatsuka & Nikaido, 2006).

Whereas in monomer B CF, CR and all four water channels are present, in

monomer A the only connection between CF/CR and bulk water is provided by E2.

In monomer C, only the CR water density is observed, split in two separate water

densities and isolated from bulk water. Preferred hydration sites - opaque isosurfaces

enveloping mean water densities exceeding 0.2 H2O/Å3 are found at the beginnings

of E1-3, in the conflux region, the core region, in the cytoplasmic bulk water, as well

as near the X channel in monomer B. The experimentally tested residues display a

correlation between a point mutation’s influence on AcrB function and a residue’s

location in respect to the water densities. Whereas high impact residues cluster in

the core region and the X channel, residues with lesser impact are located at the

periplasmic water channels or in areas without any contact to TMD-internal water.

Dynamics

To test if the TMD hydration pattern is constant or dynamic within each monomer,

we increased the time resolution computing run-averaged water densities over thirds

of simulation time. As shown in Figure 2.4(b), in monomer A and B the TMD

hydration pattern is dynamic. Whereas in monomer A [Fig. 2.4 (b), upper row]

E2 and E3 are present during the first (0–17 ns) and absent during second third

(17–34 ns) of the simulations, E2 reappears in the last third (34–50 ns). Connecting

the core region with the cytoplasmic bulk water and passing by the 5th known key

residue Arg971, the X channel is present during the first, but not in the last two

thirds of the trajectory. Except for E3 disappearing in the last third of the tra-

jectories in monomer B, X and E1-3 are observed throughout the entire simulation
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Table 2.3. Opening states of the cytoplasmic X and periplasmic (E1-3) TMD water

channels.

MD 1 MD 2 MD 3 MD 4 MD 5 MD 6

X E1 E2 E3 X E1 E2 E3 X E1 E2 E3 X E1 E2 E3 X E1 E2 E3 X E1 E2 E3

ChainA
0-5 ns O - - - O - - - - - - - - - - - - - - - - - O -

5-10 ns O - - - - - - - - - - O - - - - - - - - - - - -

10-15 ns O - - - - - - - - - - - - - - - - - O - - - - -

15-20 ns - - - - - - - - - - - - - - - - - - - - - - - -

20-25 ns - - - - - - O - - - - - - - - - - - - - - - - -

25-30 ns - - - - - - - - - - - - - - - - - - - - - - - -

30-35 ns - - - - - - O - - - - - - - - - - - - - - - - -

35-40 ns - - - - - - O - - - - - - - - - - - - - - - - -

40-45 ns - - - - - - O - - - - - - - - - - - - - - - - -

45-50 ns - - - - - - O - - - - - - - - - - - - - - - - -

Open (%) 30 0 0 0 10 0 50 0 0 0 0 10 0 0 0 0 0 0 10 0 0 0 10 0

ChainB
0-5 ns - - O - O O - - - - - - - - - - - - - - O - O O
5-10 ns - - O - - O - - - - - O - - - - O - - - O - - -

10-15 ns O - O - - - - - - - - O - - - - O - O - O - - -

15-20 ns - - O - - O - - - - - O - O - - - - - - O - - -

20-25 ns - - O - - O - - - - - O - O - - O - - - O - - -

25-30 ns - - O - - - - - O - - O - - - - - - - - O - - -

30-35 ns - - O - - O - - O - - O - - - - O - - - O - - -

35-40 ns - - O - - - - - O - - - - - - - O - - - O - - -

40-45 ns - - O - - O - - O - - - - - - - O - - - O - - -

45-50 ns - - O - - O - - - - - - - O - - O - - - O - - -

Open (%) 10 0 100 0 10 70 0 0 40 0 0 60 0 30 0 0 70 0 10 0 90 0 10 10

time connecting the core region with the periplasmic and cytoplasmic bulk phase

[Fig. 2.4 (b), middle row]. Monomer C [Fig. 2.4 (b), bottom row] shows the same

hydration pattern as in the 50 ns analysis.

To quantify the opening and closing behavior of the water channels, we increased

the time resolution to 5 ns, and computed for each monomer the water densities in

each of the six simulations (Figs. 2.5). A channel was considered open when contain-

ing water for at least half of the 5 ns observation time which we found corresponding

to mean water density of at least 0.2 H2O/3. As summarized in Table 2.3, each chan-

nel opens and closes randomly and except for a single event in monomer B where

E2 and E3 are simultaneously open for 10 % of the simulation time in monomer B

during run 6, only one periplasmic channel is open at the same time. On the basis

of their maximum opening times the water channels rank in an order of E2 (0–50 %)

> X (0–30 %) > E3 (0–10 %) in monomer A, and E2 (0–100 %) > X (0–90 %) > E1

(0–70 %) > E3 (0–60 %) in monomer B. In monomer C all water channels are closed.

To test if the transient bulk water connections provided by the E1-3 and X chan-

nels lead to a preferred direction of water flow, we monitored the Z coordinate of

all water molecules found at least once inside the conflux or core region (Fig. 2.8,

Table 2.4). As represented in Figure 2.8, we observe two types of H2O movements.

Water molecules either enter and leave the TMD on the same side (Fig. 2.8, orange

and green) or traverse the TMD from periplasm to cytoplasm (Fig. 2.8, red) or

vice versa (Fig. 2.8, blue). Whereas TMD crossings were only observed 7 and 8
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Figure 2.5. Opening state of the E1-3 & X water channels in the monomer A as monitored

by mean water densities recorded in time window of 5 ns. Isosurfaces represent water

densities exceeding 0.2 H2O/Å3. Open channels are highlighted in red.
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Figure 2.6. Opening state of the E1-3 & X water channels in the monomer B as monitored

by mean water densities recorded in time window of 5 ns. Isosurfaces represent water

densities exceeding 0.2 H2O/Å3. Open channels are highlighted in red.
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Figure 2.7. Opening state of the E1-3 & X water channels in the monomer C as monitored

by mean water densities recorded in time window of 5 ns. Isosurfaces represent water

densities exceeding 0.2 H2O/Å3. Open channels are highlighted in red.
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Figure 2.8. As represented by Z-coordinate trajectories of water molecules found inside

one monomer in a single MD run, two types of water movements occur in the TMDs

throughout the simulations. Water molecules either traverse the TMD (blue and red)

or enter and leave the TMD on the same side (orange and green). As indicated by the

results of the water flow analysis of each monomer and each MD run (Table 2.4), entering

and leaving on the same side is the predominant type of TMD water movement in our

simulations.

times, entering and leaving the TMD on the same side is the predominant type of

water motion in all simulations (Table 2.4). No preferred direction of water flow

is observed. Inside the channels, we observe TMD water either diffusing randomly

or transiently forming strings of hydrogen-bonded water molecules as illustrated by

representative monomer A and B simulation snapshots in Figure 2.9. Such water

wires do not span the entire distance between bulk water phases but occur between

distinctive way points providing temporary connections between: (I) periplasmic

bulk water and the conflux region via each of the E1-3 channels—though not si-

multaneously [Fig. 5 (a–c)]; (II) conflux and core region [Fig. 2.9 (d)]; and (III)

core region and cytoplasmic bulk water via the X channel [Fig. 2.9 (e)]. Whereas

these water wire configurations occur frequently throughout the simulations, a direct

connection between core region and periplasmic bulk water bypassing the conflux

region was observed only four times in monomer B [Fig. 2.9 (f)].

2.4.3 Residue water interaction

Identifying residues interacting with TMD-internal water, we computed each residue’s

average frequency of hydrogen bond contact to TMD-internal water in percentage

of the observation time 25 – 50 ns. We observe that for all monomers a total of

814 residues are at least once in hydrogen-bond contact with at least temporarily

TMD-internal water molecules (Fig. 2.11). As the known key residues Asp407,

Asp408, Lys940, Arg971 and Thr978 share a common denominator of water inter-
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Figure 2.9. TMD water transiently forms strings of hydrogen-bonded water molecules.

As illustrated by representative simulation snapshots from monomer B (a, c–f) and A (b),

these water wires provide temporary connections between periplasmic bulk water and the

conflux region CF via each of the three entry channels E1-3 (a–c), conflux and core region

(CR) (d) as well as between core region and cytoplasmic bulk water via the exit channel

X (e). Whereas the water structures in a-e occur frequently throughout the simulation, a

direct connection between core region and periplasmic bulk water bypassing the conflux

region was only observed four times in monomer B (f). Dotted lines indicate no hydrogen

bond contact between water clusters.

action in form of a H-bond frequency pattern of at least 50 % in one monomer, at

least 70 % in the second and at least 40 % in the third monomer [Fig. 2.11 (a-c)],

we used this pattern as a search template and filter, reducing the initial list to 12

internal and 39 surface residues (Table 2.5, Fig. 2.12). Grouped into classes of

low (40 – 60 %), medium (60 – 80 %) and high (80 – 100 %) H-bond contact fre-

quency, two residue categories become evident: (I) 17 homogenous H-bonders where

residues belong to the same activity class in all three monomers – including Asp407

– and (II) 34 heterogeneous H-bonders belonging to a different activity class in at

least two monomers. Including the other four known key residues, heterogeneous

H-bonders are characterized by changes in side chain conformation or change of in-

teraction partner over the monomers, i.e. H-bonding with water in one monomer vs.

H-bonding with another residue in another monomer. Ranging from 43 % contact

frequency in monomer C to 100 % in monomer B, heterogeneous H-bonder Asp408

shows the maximum variety in this behavior.

Whereas in monomer B and C the five key residues display a similar side chain

orientation as in the crystal structure, Lys940 undergoes a tilting motion in monomer

A shifting away by 6.6 Å (Nξ-Nξ distance) from its x-ray conformation (Fig. 2.10).
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Table 2.4. Number of Water Molecules Entering and Leaving the Trans-Membrane

Domains

Cytoplasm Periplasm Crossings

Entering Leaving Entering Leaving to to

MD Monomer from to from to cytoplasm periplasm

1 A 28 34 16 17 0 0

B 84 82 200 202 1 0

2 A 131 135 509 506 0 0

B 14 15 100 98 0 0

3 A 21 24 153 158 0 0

B 60 57 395 404 0 4

4 A 17 18 51 56 0 0

B 51 54 120 123 0 0

5 A 11 12 40 47 0 1

B 40 43 24 28 1 0

6 A 5 5 42 46 0 0

B 40 84 147 151 5 3

Figure 2.10. Key residue side chain con-

formations in monomer A. As illustrated

by the representative average conforma-

tion, in the simulations (yellow) , Lys940

undergoes a nearly 45◦ tilting motion

shifting away by 6.6 (Nζ-Nζ distance)

from its X-ray conformation (white).

2.4.4 Regulation of the TMD water access

To elucidate how TMD water access is regulated, we performed a two-step analysis

(Fig. 2.13). First we superimposed and compared the TMD average structures of

monomer B and C as they represent extremes of TMD hydration in our simulations

(Figs. 2.4, 2.5, 2.6, 2.7, Table 2.3). In a second step we inspected the regions on

the outer protein surface lining the mouths of the water channels and containing

residues of key residue-like H-bond frequencies (Table 2.5, Fig. 2.12).

We find that TMD water access is regulated in a combination of monomer-specific

shifts of transmembrane helices (Fig. 2.13, left column) and side-chain reorienta-

tions of four groups of residues (Fig. 2.13, middle and right column, Table 2.2). On
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Figure 2.11. Residues that are at least once interacting with TMD-internal water and

their frequency of hydrogen bond contact averaged over the last 25 ns of all trajectories.

Results are shown for monomer A (a, d left), B (b, d middle) and C (c, d right).

52



2.4. RESULTS

Table 2.5. Surface (O) and internal (I) TMD residues with key residue-like hydrogen

bonding behavior. Loss of function values taken from (Seeger et al., 2009; Takatsuka &

Nikaido, 2006) except for Glu346 adapted from (Guan & Nakae, 2001).

Residue A B C Pos. Loss of function (%)

Homogeneously H-bonding residues

GLU 339 79 99 89 O /1

GLU 346 100 97 99 O 50-75

ASP 407 100 100 99 I 100/98

GLU 414 95 99 96 I 0-88/50

ARG 418 93 98 96 O 0-88/10

GLU 422 89 86 94 O

GLN 437 90 100 100 O

SER 462 77 64 64 O

SER 561 94 98 94 O

THR 922 97 99 98 O

ASN 923 88 89 83 O

ASP 924 99 100 97 O

ASN 941 82 93 95 I 0-50/42

GLU 947 98 88 99 I

ASP 951 96 82 95 O

THR 993 96 89 99 O

ALA 995 82 88 84 O

SER 997 70 78 O

GLN 1000 82 91 99 I /10

Heterogeneously H-bonding residues

SER 336 65 86 94 O

LYS 342 56 53 77 O

THR 343 72 80 82 O /12

ASP 85 100 43 O 100/98

ASN 415 65 94 66 I

GLU 417 73 56 76 I 0-50/12

THR 463 94 89 61 O

TYR 467 96 94 65 O

GLU 521 58 44 81 O

LEU 559 48 64 70 O

SER 562 95 89 79 O

LEU 564 53 61 74 O

PRO 656 87 76 85 O

SER 869 76 93 72 O

TYR 877 69 80 63 I

ARG 919 68 93 80 O

GLY 920 59 60 75 O

TYR 926 86 67 75 O

GLN 928 98 92 67 O

LYS 940 70 76 56 I 100/98

GLU 956 58 84 71 O

ASP 966 59 84 68 O

ARG 969 57 67 87 O

MET 970 47 76 57 O

ARG 971 56 91 99 I 100/100

ARG 973 66 85 92 I /42

THR 978 54 95 69 I 75-97/92

SER 992 91 90 79 O

GLY 994 77 74 51 O

GLY 996 55 71 62 I

ASN 1001 84 89 65 O
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Figure 2.12. TMD residues displaying the same H-bonding behavior as the known key

residues Asp407, Asp408, Lys940, Arg971 & Thr987. Shown for each monomer, hydrogen

bond contact frequencies to water were averaged over the last 25 ns of all six trajectories.

When mean water densities (grey isosurfaces) are calculated over the same time, entry

channel E2 becomes the dominant diffusion pathway in monomer A & B, whereas X

disappears in monomer A.

periplasmic side the E1 channel is regulated by a 9 Å movement of the middle part of

helix 8 towards helices 10 and 9 [Fig. 2.13 (a), left column], which results in Tyr877

blocking the passage of water molecules [Fig. 2.13 (a) middle and left column]. In

the closed state the Tyr877 conformation is stabilized by hydrogen bond interaction

either with Asn923, Gln928, or Ser561, which along with Phe556, Phe927, Leu931,

and Val908 form the first group of gating residues [Fig. 2.13 (a)]. Closure of E2 is

caused by the upper periplasmic parts of helices 9 and 12 approaching each other

[Fig. 2.13 (b), left column]. At the same time E2 is sealed by the second group

of gating residues comprising Thr1005, Ala1002, Leu921, Phe927, Gly930, Gly1006,

and Leu931 [Fig. 2.13 (b), middle and right column]. E3 closure is due to a move-

ment of helix 11 towards helix 2 and 4 [Fig. 2.13 (c), left column] and the third

group of gating residues: Leu989, Ser988, Val986, The343, Gly985, Glu346, Ala347,

Leu350 [Fig. 2.13 (c), middle and right column].

On cytoplasmic side the X channel is closed by helix 5 shifting towards the TMD’s

geometrical center [Fig. 2.13 (d), left column]. When X is sealed, residues Leu442,

Val411, Ile975, Leu944, and Pro974 form a hydrophobic barrier blocking water

molecules and keeping Arg971 from adopting a core region-facing orientation [Fig.

2.13 (d), middle column]. In the open conformation [Fig. 2.13 (d), right column],

the exit passage is widened by 10 Å2 (approximated by differences in the triangular

area spanned by Leu442, Leu944, and Val411) and the side-chain of Arg971 orients

towards the now accessible polar residues in the core region followed by an influx

of water molecules. In contrast to monomer C where no exchange with bulk water

occurs, water channels open and close in monomers A and B. Here, water access is
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Figure 2.13. TMD water access is regulated by four groups of residues in a combination

of side chain re-orientations (middle and right column) preceded by monomer-specific

shifts of transmembrane helices (left column). The gating residues are located at the

beginnings of the periplasmic entry channels E1-3 (a–c) and the cytoplasmic exit channel

X (d). Whereas middle and right columns show the gating residues (orange) in open and

closed conformation, the left column highlights the involvement of helix shifts illustrated

by the super-imposed average conformations of monomer B (red) and C (cyan). Black

arrows mark helix shifts, gray lines indicate the outer entrances of the water channels.
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mainly regulated by side-chain re-orientations. Figure 2.15 additionally shows the

location of the gating residues in relation to the phospholipid head groups.

2.5 Discussion

In this study we have analyzed the water distribution in the AcrB transmembrane

domains, determined new key residue candidates, and identified possible pathways of

proton conduction. This was done analyzing TMDwater TMDwater dynamics and

residue interaction, obtained in a series of 6 × 50 ns independent MD simulations of

asymmetric and substrate-free AcrB15 embedded in a phospholipid/ 150 mM NaCl

environment simulating the protonation scenario proposed in (Seeger et al., 2008a).

We begin this section discussing the limitations of our approach and then proceed

to our findings and their possible biological implications.

2.5.1 Limitations of our approach

Because molecular topologies are usually constant during standard MD, the use of

classical molecular dynamics simulations to investigate intra-protein proton trans-

port might raise the question of an adequacy of method. Whereas the explicit

simulation of proton transfer is indeed not possible via standard MD, requiring full

or at least partial quantum mechanical treatment (Marx, 2006; Aaqvist & Warshel,

1993; Kamerlin & Warshel, 2010; Lill & Helms, 2001; Schmitt & Voth, 1998; Tuck-

erman et al., 1997; Warshel, 2003) the situation is different when the focus is on the

dynamics of water in the protein interior at a given protonation state.

Like water positions in an X-ray structure provide clues to possible routes of

proton transfer, molecular dynamics simulation can extend this information by pro-

viding a more complete representation of the overall protein hydration adding the

element of dynamics. Whereas crystal waters often represent only the subset of

firmly coordinated water molecules, solvation in an MD simulation is cavity analysis-

based yielding full hydration where sterically possible. Throughout an MD simu-

lation water molecules can dynamically probe the available space yielding a more

accurate representation of the protein-internal water distribution which include the

diffusion of misplaced water molecules out of energetically unfavored environments

(Kandt et al., 2007; Raunest & Kandt, 2011). Recent examples of this MD approach

to proton transfer include studies on bacteriorhodopsin (Kandt et al., 2005, 2004)

or the sodium/proton antiporter NhaA (Arkin et al., 2007).

Controlling side chain conformations and water distribution, protonation states

of key residues are crucial for proton transporting systems. For AcrB, monomer-
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specific protonation states have been proposed for Asp407, Asp408, Lys940, Arg971

based on their crystal structure conformations (Seeger et al., 2008a). Although it

would be desirable having the protonation states of proton transfer-relevant residues

further investigated experimentally, for example, by infrared spectroscopy, in this

study we explore protein and water dynamics based on the hypothesis that only

four residues change protonation state throughout the reaction cycle (Seeger et al.,

2008a) while standard protonation states apply for all other titratable residues. As

it is currently unknown if this list of protonation- changing residues is complete, our

study should be seen as a first simulation attempt to assess the dynamical conse-

quences arising from that particular protonation scenario reflecting the current state

of AcrB knowledge. As the motif of two deprotonated side chain carboxyl groups

immediately facing each other is a known characteristic of the proton release group

in another proton pump (Luecke et al., 1999; Spassov et al., 2001) we have scanned

for aspartates and glutamates in a similar orientation in AcrB. No such pairing was

found which might suggest a different mechanism of proton release.

As simulation time is naturally limited, the question always arises whether a sim-

ulation is long enough. The answer depends on the problem under investigation. In

this study, we address the question of the internal hydration of the proton-conducting

subunit of transport protein. Protein-internal water distribution is to a large degree

influenced by water diffusion and the protein structure – both on a level of tertiary

structure and side chain conformations of residues interacting with internal water

molecules. Whereas the tertiary structure of the entire AcrB subunits has expect-

edly (Grossfield & Zuckerman, 2009) not equilibrated after 50 ns [Fig. 2.1 (b)], the

TMD subunits reach RMSDs plateaus within 25 ns in 5 out of 6 runs [Fig. 2.1 (c)].

Although an RMSD plateau is a necessary but not sufficient condition for structure

convergence, principal component analysis can provide more detailed information

on conformational sampling (Grossfield & Zuckerman, 2009). Although during the

300 ns of total production run simulation time each of the six independent 50 ns

runs sampled different regions of conformational space [Fig. 2.1 (d)], the resulting

TMD average structures are not further apart than 2.5 . Beyond that the largest

root mean square fluctuation in the run-averaged monomer structures concentrate

on cytoplasmic loop regions [Fig. 2.4 (a)].

As indicated by the distribution of the χ1/χ2 dihedrals of residues interacting

with TMD-internal water (Fig. 2.3), whereas different side chain conformations

were sampled in each monomer, each run sampled similar side chain conformations

within the same monomer. Furthermore, given the self-diffusion speed of water un-

der the simulated conditions (Kisel’nik et al., 1974; Syrnikov, 1971) we consider it

reasonable to assume that 50 ns is long enough to at least permit water molecules to

sufficiently sample the AcrB TMD interior in near X-ray conformations (Figs. 2.2,

2.4, 2.5, 2.6, 2.7 and 2.12). The high degree of water exchange we observe during
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the simulations (Fig. 2.8, Table 2.4) also supports this assumption. Beyond that,

similar work on bacteriorhodopsin yielded insightful results on a simulation time

scale that was 10 times shorter (Kandt et al., 2005, 2004).

Two further simplifications of our simulations that should be kept in mind concern

the lipid environment of AcrB represented by a homogeneous POPE bilayer and the

neglect of any other interaction partners like AcrA, TolC, or YajC (Koronakis et al.,

2000; Mikolosko et al., 2006; Symmons et al., 2009; Tornroth-Horsefield et al., 2007).

Whereas the former is a common approximation in simulating bacterial membrane

proteins that is justified by an natural occurrence of 75–85 % POPE in the E.

coli membranes (Raetz, 1978), simulations assessing the influence of other AcrB

interaction partners and protonation states are currently under way in our lab.

2.5.2 Asymmetric water distribution

As reflected by the mean water densities, the distribution of TMD-internal water is

different in each monomer (Figs. 2.2, 2.4, 2.5, 2.6, 2.7, 2.11, 2.12]. While periplasmic

and cytoplasmic water phases are on average connected transiently in monomer A

and throughout the entire simulation time in monomer B, no such connection exists

in monomer C. Furthermore, with the exception of monomer C, TMD hydration is

also asymmetric within each monomer with up to three periplasmic water channels

E1-3 but only a single cytoplasmic channel X connecting core and conflux region

to bulk water. Given that monomer asymmetry is one of the key characteristics

of the AcrB trimer (Murakami et al., 2006; Seeger et al., 2006; Sennhauser et al.,

2007), it is not surprising to see asymmetry also on the level of TMD hydration. The

monomer-specific pattern of bulk water accessibility is also compatible with some of

the currently postulated functional mechanisms of AcrB proton transport (Seeger

et al., 2008a; Murakami, 2008; Pos, 2009), which we will discuss in detail below.

While the key residue-encompassing core region is continuously hydrated through-

out the three intermediates (Fig. 2.4, 2.5, 2.6, 2.7, 2.8, 2.12), it separates into at

least two water clusters in monomer C (Figs. 2.4, 2.7, and 2.12) due to a size reduc-

tion of the original cavity and the appearance of a secondary cavity not present in A

or B. With Lys940 deprotonated, Asp407 and Asp408 protonated and Arg971 facing

towards cytoplasmic bulk water, this could be a consequence of the absence of any

charged residues in monomer C’s core region (Fig. 2.14, Table 2.2). Furthermore the

separate water clusters could also suggest that a constant influx of water molecules

is necessary to stabilize a single coherent water cluster.
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Figure 2.14. Water accessibility and protonation states during the AcrB reaction cycle.

Two residue-bound excess protons in the A and B intermediates (a,b) and three in C (c)

suggest that proton uptake and release occur during the transition from B to C and C to

A, respectively. Our simulation data indicates that bulk phase-accessing water diffusion

pathways, along which protons could travel, are present only in A and B suggesting two

possible scenarios for proton uptake: either during a so far unknown intermediate between

B and C where periplasmic bulk water (PB) access is still given; or during the A or B

intermediate where the third excess proton is transiently stored in a water cluster of

the conflux (CF) or core region (CR) and does not become residue-bound until the c

intermediate is reached. For proton release a hydrated exit channel X is not required as

protonated Arg971 is already in contact with cytoplasmic bulk water (CB) in C. Dotted

lines indicate bulk water range, whereas dotted, thin and bold white arrows indicate water

diffusion pathways where run-averaged water densities were observed for 33%, 66%, or

100% of simulation time. Residue conformations are taken from representative simulation

average structures, which are simulation snap shots whose overall RMSD to the actual

average structure is minimal.

2.5.3 Three routes for proton transfer

Do the three periplasmic and the single cytoplasmic water channels represent likely

routes for proton transfer? The assumption seems reasonable given (a) how the water

channels provide connections between known key residues and bulk water (Figs. 2.4,

2.5, 2.6, 2.7, 2.12, Table 2.3), (b) the occurrence of proton wire-like water structures

(Nagle & Morowitz, 1978) in these connections (Fig. 2.9), and (c) the monomer- and

therefore intermediate specific patterns of water distribution and residue interaction

(Figs. 2.4, 2.5, 2.6, 2.7, 2.11, 2.12, Table 2.5). Against this backdrop our findings

partially confirm the model of two half channels of proton transport(Murakami,

2008) —however, our data suggests that the periplasmic half channel is branched

into three channels accessing bulk water. The putative presence of three different

ways connecting periplasm to the key residue encompassing core region might suggest

that a simultaneous blocking of all three routes is necessary to prevent AcrB proton

transport activity. Multiple proton entry routes would also explain the little or no

effect on AcrB activity observed in mutation studies of Thr343, Glu339, Gln1000,

and Thr993 (Takatsuka & Nikaido, 2006). Located all along the E3 channel mutation

of these residues leaves the other two entry channels intact [Fig. 2.4 (a)]. Conversely,
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in light of our findings, mutagenesis studies removing or adding bulky residues in

all three entry channels should show a greater effect on AcrB activity. Concerning

possible modes of proton conduction, our findings suggest two possible means of

transport: either diffusion of an individual hydronium ion or larger protonated water

cluster or more rapid proton transfer along proton wires transiently connecting bulk

water, conflux, and core region (Fig. 2.9).

2.5.4 Properties of known key residues

Five key residues of proton conduction have been determined in mutagenesis ex-

periments whose replacement with alanine leads to a loss in AcrB activity of 90 %

or more (Murakami et al., 2002; Guan & Nakae, 2001; Murakami & Yamaguchi,

2003; Seeger et al., 2009; Takatsuka & Nikaido, 2006). Our simulation data provide

some new insight into the molecular details characterizing a key residue. Except

for Arg971, key residues line or are embedded in the only stable water cluster in

the TMD core region (Figs. 2.2 (d), 2.4, 2.12) suggesting that permanent hydration

here is crucial. This could be further explored simulating alanine mutants of each

key residue to study its effect on the core region hydration. Such simulations are

currently underway in our lab. For Arg971 on the other hand, the current wild type

simulations already provide a possible explanation of its special role. Switching be-

tween orientations facing towards or away from the core region [Fig. 2.13 (d), 2.14]

Arg971 mediates water access and exchange between core region and cytoplasmic

bulk water depending on the gating residue conformation in this region [Fig. 2.13

(d)]. Additionally, its direct contact with the cytoplasmic bulk phase in monomer C

(Fig. 2.14) supports the hypothesis that Arg971 is a likely candidate for the proton

release group (Seeger et al., 2009). Although four key residues are in the core region,

only Asp407 is always in water hydrogen bond contact [Fig. 2.11 (a–c), Table 2.5.

The other key residues show a heterogeneous pattern of H-bond water interac-

tion that is different from monomer to monomer (Table 2.5). Whereas Asp408 and

Lys940 have the least water contact in monomer C, Arg971, and Thr978 have the

least water contact in monomer A where hydrogen bonds are predominantly formed

with Arg418 and Asp407, respectively. Apparently a continuously high water H-bond

contact frequency is not an exclusive characteristic of AcrB key residues. Whereas

in monomer B and C the key residues display a similar orientation and conformation

as in the crystal structure (Seeger et al., 2006), we observe deviating conformations

in monomer A. With Lys940 shifting away by 6.6 Å from its X-ray orientation (Fig.

2.10), this could be interpreted as either the molecular representation used in our

simulations is incomplete or the assumed protonated state of Asp408 in monomer

A is incorrect. The latter possibility is also supported by crystallographic studies

suggesting that Asp408 might be deprotonated in A (Seeger et al., 2009). In ad-

dition to the five key residues, ten other residues have been tested experimentally
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(Guan & Nakae, 2001; Seeger et al., 2009; Takatsuka & Nikaido, 2006) impacting

AcrB function in different ways. All tested residues show a correlation between a

point mutation’s influence on protein function and residue location in context of the

TMD water distribution [Fig. 2.4 (a)].

Whereas high impact residues cluster in the core region and the X channel,

residues with lesser impact are located at the periplasmic water channels or in areas

without any contact to with TMD-internal water. Next to providing supporting evi-

dence for the veracity of our predicted water distributions, this also suggests that (a)

high impact residues affect TMD hydration and (b) this effect is more pronounced

when point mutations are introduced into unique sections of the water distribution

for which— unlike the three periplasmic entry channels—no alternate water routes

exist. The little effect of the Thr933 mutant in the conflux region could be explained

by water molecules mainly coordinated by the protein backbone atoms whereas 88

% maximum loss of function of Glu414 replacement could imply a potential involve-

ment in proton release.

2.5.5 New candidates

Combining the information of TMD hydration (Figs. 2.4, 2.5, 2.6, 2.7, 2.9, and

2.12), water-interacting residues (Figs. 2.11, 2.12, Table 2.5) and conformational

changes between monomers (Fig. 2.13), we identified three groups of new putative

key residue candidates. (I) Lining the mean water densities, framework residues

provide the structural scaffold for TMD water organization into three periplasmic

channels, one conflux region, one core region and one cytoplasmic channel [Figs. 2.2

(c,d) and 2.4, Table 2.2]. (II) Located at the mouths of the E1-3 and X channels

(Fig. 2.13, Table 2.2), gating residues are essentially a subset of framework residues

that regulate TMD hydration through side chain re-orientations once a monomer

has been ”activated”. The activation involves monomer-specific shifts of α-helices

inducing a transition from a state without bulk water access as in monomer C, to

a state where the water channels open and close randomly as in monomers A and

B (Figs. 2.5, 2.6, 2.7, Table 2.3). If our findings are correct both framework and

gating residues could be tested using AcrB mutants that either cut off core region

water supply or disable water access regulation by introducing or removing bulky

residues in the gating regions or the conflux region. Shifts of transmembrane helices

could be detected by linear dichroism spectroscopy. (III) Detected by a homogenous

Asp407-like hydrogen bonding pattern (Table 2.5), we propose Glu339, Glu346, and

Asp924 on the periplasmic TMD surface to act as proton antennas based on three

observations: (1) negatively charged surface residues in H+-transporting proteins

are known to attract protons directing them towards the proton conduction channel

(Gutman et al., 2006). (2) Located at the mouths of E2 and E3, Glu339, Glu346, and

Asp924 are the only negatively charged residues on the periplasmic TMD surface.
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(3) Mutation of Glu339 was reported to have little effect on MexB activity unless

a positively charged residue was introduced leading to an activity loss of 50–75 %

(Guan & Nakae, 2001).

While channel-flanking proton antennas on the periplasmic surface seem a plau-

sible hypothesis that could be readily tested by a simultaneous replacement with

arginine or lysine, the question arises why two antennas should be flanking the E3

entrance when there is only one for E2 and apparently none for E1. One possible

explanation regards the location of the channel mouths in respect to the lipid head

groups. Whereas E1 and E2 are situated at head group level, the E3 mouth is

located 13 Å below the POPE head groups (Fig. 2.15). Unless the POPE topol-

ogy used in this study is completely incorrect, it is understandable that E3 requires

more negatively charged residues to attract waters and protons below the lipid head

groups. Located at head group level, one proton antenna would be sufficient for E2,

whereas E1 might share the Asp924 antenna with E2 given the close proximity of

both entrances (Fig. 2.14).

Figure 2.15. Location of the periplas-

mic channel entrances in regard to the

phospholipid bilayer. Whereas the E1 and

E2 channel are situated at head group

level, the E3 mouth is located 13 below

the lipid head groups. Spheres represent

phosphorous atoms in the POPE bilayer

whereas encircled residues indicate nega-

tively charged surface residues that might

serve as attractors for water molecules or

protons.

2.5.6 Implications for proton transfer

On the basis of crystallographic data, the current AcrB protonation scenario pro-

poses two residue-bound excess protons in the A and B intermediate and three in

C (Seeger et al., 2008a). Proton uptake has been postulated to occur either in B

(Pos, 2009), during the transition from B to C (Seeger et al., 2008a) or in C (Mu-

rakami, 2008). Proton release has been proposed taking place during the C (Seeger

et al., 2008a; Pos, 2009) or the A intermediate (Murakami, 2008). Additional proton

uptake and release events are anticipated but require further structural data to be

elucidated (Pos, 2009). Our simulation data indicate that bulk phase-accessing wa-

ter diffusion pathways, along which protons could travel, are present in the A and B

intermediates but not in C (Fig. 2.14). Ruling out a proton uptake from bulk water

in C, two possible scenarios seem plausible: (I) Similar to (Seeger et al., 2008a)

62



2.6. CONCLUSIONS

proton uptake could occur during a so far unknown intermediate between B and C

where periplasmic bulk water access is still given. (II) Entering the TMD already

during the A or B intermediate (Pos, 2009), the third excess proton is transiently

stored in a water cluster and does not become residue-bound until the C interme-

diate is reached. Likely locations for such a water cluster would be conflux or the

continuously hydrated core region.

If the second hypothesis is correct and the proposed protonated water cluster

is sufficiently long-lived, its continuum absorbance bands (Zundel, 1992) could be

detected by infrared spectroscopy. For proton release our simulations suggests that a

hydrated cytoplasmic channel X is not required because protonated Arg971 is already

in contact with cytoplasmic bulk water in monomer C, supporting a deprotonation

of the arginine either in C (Seeger et al., 2008a; Pos, 2009) or during the transition

to A. Whether the excess proton then immediately leaves the TMD or is transiently

bound to other TMD residues such as Glu414, Glu417, Arg418, Arg973 cannot be

deduced from the currently available data.

2.6 Conclusions

We have performed 6× 50 ns molecular dynamics simulation of membrane-embedded,

asymmetric AcrB to address the questions of transmembrane domain hydration,

possible routes of proton transfer and new key residue candidates. Simulating each

monomer in its proposed protonation state, we calculated for each transmembrane

domain the average water distribution, identified residues interacting with these wa-

ters and quantified each residue’s frequency of water hydrogen bond contact. We

find three possible routes of proton transfer characterized by an always hydrated and

key residue-encompassing core region present in all monomers that is continuously

connected to bulk water in monomer B and transiently in A by one cytoplasmic and

up to three periplasm water channels. We find that water access of the transmem-

brane domains is regulated by four groups of residues in a combination of side chain

re-orientations preceded by shifts of transmembrane helices. Our findings support a

proton release event via Arg971 during the C intermediate or in the transition to A,

and proton uptake occurring either in the A or B state or during a so far unknown

intermediate in between B and C where cytoplasmic water access is still possible.

Complementing and providing a better understanding of some of the known experi-

mental data, our simulations also suggest experimentally testable hypotheses, which

have not been investigated so far.
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CHAPTER 3. PORTER DOMAIN OPENING AND CLOSING
MOTIONS IN THE MULTI-DRUG EFFLUX TRANSPORTER ACRB*

3.1 Abstract

AcrB acts as the active transporter in the multi-drug efflux pump AcrAB-TolC in

Escherichia coli. Within the same reaction cycle intermediate all AcrB X-ray struc-

tures display highly similar conformations of the substrate-recruiting and transport-

ing porter domain. To assess if this structural homogeneity is an intrinsic feature

of AcrB or stems from other causes we performed a series of six independent, unbi-

ased 100 ns molecular dynamics simulations of membrane-embedded, asymmetric,

substrate-free wild type AcrB in a 150 mM NaCl solution. We find the porter do-

main more flexible than previously assumed displaying clear opening and closing

motions of the proximal binding pocket (L and T-state) and the exit of the drug

transport channels (O-intermediate). Concurrently the hydrophobic binding pocket

favors a closed conformation in all three protomers. Our findings suggest that the

conformational homogeneity seen in the crystal structures is likely an artifact caused

by bound but structurally unresolved substrate. Our simulations further imply that

each of the known three reaction cycle intermediates occurs in at least two variants,

the Thr676 loop independently regulates porter domain access and likely plays a key

role in substrate transport. On a 100 ns time scale we find no evidence supporting

the proposed LLL resting state in the absence of substrate. If the proximal binding

pocket dynamics have an inhibiting effect on AcrB pump activity lowering the life

time of substrate-accessible conformations, the observed dynamics could provide a

structural explanation for the AcrB activity-enhancing effect of the adaptor protein

AcrA stabilizing PC1 and PC2 subdomain orientations.

3.2 Introduction

Preventing drug access to the target molecule is one of the main ways by which bac-

teria achieve multi-drug resistance (Li & Nikaido, 2009; Nikaido, 2009). In Gram-

negative bacteria a prominent example for this mechanism of action is an over-

production of multidrug efflux pumps of the resistance nodulation division (RND)

protein super family such as AcrAB-TolC (Lautenbach et al., 2010) [Fig. 3.1 (a)].

Combining three different protein components, AcrAB-TolC comprises the outer

membrane efflux duct TolC (Paulsen et al., 1997), the inner membrane-anchored

adaptor protein AcrA (Dinh et al., 1994) and the inner membrane transporter Acri-

flavine resistance protein B (AcrB) acting as engine of the assembled pump (Ma

et al., 1993; Zgurskaya & Nikaido, 1999b,a). Converting the energy of proton gra-

dient over the inner membrane into a cyclic sequence of conformational changes

(Seeger et al., 2006, 2008a,b; Takatsuka & Nikaido, 2009), AcrB transports a broad

variety of substrates from periplasmic space out of the cell.
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Whereas proton conduction takes place in the AcrB transmembrane domain

(TMD), substrate recruitment and transport occur in the porter domain (PD) [Fig.

3.1 (b)] (Nikaido & Takatsuka, 2009) where the ”Phe617” / ”switch loop” divides

the transport channels into an outer “access” / “proximal binding pocket” and inner

“deep” / ”distal” / ”hydrophobic binding pocket” (HBP) (Seeger et al., 2006; Mu-

rakami et al., 2006; Nakashima et al., 2011; Eicher et al., 2012) from where substrates

are transported towards the central funnel formed by the AcrB docking domain (Fig.

1). Entrance (PDe) and exit (PDx) of the porter domain substrate transport chan-

nels have been found trapped in monomer-specific states of substrate accessibility

in recent AcrB crystal structures [Fig. 3.1 (c, d)] (Seeger et al., 2006; Murakami

et al., 2006; Sennhauser et al., 2007). Whereas in monomers A & B – proposed as

”Loose/access”and ”Tight/binding”intermediates in the AcrB reaction cycle (Seeger

et al., 2006; Murakami et al., 2006; Sennhauser et al., 2007) – the transport chan-

nels exhibit open PDe / proximal binding pocket but closed PDx conformations, in

monomer C – the ”Open/extrusion” reaction cycle intermediate – PDe is closed but

PDx is open. Other conformational states besides the known X-ray intermediates

in the AcrB reaction cycle are currently unknown. However, combined mutagenesis

and mass spectrometry experiments introducing engineered disulfide bonds reported

that while conformational transitions between L (monomer A) and T (monomer B)

protomers occur in vivo, there is never more than one monomer displaying the O

(monomer C) conformation (Seeger et al., 2008b).

At the time of writing a total of 33 different AcrB crystal structures have been

published. Of these 19 structures are in a three-fold symmetric form showing iden-

tical monomer conformations representing the L state (Murakami et al., 2002; Yu

et al., 2003a,b, 2005; Su et al., 2006; Drew et al., 2008; Tornroth-Horsefield et al.,

2007), whereas in 14 structures each monomer was trapped in a different confor-

mation representing the LTO reaction cycle intermediates (Seeger et al., 2006; Mu-

rakami et al., 2006; Nakashima et al., 2011; Eicher et al., 2012; Sennhauser et al.,

2007) [9,14–17]. Remarkably, when comparing the PD conformation of these struc-

tures using Cα root mean square displacement after least square fitting to the asym-

metric and ligand-free 2GIF AcrB X-ray structure (Seeger et al., 2006) – which we

used as starting structure for our molecular dynamics (MD) simulations - all struc-

tures are very similar, displaying Cα-RMSDs of less than 0.1 nm for each monomer

(Fig. 3.2). Whether this high conformational similarity represents an intrinsic fea-

ture of AcrB or originates from other causes is currently not known.

So far computational investigations of AcrB have focused on assessing conforma-

tional flexibility via normal mode analyses (Lu et al., 2006), coarse-grained molec-

ular dynamics (MD) studies of isolated protein sections (Yao et al., 2010), simulat-

ing conformational transitions using targeted MD techniques (Vargiu et al., 2011;
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Schulz et al., 2010, 2011), as well as predicting water distribution and dynamics in

the energy-converting transmembrane domain based on which three possible pro-

ton conduction pathways were derived (Fischer & Kandt, 2011). Here we report

molecular dynamics simulations of asymmetric AcrB addressing the question why

all available crystal structures show very similar, monomer-characteristic PD confor-

mations. To provide evidence whether this high level of conformational homogeneity

represents an intrinsic feature of the protein or could be related to AcrB crystal-

lization conditions, we simulated wild-type, substrate-free AcrB (Seeger et al., 2006)

in a close-to-native, phospholipid membrane / water environment at 150 mM NaCl

concentration to obtain samples of unrestrained wild type AcrB dynamics outside a

crystal environment in a series of six unbiased and independent MD runs each 100 ns

long. As in our previous work (Fischer & Kandt, 2011) standard protonation states

were assumed for titratable except for the known key residues of proton conductance

Asp407, Asp408, Lys940 and Arg971 which were protonated monomer-specifically

according to (Seeger et al., 2008a).

Using distance, cross-sectional area and radius of gyration analyses to monitor the

PDe, PDx and HBP opening state in each monomer, we find that the porter domain

is more flexible than previously assumed displaying clear opening and closing mo-

tions of the proximal binding pocket in the L and T state as well as in the exit region

of the drug transport channels in the O intermediate supporting the hypothesis of

Gln125 and Tyr758 acting as gating residues (Sennhauser et al., 2007). Concurrently

in all simulations the hydrophobic binding pocket collapses in the T monomer result-

ing in predominantly closed HBP conformations in all three protomers. Comparing

our protein conformations to AcrB X-ray structures our findings suggest that the

conformational homogeneity seen in the crystal structures is likely not an intrinsic

feature of the protein but an artifact caused by bound but structurally unresolved

buffer or detergent molecules. The observed PDe and PDx dynamics further imply

that each of the currently known three reaction cycle intermediates can occur in at

least two variants and that beyond independently regulating porter domain access

the Thr676 loop connecting the PC1 and PC2 subdomains could play a key role in

substrate transport pushing compounds towards the hydrophobic binding pocket.

On a 100 ns time scale we observe no conformational trends supporting the hypoth-

esis of a homogeneous LLL AcrB resting state in the absence of substrate (Su et al.,

2006). If the proximal binding pocket dynamics have an inhibiting effect on AcrB

pump activity by lowering the life time of substrate-accessible conformations, the ob-

served opening and closing motions in the isolated protein could provide a structural

explanation for the AcrB-enhancing effect of the adaptor protein AcrA (Zgurskaya

& Nikaido, 1999b) stabilizing substrate-accessible porter domain conformations.
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Figure 3.1. Simulation system and porter domain accessibility. Embedded in the inner cell

membrane (IM) AcrB acts as active transporter in the tripartite AcrAB-TolC multidrug

efflux pump transferring a broad range of substrates towards TolC via the central funnel

(CF) in AcrB docking domain (a). Here we report molecular dynamics simulation of

asymmetric 2GIF AcrB in a phospholipid membrane/water environment at a 150 mM

NaCl concentration (b). Monomer asymmetry is mainly based on different conformations

of the porter domain (PD). Monomer A and B exhibit a large periplasmic cleft between

PC1 and PC2 subdomain marking the main entrance PDe of the substrate transport

channel, which is closed in monomer C (b). Conversely, the exit of the transport channel

PDx is open only in monomer C. Resultant different accessibilities of the porter domain

are highlighted by monomerinternal tunnel-like cavities as detected by Caver 2.0 (Peťrek

et al., 2006) (c).
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Figure 3.2. Comparison of AcrB crystal structures. Superimposing the available 33 X-ray

structures using the porter domain (PD) α-carbons of the 2GIF X-ray as reference (blue)

it becomes evident, that all crystal structures display nearly identical PD conformations

in the same reaction cycle intermediate with Cα root-mean square displacements below

0.1 nm. Green and red arrows mark open and closed PDe and PDx conformations.

3.3 Materials and Methods

3.3.1 Molecular dynamics simulations

6 × 100 ns independent and unbiased molecular dynamics simulations were car-

ried out using GROMACS 4.0.3 (Berendsen et al., 1995; Hess et al., 2008) and

the GROMOS96 53a6 force field (Oostenbrink et al., 2004). As detailed in (Fis-

cher & Kandt, 2011) the asymmetric AcrB crystal structure 2GIF (Seeger et al.,

2006) was inserted in a pre-equilibrated 14 × 14 nm, 457 lipid palmitoyloleoyl-

phosphatidylethanol-amine (POPE) bilayer (Pan et al., 2009) and subsequently sol-

vated in a 150 mM NaCl solution of 273 sodium ions, 230 chloride ions and 49521

simple point charge water molecules (Berendsen et al., 1981)[Fig. 3.1 (a)]. Except for

Asp407, Asp408, Lys940 and Arg971, which were protonated monomer-specifically

according to (Seeger et al., 2008a), standard protonation states were selected for

titratable residues. After an initial period of 30 ns membrane equilibration – with

all non-hydrogen protein atoms position-restrained applying a force constant of 1000

kJ / (mol nm2) – production runs were initiated using different random seed num-

bers to generate the distributions of starting velocities. A temperature of 310 K

was maintained separately for protein, lipids and water + ions by a Berendsen

thermostat (Berendsen et al., 1984) with a time constant of τT = 0.1 ps. Semi-
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isotropic pressure coupling was employed using a Berendsen barostat (Berendsen

et al., 1984) with time constants of 4 ps and reference pressures of 1 bar in Z and

XY direction. Electrostatic interactions were calculated using particle mesh Ewald

summation (Darden et al., 1993; Essmann et al., 1995), and twin range cut-offs of

1.0 and 1.4 nm were applied for computing the van der Waals interactions. In all

simulations bond lengths were constrained by LINCS (Hess et al., 1997) to permit

an integration time step of 2 fs.

3.3.2 Analysis

Crystal structure comparison

All 33 currently available AcrB crystal structures were compared computing the

porter domain Cα root-mean square deviations (RMSD) after least square fitting

to the porter domain of the asymmetric and ligand-free 2GIF AcrB X-ray structure

(Seeger et al., 2006). Structural alignment and RMSD calculation were carried out

in PyMOL 1.5 using the α-carbons of residues 36-130, 137-178, 276-326, 567-666,

678-722 and 813-860. As symmetric AcrB crystal structures (Murakami et al., 2002;

Yu et al., 2003a,b, 2005; Su et al., 2006; Drew et al., 2008; Tornroth-Horsefield et al.,

2007) represent the monomer A (loose / binding) conformation 2GIF monomer A

was used as fitting reference for the symmetric AcrB structures, whereas the asym-

metric AcrB X-ray structures (Seeger et al., 2006; Murakami et al., 2006; Nakashima

et al., 2011; Eicher et al., 2012; Sennhauser et al., 2007) were superimposed on 2GIF

using the corresponding monomer pairings.

Protein stability, conformational sampling and average structure

To assess protein stability we computed Cα RMSDs separately for each AcrB monomer

and its transmembrane, porter (PD) and docking domains (DD) after respective least

square fitting to the starting structure [Fig. 3.2 (a)]. Relative conformational differ-

ences between monomers A and B to C throughout the simulations were quantified

via PD-DD Cα-RMSDs using the respective monomer C conformation in each sim-

ulation frame as fitting reference [Fig. 3.2 (b)]. To assess the overall amount of

conformational sampling throughout the simulations, a principal component anal-

ysis was performed on the PD-DD α-carbons using the GROMACS tools g covar

and g anaeig projecting for each run AcrB’s pathway through conformational space

onto the first three Eigenvectors [Fig. 3.3 (b)]. The simulation average structure

was determined based on the last 60 ns of each trajectory using an iterative scheme

of calculating the average conformation and re-aligning the trajectory to that av-

erage structure to compute a new average structure until the average conformation

stopped changing.
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Porter domain accessibility

Accessibility of the AcrB porter domain was monitored focusing on the entry and exit

regions of the transport channels. Using the GROMACS tool g mindist motions of

the PC1 and PC2 subdomains are determined based on their Cα-Cα contacts within

1 nm cut-off range. To estimate the kind of movement, for each run and monomer the

minimum distance data was subsequently processed into three classes of less, iden-

tical (±1) or more inter-domain contacts as the 2GIF crystal structure (exhibiting

5 contacts in monomer A, 8 in B and 45 in C). Furthermore the overall distribution

of Cα-contacts was computed over all six simulations and compared to the 2GIF

crystal structure. In addition to that the intermediate-specific conformation of the

Thr676 loop connecting the PC1 and PC2 subdomains were monitored using g dist

to calculate for each monomer the Thr676 – Phe563 Cα-distance distribution over

all six simulations.

The opening state of the channel exits was monitored calculating the center of

mass (COM) distance between the proposed gating residues Gln124 and Tyr758

(Sennhauser et al., 2007) using the GROMACS tool g dist. Resulting distance data

were subsequently grouped into three classes exhibiting smaller, identical (±0.1 nm)

or larger Cα-distances as in the 2GIF X-ray structure (0.56 nm in monomer A,

0.48 nm in B and 1.14 nm in C). Additionally, the overall distribution of Gln124

– Tyr758 Cα-distances was computed over all six simulations and compared to the

2GIF X-ray structure. In addition to that and similar to (Raunest & Kandt, 2012;

Schulz & Kleinekathöfer, 2009), the PDx opening state was monitored calculating

the triangular cross-sectional area (TCA) spanned by the COMs of Gln124, Tyr758

and Pro50. Subsequently the area data was grouped into three classes displaying

smaller, identical (±0.05 nm2) or larger TCA as the 2GIF X-ray structure (0.24 nm2

TCA in monomer A, 0.2 nm2 TCA in B and 0.49 nm2 TCA in C). Finally the overall

TCA distribution was computed over all six simulations and compared to the 2GIF

crystal structure.

Opening state of the hydrophobic binding pocket

In the crystal structures the hydrophobic binding pocket (HBP) displays an open

conformation in monomer B but is closed in monomers A and C (Seeger et al.,

2006; Murakami et al., 2006; Nakashima et al., 2011; Eicher et al., 2012; Sennhauser

et al., 2007). To monitor the opening state of the hydrophobic binding pocket

throughout the simulations we computed the radius of gyration of the HBP residues

Phe178, Phe610, Val139, Phe136, Tyr327, Phe628, Phe617, Iso626, Phe615, Val612

and Iso277. Employing the GROMACS tool g gyrate the calculation was performed
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Figure 3.3. Protein stability and conformational sampling. To assess protein stabil-

ity in our simulations we calculated Cα root-mean square deviations of the entire AcrB

monomers, transmembrane domains (TMD), porter domains (PD) and docking domains

(DD) after respective least square fitting to the crystal structure (a). To estimate the

amount of conformational sampling achieved in the simulations we determined in a prin-

cipal component analysis of the porter and docking domain α-carbons each monomer’s

path through conformational space and projected it down to three dimensions spanned

by the first three Eigenvectors (b).

for each monomer using the HBP α-carbons to focus on large scale conformational

changes only eliminating the influence of side chain fluctuations for a better signal

to noise ratio.

Potential convergence of monomer conformations

To assess whether absence of substrate leads to converging monomer conformations

during the simulations we computed relative Cα RMSDs for all possible monomer

combinations A vs. B, A vs. C and B vs. C and computed the Cα distance dis-

tribution between Ser562 and Thr837 in all monomers. Relative conformational

differences between the monomers were quantified via PD-DD Cα-RMSDs using the

respective monomer C and A conformation in each simulation frame as fitting ref-

erence. To assess whether the relative orientation of TMD-Ser562 and PD-Thr837

would permit the formation of a disulfide bond when mutated to Cysteine which

has been found indicative for the monomer C conformation (Seeger et al., 2008b),

we computed the distribution of Ser562 – Thr837 Cα distances over all simulations.

Based on the average upper Cα distance limit of protein disulfide bonds reported in

[43], disulfide bond formation was regarded possible at distances ≤ 0.638 nm.
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3.4 Results

3.4.1 Protein stability and conformational sampling

In any molecular dynamics simulation the protein will undergo conformational changes

increasing the conformational distance to its starting structure which is commonly

monitored using α-carbon root mean square displacements (RMSD). When multi-

ple MD simulations are performed the protein ideally explores different regions of

conformational hyperspace around the X-ray structure in each independent run. To

assess protein stability, we calculated for each AcrB monomer Cα RMSDs of the

entire subunit as well as its transmembrane, porter and docking domain after re-

spective least square fitting to the X-ray starting structure [Fig. 3.3 (a)]. After 100

ns subunit-RMSDs range from 0.25 nm in monomer C to 0.35 nm in monomers A &

B [Fig. 3.3 (a), Protomers]. Except for monomer C in two simulations all monomer

RMSDs level after 20 ns; however all RMSD curves keep increasing throughout the

simulation time. On TMD level the initial rapid RMSD increase is over after 3 –

10 ns; the RMSDs range from 0.17 nm (monomer C) to 0.34 nm (monomer A); and

all runs have reached plateau levels after 70 ns [Fig. 3.3 (a), TMD]. Leveling after

20 ns the PD-RMSDs range from 0.2 nm (monomer C) to 0.34 nm (monomer C)

reaching plateaus after 45 ns in 5 monomer B and 3 monomer A simulations as well

as after 35 ns in 4 monomer C runs [Fig. 3.3 (a), PD]. Except for one monomer B

simulation, exhibiting an end RMSD of 0.39 nm due to conformational change of the

DN-top loop [Fig. 3.1 (d), magenta], all other simulations display a RMSD range

between 0.22 – 0.32 nm after an initial rapid RMSD increase during the first 30 ns

[Fig. 3.3 (a), DD].

To assess the overall amount of protein conformational sampling achieved during

our simulations we carried out a principal component analysis of the PD and DD

α-carbons. A common way to visualize the protein’s path through high-dimensional

conformational hyperspace is projecting it down onto the first three Eigenvectors

describing the largest extend of conformational space sampled. As shown in Fig. 3.3

(b), where each dot represents a single protein conformation, AcrB samples differ-

ent regions of conformational space in each of the six simulations indicating a high

sampling quality obtained in the simulations.

3.4.2 Porter domain accessibility

Porter domain accessibility was analyzed focusing on the entrance PDe and exit

regions PDx of the substrate transport channels [Fig. 3.1 (c, d)] calculating inter-

subdomain minimum distance contacts, distances and triangular cross-sectional ar-

eas of selected residues.
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Figure 3.4. Transport channel entrance PDe. To monitor the opening state of the porter

domain transport channel entrances PDe we calculated the number of PC1 – PC2 subdo-

main Cα-contacts within 1 nm. Computed for each monomer in each simulation (MD1-6),

the number of Cα-contacts per frame was compared to the 2GIF crystal structure and

classified into three groups of more, similar or less contacts than in the X-ray structure

(a). Based on the overall distribution of PC1-PC2 contacts (b) extreme conformations

were identified and compared to the PDe conformations seen in the X-ray structure (c).
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Table 3.1. Porter domain transport channel opening states in percentage of total simu-

lation time.

Periplasmic cleft entrance Exit

Monomer More open Like 2GIF More closed More open Like 2GIF More closed

A 55 14 31 27 71 2

B 38 23 39 43 57 0

C 59 7 34 81 3 16

Substrate channel entrance PDe

To analyze the opening state of the entrance region of the PDs substrate trans-

port channels we monitored the amount of PC1 – PC2 subdomain Cα-Cα contacts

within 1 nm. The initial time-resolved data were subsequently processed computing

(a) percentaged per-run occurrences of conformations displaying more, similar or less

contacts as the 2GIF crystal structure [Fig. 3.4 (a)]; (b) the overall distributions of

sub-domain contacts calculated over all six simulations [Fig. 3.4 (b), Table 3.1] as

well as (c) simulation snapshots of extreme conformations for each monomer based

on the overall contact distribution [Fig. 3.4 (c)]. We find that channel entrances

are dynamic, exhibiting in each monomer amounts of PC1-PC2 contacts that are

predominantly higher or lower than in the 2GIF crystal structure. Extreme confor-

mations derived from the overall distributions [Fig. 3.4 (c)] imply that the range of

inter-subdomain contacts (0-45 in A, 0-24 in B and 7-80 in C) includes opening and

closing motions of PC1 and PC2 leading to PDe conformations both accessible and

inaccessible for substrate in monomers A and B but not in C.

Although displaying a wide range of inter-subdomain contacts [Fig. 3.4 (b)], the

PDe in monomer C remains inaccessible for substrate in all simulations [Fig. 3.4

(c)]. To identify the structural basis for this behavior we analyzed the conforma-

tion of the Thr676 loop connecting the PC1 and PC2 subdomains. Whereas in the

crystal structure the loop is in conformation displaying membrane-facing Thr676

orientation in monomers A and B permitting substrate passage, in monomer C the

loop adopts a different conformation where Thr676 has moved 1 nm towards the

switch loop in monomer C, blocking substrate access [Fig. 3.5 (a)]. Monitoring the

loop orientation through the distance distributions of TMD-Phe563 and PD-Thr676

α-carbons [Fig. 3.5 (b)], we find that in all monomers a loop conformation close to

the crystal structure is predominant permitting PD access in monomer A and B but

not in C, with maxima in the Phe563 – Thr676 Cα-distance distribution occurring

either nearby or below the distance seen in the crystal structure.
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Figure 3.5. Thr676 loop. Connecting the PC1 and PC2 subdomains, the Thr676 loop

adopts monomer-specific conformations in the AcrB crystal structures (a). Displaying a

membrane-facing Thr676 orientation in the L (monomer A, white) and T state (monomer

B, red) permitting substrate passage, the loop conformation in the O state (monomer

C, blue) is characterized by a 1 nm position shift of Thre676 towards the Phe617 or

switch loop inhibiting substrate access to the porter domain. As monitored through the

Thr676 – Phe563 Cα distance distribution, the Thr676 loop predominantly adopts similar

conformations through the MD simulations (b).

Substrate channel exit PDx

In the exit regions of the substrate transportation channels, opening states in each

monomer were monitored via the COM distances of the proposed gating residues

Gln124 and Tyr758 (Sennhauser et al., 2007) [Fig. 3.6 (a)]. Calculating percentage

per-run occurrences [Fig. 3.6 (b)] and overall COM distance distributions over all

simulations [Fig. 3.6 (c), Table 3.1), we find that crystal structure-like or larger

distances are predominant, displaying sharp, single peaks at 0.6 nm (monomer A)

and 0.55 nm (monomer B) in the overall distribution. Monomer C shows a different

behavior exhibiting two distance peaks at 0.75 and 1.8 nm corresponding to opening

and closing motions of the channel exit not occurring in A and B as illustrated by

representative A and B conformations [Fig. 3.6 (d, e)] as well as extreme monomer

C conformations based on the overall distance distributions [Fig. 3.6 (f, g)].

To exclude possible artifacts arising from describing the opening state of a channel

by a single distance only, we performed an additional analysis of the PDx opening

state computing the triangular cross-sectional area (TCA) spanned by the centers

of mass of Gln124, Tyr758 and Pro50 [Fig. 3.9 (a)]. While Gln124 and Tyr758 have

been proposed as gating residues (Sennhauser et al., 2007), we selected Pro50 due to

its location near the channel exit and monomer-specific position shifts in the 2GIF

AcrB crystal structure (Seeger et al., 2006). As evident from the (a) overall TCA

distribution calculated over all simulations [Fig. 3.9 (b)], and (b) the percentaged

per-run occurrence of monomer conformations exhibiting similar, lower or higher

TCA than the 2GIF crystal structure [Fig. 3.9 (c)], the TCA analysis yields the

same results as the gating residue distance analysis. Whereas the proposed exit of
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Figure 3.6. Transport channel exit PDx. As illustrated by a cut-away view of monomer C,

PDx faces the interior of the AcrB trimer and is flanked by the docking domain (DD) the

PN1 subdomain and the PN1 subdomain of the adjacent protomer (PN1*) which is A in

this case (a). Gln124 in the PN1 and Tyr758 in the by the N-terminal part of the docking

domain (DD, white) have been proposed as gating residues. Monitoring the Gln124

– Tyr758 center of mass distances we computed for each simulation the percentaged

occurrence of conformation displaying smaller, similar or larger distances as in the 2GIF

X-ray structure (b). Based on the overall distribution of Gln124 – Tyr758 distances (c)

representative average (d, de) and extreme conformations (f, g) were selected. While

closed in monomer A (d) and B (e), PDx opens and closes in monomer C (f, g).

the PD substrate transportation channel remains closed in monomers A and B, it

opens and closes in monomer C.

3.4.3 Opening state of the hydrophobic binding pocket

Once AcrB substrates have passed the ”Phe617” or ”switch loop” (Nakashima et al.,

2011; Eicher et al., 2012) they reach the ”deep” or ”hydrophobic binding pocket”

[9,14–17]. Whereas in the available crystal structures the hydrophobic binding

pocket is in an open conformation in monomer B, it is closed in monomers A and

C [9,14–17]. To monitor the HBP opening state we computed for all monomers

in all simulations the radius of gyration of the α-carbons of all HBP residues and

compared it to the 2GIF crystal structure (Fig. 3.7). Whereas in monomers A and

C the HBP radius of gyration fluctuates around the 0.74 and 0.75 nm value of the

crystal structure, in monomer B the radius of gyration drops from the initial 0.84

nm in the X-ray structure down to a range from 0.72 – 0.77 nm [Fig. 3.7 (a)]. As

illustrated by HBP snapshots before [Fig. 3.7 (b)] and after 100 ns simulation time

the HBP collapses in monomer B [Fig. 3.7 (c)].
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Figure 3.7. Hydrophobic binding pocket. To monitor the opening state of the hydropho-

bic binding pocket (HBP) during our simulation we calculated the radius of gyration of

the HBP residues’ α-carbons (a). While fluctuating around the crystal structure values

in monomers A and C, the monomer B HBP radius of gyration decreases in simulations.

As illustrated by snapshots of the monomer B HBP (b) and after 100 ns MD simulation

(c), the binding pocket collapses.

3.4.4 Potential convergence of monomer conformations

To assess whether monomers become more similar to each other in the absence

of substrate during the simulations we compared their conformations at each time

frame of the trajectories. Monitoring the relative conformational PD-DD differences

between monomers A and B compared to C as well as B compared to A, we calcu-

lated Cα RMSDs after least square fitting each simulation frame to the respective

monomer C and A conformation [Fig. 3.8 (a)]. In all cases the relative Cα RMSDs

increase, exceeding in all runs the initial inter-monomeric conformational distances

in the X-ray structure [Fig. 3.8 (a), horizontal lines] within the first 10 ns. Neither

monomer A or B adopt a conformation more similar to C nor does monomer A

become structurally similar to B throughout the simulations.

In 2008 Seeger and co-workers published a study using engineered disulfide bonds

to analyze domain motions during the AcrB reaction cycle (Seeger et al., 2008b).

Among the numerous cysteine mutants investigated, the Ser562Cys and Thr837Cys

double mutant was reported to act as an indicator for the ”open/extrusion”monomer

C conformation, which was found the only conformation permitting the formation

of a Cys562 – Cys837 disulfide bond. To provide further evidence that the observed
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PDe closure in monomers A and B does not indicate a conformational transition

towards the C state, we computed the distribution of Ser562 – Thr837 Cα-distances

over all six simulations [Fig. 3.8 (b)]. With distance peaks at 1.1 (monomer A),

1.3 (monomer B) and 0.6 nm (monomer C), only in monomer C Cα-distances below

0.638nm occur which has been reported as the upper Cα-distance limit permitting

the formation of a disulfide bond (Schmidt et al., 2006).

Figure 3.8. Potential convergence of monomer conformations. As evident from relative

Cα RMSDs comparing the conformational distances between the monomers throughout

the simulations, the monomers do adopt similar conformations in the absence of transport

substrate (a). In an earlier study (Seeger et al., 2008b) the distance between TMD-Ser562

and PD-Thr837 has been identified as indicative for the monomer C state, permitting only

here the formation of a disulfide bond when mutated to cysteine. As seen by the Ser562

– Thr837 Cα distance distribution only in monomer C distances below 0.638 nm occur

which has been reported as upper limit for the formation of disulfide bonds (Schmidt

et al., 2006).

3.4.5 Crystal vs. simulation average structure

Throughout our simulations AcrB adopts conformations which have not been re-

ported in the published crystal structures [9,14–18] To provide possible evidence

explaining this discrepancy we computed the simulation average structure over all

simulations and compared it to the 2GIF crystal structure calculating Cα-RMSD

and Cα-displacements after respective least square fitting [Fig. 3.10 (a)].

With an overall Cα-RMSD of 0.21 nm X-ray and simulation average structure

are very similar. The largest displacements occur in the cytoplasmic loop connecting

transmembrane helix (TM) 6 and helix Iα2 in monomers A, B and C, the C-terminus

in monomer B, PC1 in monomers B, C, the cytoplasmic end of TM 4 in monomers

B and A, the N-terminal half of the docking domain (DN) in monomers B, C, the

C-terminal half of the docking domain (DC) in monomers B, C and A as well as

in the middle of N-terminal PD subdomain PN1 in monomer B. To assess whether

these differences stem from residue-residue interactions stabilizing the AcrB confor-

mation in the X-ray crystal, we computed all residues involved in 0.4 nm crystal
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contacts in the 2GIF X-ray structure and compared these with residues in the sim-

ulation average structure exhibiting Cα-displacements of 0.4 nm or more [Fig. 3.10

(b)]. Residues involved in crystal contacts are shown in van der Waals represen-

tation whereas residues displaying maximum Cα-displacement appear as red sticks

when not involved in crystal contacts or in red van der Waals representation when

coinciding with crystal contacts. The majority of residues displaying maximum

conformational deviation from the X-ray structure does not coincide with residues

involved in 2GIF crystal contacts.

3.5 Discussion

Addressing the question whether the high level of monomer-characteristic similarity

seen in the PD conformation of all AcrB crystal structures (Fig. 3.2) represents an

intrinsic feature of the protein or could be stem from other causes, we performed a

series of 6 × 100 ns independent, unbiased molecular dynamics simulations of asym-

metric AcrB in an explicit phospholipid membrane / water environment at 150 mM

NaCl concentration. Monitoring the opening state of the entrance PDe and exit re-

gions PDx of the PD substrate transport channels, we find changes in the number of

interdomain contacts (Fig. 3.4), the distance (Fig. 3.6) and triangular cross-sectional

areas (Fig. 3.9) of proposed PDx gating residues suggesting that PDe opens and

closes in monomers A and B but remains closed in C, whereas PDx remains closed

in A and B but opens and closes in C. While one might argue that changes of these

parameters do not necessarily indicate opening and closing motions, the extreme

conformations based on the obtained data imply that at least under the simulated

conditions PDe and PDx are more flexible than previously assumed based on the

available AcrB crystal structures. We begin this section discussing the limitations

of our approach, and then proceed to our findings and their biological implications.

3.5.1 Limitations of our approach

With any molecular dynamics simulation the question always arises whether simula-

tion time was long enough in respect to the problem under investigation. Sampling

different regions of conformational space in each run, in six independent 100 ns MD

simulations the AcrB structure did not converge [Fig. 3.3 (b)] which was to be

expected given the findings reported in (Grossfield & Zuckerman, 2009) where 1.6

microseconds of atomistic MD simulation of membrane-embedded rhodopsin were

not long enough for the protein to converge. Nevertheless we still consider the

amount of conformational sampling achieved adequate given that (a) the aim of our
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Figure 3.9. Exit of the porter domain substrate transport channel PDx. The PDx

opening state was additionally monitored computing the triangular cross-sectional area

(TCA) spanned by the centers of mass of proposed gating residues Gln124 and Tyr758

(Sennhauser et al., 2007) together with Pro50 located adjacent to the PDx (a). Similar to

the Gln124 - Tyr758 distance analysis shown in figure 3.6, the overall TCA distributions

(b) and percentaged occurrences of AcrB conformations displaying TCA values lower,

similar or higher than the 2GIF crystal structure (c) indicate that the PDx opens and

closes in monomer C but remains closed in monomers A and B.

study was to explore AcrB ground state dynamics near the crystal structure; (b)

throughout the simulations the protein already visited unreported conformations

(Figs. 3.4, 3.6, 3.7, and 3.9) which might provide potential inside into AcrB efflux

pump mechanism as discussed below; and (c) our simulations represent the most

extensive sampling of unbiased AcrB dynamics reported so far (Fischer & Kandt,

2011).

Another limitation that should be kept in mind regards the representation of

the protein’s micro-environment using a homogeneous POPE bilayer neglecting any

other AcrB interaction partners such as AcrA, TolC or YajC (Koronakis et al., 2000;

Mikolosko et al., 2006; Symmons et al., 2009; Tornroth-Horsefield et al., 2007).

Whereas the former approximation is common in simulating bacterial membrane

proteins and justified by a natural occurrence of 75-85 % POPE in the E. coli mem-

branes (Raetz, 1978), simulations assessing the influence of other AcrB interaction

partners are currently under way in our lab.
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Figure 3.10. Simulation average and X-ray structure. As indicated the by Cα displace-

ments calculated for each monomer, simulation average and crystal structure are very

similar displaying an average Cα displacement of 0.21 nm (left). When comparing the

residues displaying maximum Cα displacements (>0.4nm, red sticks and spheres) with

residues involved in 0.4 nm crystal contacts in the 2GIF X-ray structure (spheres), it

becomes evident that there is hardly any overlap between these two groups of residues

(right). This finding suggests that conformational confinement through crystal is most

likely not responsible for the conformational changes we observe in our simulations.

3.5.2 Simulation and experiment

Throughout our simulations wild type AcrB adopts PD conformations which have

not been reported in the published crystal structures (Seeger et al., 2006; Sennhauser

et al., 2007; Murakami et al., 2002) including including closed PDe conformations

in monomers A and B (Fig. 3.4), closed PDx conformations in C (Figs. 3.6 and

3.9) as well as a collapsed hydrophobic binding pocket in monomer B (Fig. 3.7).

A possible explanation why these conformations have not been detected yet could

be that the AcrB crystal contains open and close PD conformations only in a low

ratio leading on average to the states observed in the X-ray structures so far. Small

conformational differences between simulation average and the 100 K 2GIF crys-

tal structure on both single monomer Cα-RMSD (0.21 nm) and Cα-displacement

level [Fig. 3.10 (a)] this explanation seems plausible. However, the lack of overlap

between residues displaying maximum Cα-displacements in the simulation average

structure [Fig. 3.10 (b), red residues] and residues involved in 0.4 nm crystal contacts

in the 2GIF X-ray structure [Fig. 3.10 (b), residues in van der Waals representa-

tion] speaks against crystal packing playing a major role in confining porter domain

conformations. On the other hand, as protein is always crystallized in presence of

detergent and most detergents are AcrB substrates, it is also possible that bound

but structurally unresolved substrate molecules might induce a more defined confor-

mational state. As in our computer experiments AcrB is simulated outside a crystal

environment in absence of any substrate or detergent, the observed PDe and PDx

dynamics (Fig. 3.4, 3.6, and 3.9) as well as the collapse of the hydrophobic binding

pocket in monomer B (Fig. 3.7) could be interpreted in favor of this hypothesis.
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A key characteristic of monomer C is a closed PDe conformation in the avail-

able AcrB crystal structures (Fig. 3.2). Whereas the observed PDe closure in

monomers A and B (Fig. 3.4) could indicate a conformational transition towards the

C monomer, three observations speak against that hypothesis. For one, as indicated

by relative Cα-RMSD analysis comparing the monomer conformations throughout

each of the six trajectories [Fig. 3.8 (a)], monomers A and B increase their con-

formational distance to monomer C in all simulations. Second, as reported in a

previous combined mutagenesis / mass spectrometry study (Seeger et al., 2008b),

the Ser562Cys / Thr837Cys double mutant can be used as a tool to identify protomer

conformations, permitting the formation of a Cys562 – Cys837 disulfide bond only

in a monomer C. When calculating the distribution of Ser562 – Thr837 Cα distances

in our wild type AcrB simulations [Fig. 3.8 (b)], we find that only in monomer C

Cα distances below 0.638 nm occur which has been determined as the upper Cα

distance limit permitting the formation of disulfide bonds in a previous analysis of

high resolution protein X-ray structures (Schmidt et al., 2006). This result puts our

simulations in agreement with the experimental finding reported in (Seeger et al.,

2008b) that under in vivo conditions only one AcrB protomer is in a conformation

similar to monomer C. Third, next to the PDe opening state another conformational

difference between the monomers in the AcrB crystal structures is the conformation

of the Thr676 loop connecting the PC1 and PC2 subdomains, displaying a TMD-

facing Thr676 orientation in monomers A and B but a switch loop-facing Thr676

orientation in monomer C where the threonine shifted by approximately 1 nm away

from its position in A and B [Fig. 3.5 (a)]. If monomers A and B underwent tran-

sitions towards a conformation similar to monomer C, this would have to include a

conformational change of the Thr676 loop. Using the Thr676 – Phe563 Cα distance

to monitor the loop conformation, we find, like in the X-ray structures, the loop

favoring conformations with a TMD-facing Thr676 orientation in monomers A and

B and a switch loop-facing Thr676 orientation in monomer C. [Fig. 3.5 (b)].

If our simulations are correct our findings suggest that the high degree of monomer-

specific conformational homogeneity seen in all AcrB crystal structures (Fig. 3.2)

is not an intrinsic feature of the protein but and an effect of the crystallization

environment as discussed above. Testing this hypothesis experimentally could be

done using for example double spin lable electron spin resonance or fluorescence

spectroscopy techniques to monitor the opening state of the PDe, whereas cross

linking experiments could be employed to investigate PDx gating residue dynamics

and intermediate-dependent position changes of Thr676.
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3.5.3 Biological implications

Monomer conformations in the reaction cycle

Based on the available crystal structures, AcrB can adopt three different monomer

conformations representing the reaction cycle intermediates Loose / access (monomer

A), Tight / binding (monomer B) and Open / extrusion (monomer C). Furthermore,

two different trimeric AcrB structures are currently known, the asymmetric LTO

conformation (Seeger et al., 2006; Murakami et al., 2006; Sennhauser et al., 2007)

and the symmetric LLL conformation (Eicher et al., 2012; Murakami et al., 2002). If

our simulations of membrane-embedded AcrB outside a crystal environment in the

absence of any transport substrate are correct our findings suggest that each state

occurs in at least two variants: L and T with open or closed PDe (Fig. 3.4) and O

with open or closed PDx conformations (Fig. 3.6, 3.9). Although one might argue

that some conformational PD flexibility is to be expected for the known monomer

conformations, the scale of the observed PC1 and PC2 motions in the PDe region

within the same intermediate clearly exceeds the conformational variation so far seen

in any of the available 33 AcrB X-ray structures (Fig. 3.2). Against this background

a further investigation of the questions whether the AcrB reaction cycle comprises

more than three distinct monomer conformations or whether the intermediate defi-

nition currently employed might require revision seems reasonable.

Whereas the LTO state is interpreted as the lowest energy form of the AcrB

trimer in the presence of substrate (Eicher et al., 2012; Su et al., 2006; Yao et al.,

2010; Pos, 2009), the LLL state is regarded as representing a resting state in the

absence of substrate (Su et al., 2006). If LLL is a substrate-free resting state the

question arises why apparently ligand-free AcrB structures like 2GIF (Seeger et al.,

2006) show the trimer in LTO form. A possible answer could be bound but struc-

turally unresolved substrate molecules as discussed in 4.2. If the hypothesis of AcrB

adopting LLL conformations in the absence of substrate is correct one would assume

that LTO AcrB would undergo conformational changes towards an LLL state once

all substrate has been removed. During our simulations no such trend is observed.

Although representing the longest sample of unbiased, membrane-embedded AcrB

dynamics currently available (Vargiu et al., 2011; Schulz et al., 2010, 2011; Fis-

cher & Kandt, 2011) one could argue that 100 ns is rather short and the necessary

transitions towards uniform monomer conformations occur on longer time scales.

However, the observation that in all our simulations the conformational distances

between the three monomers increases [Fig. 3.8 (a)] could be interpreted as piece of

evidence speaking against an LLL resting state.
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Substrate binding and transport

So far substrate binding to AcrB has been observed for the L and the T state, involv-

ing an outer, ”proximal” or ”access” binding pocket which is equivalent to the PDe

in our simulations and an inner, ”distal”, ”deep” or ”hydrophobic binding pocket”

(HBP) separated by a ”switch” or ”Phe617” loop (Nakashima et al., 2011; Eicher

et al., 2012). Based on the observed binding behavior of differently sized substrate

molecules to the L and T monomers (Nakashima et al., 2011; Eicher et al., 2012),

it has been concluded that substrate binding is a size-dependent process. Whereas

small substrates either accumulate in the outer proximal binding pocket or reach the

inner hydrophobic binding pocket by self-diffusion, larger substrates require protein

conformational transitions as part of the AcrB reaction cycle in order to reach the

inner, hydrophobic binding pocket (Nakashima et al., 2011; Eicher et al., 2012).

Once there, all substrates require reaction cycle-induced conformational changes to

be expelled into the central funnel formed by the AcrB docking domain leading to-

wards TolC (Pos, 2009).

In general agreement with the proposed transport mechanism our simulations of

membrane-embedded, substrate-free AcrB add three new aspects to this scenario.

First, in the absence of substrate the inner hydrophobic binding pocket collapses in

T while remaining predominantly closed in L and O (Fig. 3.7). Beyond providing

another piece of evidence speaking for the presence of unresolved, LTO-stabilizing

compounds in the 2GIF crystal structure, the question arises how easily the hy-

drophobic binding pocket reopens when substrate arrives. Can small substrates

indeed merely self-diffuse into the HBP as suggested in (Nakashima et al., 2011) or

do they too require reaction cycle-induced changes of the PD conformation to be

actively pushed into the closed HBP. Computational experiments addressing this

question simulating the binding of small and large substrate species are currently

underway in our lab. Second, adopting conformations permitting PD access in L

and T but blocking it O in the AcrB crystal structures (Murakami et al., 2006;

Seeger et al., 2006; Sennhauser et al., 2007; Nakashima et al., 2011; Eicher et al.,

2012), the Thr676 loops seems to be involved in regulating PD access together with

the relative orientation of the PC1 and PC2 subdomains [Fig. 3.5 (a)]. Whereas

the crystal structures suggest that the Thr676 loop conformation is coupled to the

motion of the PC1 and PC2 subdomains, our analysis of the Thr676 – Phe563 Cα

distances indicate an independency of both structural elements whith the Thr676

loop favoring conformations close to its L / T or O opening state as seen in the X-ray

structure regardless whether the subdomains are open or closed [Figs. 3.5 (b), 3.4

(b) and (c)]. Apparently requiring the energy of a T to O transition in the AcrB

reaction cycle to change conformation, the Thr676 loop could also play an active

role in pushing substrates towards the deep hydrophobic binding pocket based on

our simulation findings. Confining Thr676 loop conformations in cross-linking stud-
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ies combined with AcrB activity measurements could provide a possible means to

test this hypothesis experimentally. Third, the Gln124 / Tyr758 dynamics observed

in our simulations leading to opening and closure of the PDx towards the central

funnel of the docking domain (Figs. 3.6, 3.9) support the proposed gating function

of these residues (Sennhauser et al., 2007).

Possible influence of the porter domain dynamics on pump activity

If our simulations are correct, three possible effects on pump activity are conceivable

for a toxin exporter whose substrate-accessible intermediates switch between con-

formations permitting and blocking substrate binding. (1) PDe opening and closing

enhances AcrB pump activity for example by generating a directed water flow which

could play a role in the proposed peristaltic pump mechanism (Seeger et al., 2006;

Murakami et al., 2006; Seeger et al., 2008a; Takatsuka & Nikaido, 2009; Sennhauser

et al., 2007; Murakami et al., 2002; Takatsuka & Nikaido, 2007) assisting in attract-

ing substrates or pushing them towards the inner distal binding pocket. Simulating

the AcrB conformational cycle using targeted MD techniques (Schlitter et al., 1994)

such a water flow has been reported in [30]. Alternatively the observed PDe dynam-

ics could also provide the structural basis for a cleaning mechanism of the transport

channel entrance expulsing molecules that AcrB cannot be transported as proposed

in (Yao et al., 2010; Pos, 2009). (2) PDe opening and closing has no effect on the

AcrB pump activity and the substrate-accessible porter domain occurs in a dynamic

equilibrium of open and closed PDe similar to the second functional model of Venus

flytrap mechanism in periplasmic binding proteins (Oh et al., 1993; Kandt et al.,

2006). (3) PDe opening and closing hinders pump activity by lowering the life time

of substrate-accessible open PDe states.

A possible way to test these hypotheses experimentally could be through PC1

– PC2 distance measurements via fluorescence or double spin label electron spin

resonance spectroscopy performed on isolated AcrB as well as in presence of AcrA

and Mg2+ which are known to enhance AcrB pump activity (Zgurskaya & Nikaido,

1999b). Next to the principal check whether PDe opening and closing occurs out-

side in silico conditions as discussed in 4.2., similar distance distributions would

speak in favor of the neutral effect on pump activity, whereas broader distance dis-

tributions in the AcrB-AcrA-Mg2+ scenario would support a positive influence on

AcrB activity. Conversely, a smaller distance distribution under AcrB-AcrA-Mg2+

conditions would imply a negative effect of PDe opening and closing. If that was

the case this observation could be interpreted as a stabilizing effect AcrA enacts

on the PDe conformations which could in turn provide a structural explanation for

the activity-enhancing effect of adaptor protein. While on the other hand a PDe

dynamics-enhancing effect of AcrA is principally also conceivable, this option ap-
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pears less likely given the close contact between inner membrane transporter and

adaptor protein observed recently in the crystal structure of the homologue heavy

metal efflux pump CusA in complex with its adaptor protein CusB (Su et al., 2011)

but is also seen between AcrA and PC1 AcrB subdomain in the currently best avail-

able docking model of the assembled AcrAB-TolC complex based on biochemical

cross linking data (Symmons et al., 2009). Either way it will be exciting to see the

question and relevance of porter domain dynamics in AcrB and other RND inner

membrane transporters investigated further both experimentally and computation-

ally in presence and absence of other efflux pump components. Simulations assessing

the influence of both TolC and AcrA are currently underway in our lab.

3.6 Conclusions

Addressing the question why all AcrB crystal structures display nearly identical

porter domain conformations in the same reaction cycle intermediate we performed

a series of six independent, unbiased 100 ns molecular dynamics simulations of

membrane-embedded asymmetric AcrB in the absence of any substrate. The con-

formational dynamics we observed indicate that the porter domain is more flexible

than previously assumed displaying clear opening and closing motions of the prox-

imal binding pocket and the exit regions of the drug transport channels while the

distal hydrophobic pocket favors a closed conformation in all three protomers. If

our simulations are correct our findings suggest that the conformational homogene-

ity seen in the crystal structures is likely not an intrinsic feature of AcrB but an

artifact caused by bound but structurally unresolved buffer or detergent molecules.

Furthermore our findings imply that each of the currently known three reaction

cycle intermediates occurs in at least two variants and that beyond independently

regulating porter domain access the Thr676 loop could play a key role in substrate

transport pushing compounds towards the hydrophobic binding pocket. On a 100

ns time scale we find no conformational trends indicating the proposed transition

towards homogeneous, resting state-like protomer conformations in the absence of

substrate. If the proximal binding pocket dynamics have an inhibiting effect on

AcrB pump activity by lowering the life time of substrate-accessible conformations,

the observed opening and closing motions in the isolated protein could provide a

structural explanation for the AcrB-enhancing effect of the adaptor protein AcrA

stabilizing PC1 and PC2 subdomain orientations.
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4.1 Abstract

Playing a key role in antibiotic resistances, the AcrAB-TolC complex of Escherichia

coli is one of the best studied multidrug efflux systems. Actively transporting a

wide range of structurally and chemically unrelated compounds including bile salts,

dyes, detergents, and various antibiotics, the inner membrane component AcrB is of

high clinical relevance. Crystallographic data reveal the homotrimer in two different

conformations: symmetric AAA and asymmetric ABC conformation representing al-

ternating intermediate states in AcrB’s reaction cycle. In asymmetric structures the

most significant structural differences between the intermediate states occur in the

substrate binding and transporting porter domain. Interestingly, within the same

reaction cycle intermediate the available X-ray structures reveal highly similar con-

formations. In Fischer & Kandt (2012) we investigated the dynamics of single AcrB

in absence of substrates using molecular dynamics simulations with the finding that

the porter domain is more flexible than assumed. We proposed that the structural

homogeneity displayed by the crystal structures is caused by bound but unresolved

buffer or detergent molecules. To elucidate the progress of substrate binding and its

effects on AcrB, in this study we simulated AcrB in presence of hexane molecules,

one of its simplest substrates, in a POPE/water environment and at a 150 mMol

NaCl concentration. In a series of 8 × 50 ns independent and unbiased MD simula-

tions we observe ten binding events of hexane to three drug binding sites on AcrB:

the TM-groove, the proximal/access binding pocket and distal/hydrophobic binding

pocket. In order to increase the sampling size, simulations with binding events were

subsequently extended to 100 ns simulation time. Hexanes entered the porter do-

main via the periplasmic domain entrance (PDe) or via tunnel 2 from the TM-groove.

The open conformation of the hydrophobic binding pocket characteristic for the B

state was stabilized or restored, supporting our assumption that bound substrates

cause the high structural similarity in the available X-ray structures. Moreover, the

importance of tunnel 2 for substrate-recruitment from the membrane bilayer could

be reinforced.

4.2 Introduction

With the introduction of antibiotics in the 1940s enabling the successful treatment

of heretofore lethal diseases like tuberculosis or pulmonary inflammation, bacterial

infections critical to human health were widely believed to be defeated. However, the

constant selective pressure originating from a widespread use of antibiotics resulted

in a continuous emergence of drug-resistant pathogens (Alekshun & Levy, 2007).

When a host displays immunity to multiple pathogens against which it has never
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been previously exposed, it possesses multidrug resistance (MDR)(Tenover, 2006),

in which efflux pumps of the resistance-nodulation-division (RND) superfamily play

a major role. The Acriflavine Resistance Protein B (AcrB) of Escherichia coli, a

proton/drug antiporter driven by the proton gradient of the inner membrane, con-

stitutes the best studied member of the RND family. Next to dyes, detergents, bile

salts, and some solvents, AcrB extrudes practically all kinds of antibiotics except for

aminoglycosides (Nikaido & Takatsuka, 2009). To overcome the periplasmic space

and the outer membrane, the transporter functions in complex with the tube-shaped

outer membrane factor (OMF) TolC (Paulsen et al., 1997) and the membrane fusion

protein (MFP) AcrA (Dinh et al., 1994), which stabilizes und possibly activates the

tripartite assembly (Zgurskaya & Nikaido, 1999b; Aires & Nikaido, 2005).

AcrB consists of three identical monomers each divided into a proton-transferring

transmembrane domain (TMD), substrate-recruiting and transporting porter do-

main, and a TolC docking domain [Fig. 4.1 (a), (b)]. Currently, two conformations of

AcrB are known: The symmetric AAA (Murakami et al., 2002; Tornroth-Horsefield

et al., 2007; Yu et al., 2003a; Drew et al., 2008) and the asymmetric ABC conforma-

tion where each of the three monomers displays a different intermediate state in the

reaction cycle (Murakami et al., 2006; Seeger et al., 2006; Sennhauser et al., 2007;

Nakashima et al., 2011; Eicher et al., 2012). Analogous to the functional rotation

of the α/β-subunits of the F1F0 ATPase, these states are postulated to represent

consecutive and interdependent steps of the transport cycle often described as peri-

staltic pump mechanism and with intermediates designated as A) loose or access,

B) tight or binding and C) open or extrusion (Murakami et al., 2006; Seeger et al.,

2006; Pos, 2009).

Drug-AcrB co-crystals revealed four potential substrate binding sites on AcrB

[Fig. 4.1, (c)]: 1) the central cavity (CC), 2) the TM8/TM9-groove (from here on

referred to as TM-groove), 3) the proximal/access binding pocket (ABP) between

the PC subdomains, and 4) the distal/deep/hydrophobic binding pocket (HBP) (Yu

et al., 2003b, 2005; Sennhauser et al., 2007; Drew et al., 2008; Tornroth-Horsefield

et al., 2007; Murakami et al., 2006; Nakashima et al., 2011; Eicher et al., 2012).

The lipid-filled central cavity is formed by the three transmembrane domains of

the monomers. It is open to the cytoplasm and connected to the periplasm via

vestibules between two adjacent monomers just above the membrane plane. The

ABP is located between the β-sheets of the PC subdomains (PD entrance = PDe).

It constitutes a direct access for drugs from periplasm (Husain & Nikaido, 2010),

whereas compounds in the membrane bilayer are proposed to enter the PD via the

TM-groove located on the peripheral surface of the TMD (Murakami et al., 2002;

Sennhauser et al., 2007). The phenylalanine-rich HBP is located in the PC1-PN2

interface of the PD (Seeger et al., 2006) and is separated from the ABP by the

switch-loop (Nakashima et al., 2011; Eicher et al., 2012). The binding sites are con-
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Figure 4.1. Overall AcrB structure, proposed drug pathways and the AcrB/hexane simu-

lation system. (a) AcrB consists of three identical monomers A, B and C, subdivided into

a transmembrane domain (TMD), porter domain (PD) and docking domain (DD). The

TM domains encompass a large lipid-filled cylindrical shaped cavity (central cavity) con-

nected to the periplasm via three vestibules just above the membrane plane between two

monomers. After substrate recruitment from the membrane bilayer via the TM-groove

or from the periplasm via the periplasmic entry region (PDe), the drugs are translocated

to the central funnel from where they enter TolC. (b) The porter domain is composed of

the subdomains PN1, PN2, PC1 and PC2. The PDe is located between and regulated by

the PC subdomains. The docking domain is composed of the DC and DN subdomains

and stabilizes the trimeric structure of AcrB with an extended loop of the DN subdomain

protruding into the adjacent monomer. (c) For AcrB four potential drug binding sites

are known: 1) Central cavity (CC), 2) TM-groove, 3) access binding pocket (ABP), and

4) hydrophobic binding pocket (HBP). The binding sites are connected by intermediate-

specific intra-molecular tunnels within the PD. (d) AcrB and hexanes were simulated in

a phospholipid/water environment at a 150 mMol NaCl concentration.
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nected by intermediate-specific intra-molecular tunnels [Fig. 1.8 (c), 4.1 (c)] (Seeger

et al., 2008a; Sennhauser et al., 2007; Takatsuka et al., 2010). Via tunnel 2 and

tunnel 3 TMD binding sites TM-groove and CC are connected to the ABP and

HBP, respectively. Tunnel 1 constitutes the connection between ABP and HBP. All

tunnels merge in the HBP which is connected to the proposed exit gate (Gln124,

Gln125 and Tyr758)(Sennhauser et al., 2007) in the C state via tunnel 4. Residue

substitutions with cysteines lining the proposed translocation tunnels and subse-

quent Bodipy-FL-maleimide labeling supported substrate transport via tunnels 1

and 4 but not of tunnels 2 and 3 (Husain & Nikaido, 2010). However, the study

did not include many residues lining tunnel 2 and 3 and the authors emphasize that

negative results do not disprove the functional importance of the tested residues.

Thus, the alternative pathways remain to be examined.

Although an open and thus drug accessible PDe is characteristic for both inter-

mediate states A and B, asymmetric AcrB/substrate co-crystals show a monomer

specific drug binding. In A, densities of high molecular mass drugs rifampicin and

erythromycin or two doxorubicins in a stacked sandwich arrangement were solved

only in the ABP (Eicher et al., 2012; Nakashima et al., 2011). In B, however, binding

exclusively occurs to the HBP and by single low molecular mass drugs doxorubicin

and minocyclin. Until now it remains elusive if substrates directly bind to both

monomers or if binding to ABP and HBP occurs in consecutive steps during transi-

tion from A to B.

To address the question of AcrB interaction with one of its simplest substrates we

carried out a series of 8 × 50 ns independent, unbiased molecular dynamics simula-

tions in a phospholipid/water environment in presence of 25 hexane molecules. We

observe hexane binding events to the three proposed drug binding sites TM-groove,

ABP, and HBP. No binding occurred to residues of the central cavity. Whereas in A

the observed hexane bindings occurred exclusively to the ABP, in B hexanes readily

enter and stay in the HBP for the remaining simulation time. This supports the

occurrence of asymmetric AcrB in vivo. Additionally, the functional importance of

tunnel 2 in substrate transport could be reinforced by a hexane entering the PD

from the inner membrane in one simulation. Simulations with hexane binding to

the HBP support our assumption in Fischer & Kandt (2012) that bound substrates

are necessary for stabilization of its open state in B. However, probably due to its

small size the presence of hexane in the ABP did not affect the dynamics of the PDe

in monomers A and B. Five simulations with binding events to one or more drug

binding sites were extended to 100 ns simulation time to increase the sampling size.

4.3 Materials and Methods
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4.3.1 Simulation details

We performed molecular dynamics simulations using the GROMACS 4.0.3 package

(Berendsen et al., 1995; Hess et al., 2008) and GROMOS96 53a6 force field (Oosten-

brink et al., 2004). As detailed in Fischer & Kandt (2011) the asymmetric 2.9 2GIF

AcrB crystal structure (Seeger et al., 2006) was used as starting structure and in-

serted in a pre-equilibrated 14 × 14 nm palmitoyloleoyl- phosphatidylethanolamine

(POPE) bilayer (REF) using INFLATEGRO (Kandt et al., 2007) . The final simu-

lation system comprises 3108 protein residues, 457 POPE lipids, 48554 simple point

charge water molecules (Berendsen et al., 1981) 268 sodium ions and 225 chloride

ions yielding a 150 mM NaCl solution and total system charge of zero [Fig. 4.1 (a)].

25 hexane molecules, with coordinates and topology generated by PRODRG

(Schüttelkopf & van Aalten, 2004), were added to the system. 22 were placed ran-

domly distributed and three manually in front of the three porter domain entries.

Except for Asp407, Asp408, Lys940, and Arg971, which were protonated according

to (Seeger et al., 2008a), standard protonation states were assumed for titratable

residues. Similar to (Caves et al., 1998; Kandt & Tieleman, 2010; Kandt et al.,

2006) series of 8 × 50 ns independent and unrestrained MD simulations were per-

formed and extended to 100 ns in five runs when spontaneous binding occurred.

Initiated using a different temperature seed number a random distribution of start-

ing velocities was generated for each run. The production runs were preceded by a

30 ns membrane equilibration where all non-hydrogen protein atoms were position-

restrained applying a force constant of 1000 kJ/mol/nm2. All bond lengths were

constrained by LINCS so that an integration time step of 2 fs could be chosen (Hess

et al., 1997). Systems were simulated at a temperature of 310 K, maintained sep-

arately for protein, lipids and water and ions by a Berendsen thermostat with a

time constant of τT = 0.1 ps. A Berendsen barostat (Berendsen et al., 1984) was

applied using semi-isotropic pressure coupling with time constants of 4 ps and ref-

erence pressures of 1 bar for the contributions in Z and XY directions. Electrostatic

interactions were calculated using particle mesh Ewald summation (Darden et al.,

1993; Essmann et al., 1995) and twin range cut-offs of 1.0 and 1.4 nm were applied

for computing the van der Waals interactions.

4.3.2 Analysis

AcrB-hexane interaction

For the identification of AcrB residues hexane molecules preferably interact with,

a time- and run-averaged distance analysis with GROMACS tool g dist applying a

distance cut-off of 0.3 nm was performed for each hexane molecule. Furthermore,

AcrB contact residues and corresponding contact frequencies to hexane over 650 ns

simulation time were determined. The contact frequencies were divided into four
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Table 4.1. Set of residues applied to identify hexane binding events to the proposed

binding sites access binding pocket (ABP), hydrophobic binding pocket (HBP), or TM-

groove (TMG) via distance analyses.

Binding site Residues

ABP Ser79 Thr91 Ser134 Ser135 Lys292 Phe617 Phe664 Phe665 Phe666

Asn667 Leu674 Thr676 Asp681 Ser715 Arg717 Asn719 Gln826

Gly828

HBP Ser46 Gln89 Glu130 Phe136 Val139 Gln176 Phe178 Ser180 Glu273

Asn274 Asp276 Ile277 Tyr327 Phe610 Val612 Phe615 Phe617

Ile626

TMG Val452 Met456 Thr463 Tyr467 Ala485 His505 Met552 Phe556

Phe563 Ala873 Tyr877 Ser880 Val884 Met902 Leu903 Val905

Pro906 Val909 Asn923 Phe927 Gln928 Leu931 Leu932 Ile935

Arg973

classes: 5-10 %, 10-15 %, 15-20 %, and 20-25 % contact frequency. Hexane inter-

actions (distance ≤0.3 nm) with residues of the proposed binding sites (Table 4.1)

were considered as binding events.

Protein stability

Protein stability was assessed via Cα root-mean square deviations separately for

each AcrB monomer and its transmembrane, porter and docking domains after re-

spective least square fitting to the starting structure.

Porter domain accessibility

We monitored the AcrB porter domain accessibility focusing on the porter domain

entrance (PDe) using the GROMACS tool g mindist. Motions of the PC1 and PC2

subdomains are determined based on their Cα-Cα contacts within 1 nm cut-off

range. To estimate the kind of movement, for each run and monomer the mini-

mum distance data was subsequently processed into three classes of less, identical

(±1) or more inter-domain contacts as the 2GIF crystal structure (exhibiting 5 con-

tacts in monomer A, 8 in B and 45 in C). The overall distribution of Cα-contacts

was computed over all eight simulations and compared to the 2GIF crystal structure.

Opening state of the hydrophobic binding pocket

The hydrophobic binding pocket shows two conformations in the X-ray structure:

Open (monomer B) and closed (monomers A & C). Analogous to (Fischer & Kandt,
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2012), the opening state of the hydrophobic binding pocket was monitored through-

out the simulations by the computation of the radius of gyration of the HBP residues

Phe178, Phe610, Val139, Phe136, Tyr327, Phe628, Phe617, Iso626, Phe615, Val612,

and Iso277. Employing the GROMACS tool g gyrate, the calculation was performed

for each monomer using the HBP α-carbons to focus on large scale conformational

changes only and eliminating the influence of side chain fluctuations for a better

signal to noise ratio.

4.4 Results

4.4.1 Hexane interaction

To identify regions on AcrB preferred by hexanes, residence probabilities by means

of contact frequencies between AcrB residues and hexanes were computed based on

a distance cut-off of 0.3 nm over 650 ns simulation time. Dividing the frequencies

into classes of 5-10 %, 10-15 %, 15-20 %, and 20-25 % contact frequency, eight clus-

ters of increased residence probability on and in AcrB become evident (Fig. 4.2).

Cluster I and II are located in the TMD at the bottom and the upper part of the

TM-groove, respectively. Except for residues of cluster I in B and cluster II in C not

exceeding contact frequencies of 10 %, the residues of both clusters range from 5 to

15 % contact frequency. In the porter domain five clusters can be identified. Located

between the α-helices of the PC subdomains, cluster III (PC2) and cluster IV (PC1)

reach residence probabilities of 20 % in subunits A and B, whereas in monomer C

cluster III shows a maximum contact frequency of 15 % and cluster IV of 25 %.

Cluster V and VI are located between the beta-sheets of the PC subdomains and

in the PC1/PN2 interface agreeing with the position of the access and hydrophobic

binding pocket, respectively. Residence probabilities of cluster V range from 5-10 %

in monomer A to 5-15 % in monomer B. Cluster IV is present only in B with resi-

dence probabilities of 5-10 %. As expected, due to the closed and thus inaccessible

state of the PDe, clusters V and VI do not occur in the C-intermediate. Cluster VII

only occurs in monomer B, as due to the outwards directed inclination of the PN2

subdomain characteristic for this intermediate state (Fig. 4.8) the space between

the α-helices is accessible for the hexanes like in clusters III and IV. Residues of

cluster VIII reaches maximum contact frequencies of 20 %. Cluster VIII occurs on

the docking domains DC subdomain including parts of the inter-monomer connect-

ing loop and ranges from 5 to 15 % contact frequency in the A- and C-subunit and

5 to 20 % in monomer B.

96



4.4. RESULTS

Figure 4.2. AcrB/hexane interaction. AcrB/hexane distance analyses with an applied

distance cut-off of 0.3 nm reveals eight clusters (roman numbers) with an increased

hexane residence probability on AcrB: Two in the TMD, five in the PD, and one in the

DD. Residues with a contact frequency of 5-10 % are depicted in yellow sticks, of 10-15

% in orange spheres, of 15-20 % in red spheres, and of 20-25 % in darkred spheres.

97



CHAPTER 4. HEXANE BINDING AND ITS EFFECTS ON ACRB

Figure 4.3. Hexane binding in monomer A. In A, hexanes enter the PD via PDe and via

TM-groove. The pathway of a hexane is represented by its C3 atom positions (sphere)

for each time step (starting position = cyan, end position = magenta). To reduce the

thermal fluctuations arising when simulating under the conditions which mimic a thermal

bath, the movement of the hexanes was smoothed by setting the Trajectory Smoothing

Window Size to 20 frames.
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Figure 4.4. Hexane binding in monomer B. In B, hexanes enter the PD exclusively via

PDe. They bind to both ABP (MD 5 and MD 7)and HBP (MD 1, MD 6, and MD8). The

pathway of a hexane is represented by its C3 atom positions (sphere) for each time step

(starting position = cyan, end position = magenta). To reduce the thermal fluctuations

arising when simulating under the conditions which mimic a thermal bath, the movement

of the hexanes was smoothed by setting the Trajectory Smoothing Window Size to 20

frames.
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4.4.2 Binding events

In agreement with crystallographic (Nakashima et al., 2011; Eicher et al., 2012)

as well as mutagenesis experiments (Husain & Nikaido, 2010) showing the binding

of substrate molecules to the access binding pocket and the hydrophobic binding

pocket, we observe nine binding events to the two binding sites in eight simulations

(Figs. 4.3 and 4.4). In monomer A, hexanes bind to the ABP by entering the PD in

two ways: from periplasm via PDe or from the TM-groove through tunnel 2 (Fig.

4.1, c) and Fig. 4.3). In B, hexanes bind to both, ABP and HBP (Fig. 4.4) with

substrates entering only from periplasm via PDe. Next to hexane bindings in the PD

we observe three binding events to the TM-goove in monomer B and six in monomer

A.

4.4.3 Protein stability after hexane binding

To assess if the protein stability is affected by hexane binding we performed Cα

RMSDs of each AcrB monomer and its transmembrane, porter and docking do-

mains after least square fitting to the starting structure (Fig. 4.5). The RMSDs of

the monomers range from 0.27 nm in monomer A to 0.38 nm in monomer B after

100 ns simulation time. Leveling after 10 ns, all RMSDs keep increasing throughout

simulation time except for two runs in monomer A reaching a plateau after 50 ns.

On TMD level the RMSDs range from 0.25 nm in monomer A to 0.32 nm after 100

ns simulation time. Continuously increasing throughout simulation time no plateau

is reached. The porter domain RMSDs range from 0.22 nm to 0.38 nm after 100 ns

in monomers C and B, respectively. Except for one run in monomer C, all runs reach

a plateau after 70 ns. Leveling after 30 ns, docking domain RMSDs keep increasing

throughout all simulations with RMSDs ranging from 0.23 nm in B and 0.33 nm in C.

4.4.4 Porter domain accessibility

Addressing the question if hexane binding affects the opening state of the PDe we

monitored the amount of PC1–PC2 subdomain Cα-Cα contacts within 1 nm (Fig.

4.6). The initial time-resolved data was subsequently processed computing percent-

age per-run occurrences of conformations displaying more, similar or less contacts

as the 2GIF crystal structure [Fig. 4.6 (a)]. Furthermore, the overall distributions

of subdomain contacts was calculated over all simulations [Fig. 4.6 (b)]. Similar to

substrate-free simulations (Fischer & Kandt, 2012), we find that channel entrances

are dynamic, exhibiting in each monomer amounts of PC1-PC2 contacts that are

predominantly higher or lower than in the 2GIF crystal structure. The range of

inter-subdomain contacts in A (0-45) and C (6-83) resembles those of substrate-free
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Figure 4.5. Protein stability. To assess if the protein stability is affected by the binding

of hexanes we calculated Cα root-mean square deviations of AcrB monomers and its

transmembrane domains, porter domains, and docking domains.

calculations (A: 0-45, C: 7-80) reflecting opening and closing motions of PC1 and

PC2. With 0-78 contacts the range of inter-subdomain contacts in B is larger than

in the substrate-free simulations (0-24).

4.4.5 Opening state of the hydrophobic binding pocket

In the available crystal structures of asymmetric AcrB the hydrophobic binding

pocket is open in monomer B and closed in monomers A and C. To monitor the

opening state of the HBP we computed the radius of gyration of its α-carbons for all

simulations and compared it to the crystal structure 2GIF. Similar to our substrate-

free simulations (Fischer & Kandt, 2012), the radius of gyration of monomers A and

C fluctuates around the 0.74 nm and 0.75 nm of the crystal structure [Fig. 4.7 (a),

left and right panel] except for one run in monomer C, where the increase of the ra-

dius of gyration is caused by a conformational change of the switch-loop in direction

of the PC subdomains [Fig. 4.7 (a), black graph in the right panel]. As expected, in

monomer B the open HBP collapses in absence of substrates indicated by a drop in

radius of gyration from the initial 0.84 nm in the 2GIF structure down to a range of

0.72-0.77 nm [Fig. 4.7 (a), middle panel]. However, a radius of gyration fluctuating

around the 0.84 nm of the 2GIF X-ray structure reveals a stabilizing effect of hexane

binding (black graphs) to the open, crystal structure-like conformation of the HBP

[Fig. 4.7 (c), (d)].
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Figure 4.6. Porter domain accessibility. (a) To monitor the opening state of the porter

domain entry region (PDe) we calculated the number of PC1-PC2 subdomain Cα contacts

within 1 nm. The number of Cα contacts per trajectory frame was compared to the 2GIF

crystal structure and classified into groups of more, similar or less contacts than in the

crystal structure. (b) Overall distribution of PC1-PC2 contacts in runs with (MD 1, 5-8)

and (c) without hexane binding events (MD 2-4).

4.5 Discussion

By preventing drugs from reaching lethal concentrations within the cell, the over-

production of multidrug efflux pumps and the resulting increased drug exportation

rate constitute one of the most efficient defense mechanisms in multi-resistant bac-

teria. To successfully combat emerging antibiotic resistances it is prerequisite to

understand how their defense mechanisms work. AcrB, the best studied member

of the resistance-nodulation-division (RND) family, transports a wealth of struc-

tural and chemically diverse substrates like detergents, bile salts, organic solvents

as well as numerous antibiotics and plays a major role in multidrug resistance in

E. coli (Nikaido, 1998a). Mutagenesis studies, numerous AcrB/substrate co-crystals

(Yu et al., 2003a, 2005; Murakami et al., 2006; Tornroth-Horsefield et al., 2007;
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Figure 4.7. Dynamics of the HBP in presence of hexane. (a) Similar to AcrB in absence

of substrates (Fischer & Kandt, 2012), the radius of gyration of the HBP in monomers

A and C fluctuates around the value of the crystal structure (black horizontal line and

blue horizontal line, respectively) except for one run in C where the increasing radius of

gyration (dark grey) is caused by a movement of the switch-loop away from the HBP.

Indicated by a dropping of the radius of gyration, the HBP of monomer B closes in absence

of substrates (light grey). If hexane is bound, the open HBP conformation is stabilized

or restored (dark grey) indicated by radii of gyration near the value of the 2GIF structure

(red horizontal line). (b) Conformation of the HBP in the 2GIF crystal structure. (c)

Collapsed HBP in B after 10 ns and its restored open conformation after 90 ns due to

hexane binding (d).

Sennhauser et al., 2007; Drew et al., 2008; Nakashima et al., 2011; Eicher et al.,

2009), and targeted MD simulations analyzing the extrusion process of doxorubicin

(Schulz et al., 2010, 2011), already contributed to a better understanding of drug

binding and translocation in AcrB. However, until now detailed information about

the dynamics of substrate binding is missing.

Addressing the question of drug binding and its effects on AcrB’s porter domain

dynamics we performed a series of independent, unrestrained molecular dynamics

simulations of asymmetric AcrB in presence of 25 hexane molecules. We observe

binding of hexanes to three of the four proposed substrate binding sites in AcrB: the

ABP, the HBP, and the TM-groove. This supports their involvement in the attrac-

tion and binding of hydrophobic compounds. Except for one run where a hexane

entered the PD via tunnel 2, hexanes exclusively enter the periplasmic binding sites

through the PDe. Our simulations do not confirm any involvement of tunnel 3 in

substrate transport.
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4.5.1 Hexane binding via PDe

Nakashima et al. (2011) and Eicher et al. (2012) divided the substrate tunnel 1 into

two sections: 1) the proximal/access binding pocket and 2) the distal/deep binding

pocket (= hydrophobic binding pocket). It is proposed that larger molecules bind

to the ABP in the A state whereas smaller substrates directly bind to the HBP in

the B state (Nakashima et al., 2011). Another suggestion is a consecutive binding

where substrates first bind to the ABP in the ”resting” state A and are subsequently

pushed to the HBP by the help of the switch-loop in B (Eicher et al., 2012).

Figure 4.8. PN2 subdomain conformation in the 2GIF crystal structure. (a) In compar-

ison to monomers A (white) & C (blue), the aligned PDs reveal an outwards directed

displacement of the PN2 subdomain in monomer B (red). The grey arrow indicates the

direction of view in b). (b) The displacement of the PN2 subdomain provides more space

for the HBP (yellow circle).

In our simulations we observe hexanes entering the PD of both monomers A and

B. However, whereas in B hexanes not only reach the ABP but readily enter the

HBP (Fig. 4.4), in A hexanes remain in the area of the ABP or leave the PD again

due to the closed conformation of the HBP (Fig. 4.3). Consequently, the presence of

substrate is not sufficient to open the HBP in monomer A within 100 ns simulation

time. A B-like organization of the PN subdomains and of PN2 in particular (Fig.

4.8) appears necessary to render the HBP accessible for substrates. In fact, com-

pared to the other intermediate states in B the PN2 subdomain is displaced about

0.9 nm towards the next monomer providing extra space for the HBP in all seen

crystal structures. Similar to our substrate-free simulations, the initially open HBP

of monomer B closes as long as no substrate is bound. However, in all runs where

hexanes bind to the HBP (Fig. 4.4, MD1, MD6, and MD8) its open conformation
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is not only stabilized but even restored if binding occurs later on [Fig. 4.7, (c), (d)].

This supports our hypothesis in Fischer & Kandt (2012) that the open conforma-

tion of the HBP in the available X-ray structures is caused by bound but unresolved

substrates.

4.5.2 Hexane binding via TM-groove

After Murakami identified the TM-groove as potential “elevator” for substrates from

the membrane to the PD (Murakami et al., 2002), two high resolution X-ray struc-

tures with bound dodecyl-β-D-maltoside molecules reinforced its function as sub-

strate binding site (Sennhauser et al., 2007; Eicher et al., 2012). From there com-

pounds presumably enter the PD via tunnel 2 [see Fig. 4.1 (c)] whose entrance

is located directly above the TM-groove. Actually, the simulations reveal an in-

creased residence probability of hexane in the TM-groove in monomers A and B

(Fig. 4.2) supporting its function for substrate binding. Moreover, the observed

hexane translocation from TM-groove to the ABP via tunnel 2 in A (Fig. 4.3) con-

firms its importance for substrate recruitment from the membrane bilayer. However,

tunnel analyses with CAVER, a software tool for analysis and visualisation of chan-

nels in protein structures (Petřek et al., 2006), revealed the existence of tunnel 2

only in the B intermediate state and not in A (Sennhauser et al., 2007; Takatsuka

et al., 2010). The small size of a hexane molecule or changing side-chain orienta-

tions during simulation time might explain the observed passing of tunnel 2 in the

A state. To verify this hypothesis, additional analyses with cavity detection tool

DxTuber (Raunest & Kandt, 2011) are under way in our lab.

4.5.3 Stability of the PDe conformation

The available AcrB crystal structures display high structural similarity within the

same reaction cycle intermediates. We proposed that the open PDe conformations

characteristic for the intermediate states A and B are stabilized by bound but un-

resolved substrate molecules (Fischer & Kandt, 2012). However, although hexanes

bind to the ABP in both monomers A and B, the PC subdomains undergo clear open-

ing and closing motions as seen in the substrate-free AcrB simulations. Furthermore,

nearly identical RMSD ranges of AcrB in absence (Fig. 3.3) and presence of sub-

strates (Fig. 4.5) indicate that except for the HBP hexane binding has no stabilizing

effect on AcrB structure. However, compared with compounds like erythromycin,

rifampicin, doxorubicin, and dodecyl-β-D-maltoside, single hexane molecules might

be too small to stabilize the X-ray conformation of the PDe. Similar to the crystal

structure of Eicher et al. (2012) showing two doxorubicins stacked between the β-
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sheets of the ABP, the binding of multiple hexanes might be necessary for structure

stabilization.

4.5.4 Biological implications

In 2006 two groups independently published first asymmetric X-ray structures of

AcrB revealing each of its three monomers in a different conformational state (A, B

& C) interpreted as consecutive steps in a reaction cycle. Most striking differences

between the intermediate states concern the PD where substrate binding and trans-

port is taking place. Substrates are proposed to enter the PD by two ways: 1) via

tunnel 1 through the PDe or 2) via tunnel 2 from the TM-groove. However, the im-

portance of tunnel 2 for drug transport could not be confirmed experimentally so far.

Monomers A & B are structurally very similar (Murakami et al., 2006; Seeger

et al., 2006; Sennhauser et al., 2007). However, different confirmations of the switch-

loop and the PN2 subdomain provide two different binding sites for substrates.

Recent AcrB/substrate co-crystals show the binding of high molecular mass drugs

erythromycin or rifampicin to the access binding pocket in A and of low molecular

mass drugs doxorubicin or minocycline to the hydrophobic binding pocket in B

(Nakashima et al., 2011; Eicher et al., 2012). Based on the structural data two

hypotheses about drug binding are currently suggested:

1. Drug binding constitutes a consecutive process where drugs first bind to the

ABP in the A-state and are subsequently transported to the HBP in the tran-

sition from A to B.

2. Drugs bind alternatively to the ABP or HBP depending on the substrate’s

size.

With observed substrate bindings directly to the HBP in monomer B our sim-

ulations support the second hypothesis. Since in A hexanes did not intrude into

and thereby open the HBP within 100 ns simulation time as observed in B, we

assume that the presence of substrate alone is not sufficient to trigger a transi-

tion from A to B. Consequently, if the simulations are correct the presence of a B

intermediate is necessary for the binding of smaller compounds contradicting the

existence of a symmetric AAA ”resting state”. This finding would agree with the

results of our substrate-free AcrB simulations (Fischer & Kandt, 2012) showing no

trend of conformational changes towards a symmetric AAA state after 100 ns simu-

lation time. Furthermore, cross-linking studies detecting the amount of the different

monomer conformations imply that more than one monomer can occur in a A- or

B-like conformation in vivo reflecting the structural flexibility of the trimer (Seeger

et al., 2008b). Given the fact that AcrB binds a wide range of structurally different
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compounds (Zgurskaya & Nikaido, 1999b; Lomovskaya & Totrov, 2005) it appears

reasonable that the two ”binding monomers” can adopt either a A-like or B-like con-

formation according to the size of the substrate, whereas due to structural restraints

only one monomer is in the C conformation (Seeger et al., 2006, 2008b).

4.6 Conclusion

Addressing the question of substrate binding and its effects on AcrB’s porter do-

main dynamics, we performed a series of independent, unbiased molecular dynam-

ics simulations of membrane-embedded asymmetric AcrB in presence of 25 hexane

molecules. We observed hexane bindings to the proposed drug binding sites access

binding pocket, hydrophobic binding pocket, and TM-groove reinforcing their im-

portance for substrate binding. Similar to our substrate-free simulations, the porter

domain entrance undergoes clear opening and closing motions. The open, crystal

structure-like conformation of the hydrophobic binding pocket in monomer B, how-

ever, was stabilized or restored after closure supporting the hypothesis of bound but

structurally unresolved substrate molecules in AcrB crystal structures. Furthermore,

hexane passage through one of the proposed alternative transport tunnels confirms

its importance for substrate translocation from transmembrane domain to the porter

domain.
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5 Summary
The multidrug efflux pump AcrB is responsible for various clinically relevant re-

sistances in Escherichia coli. To efficiently counteract or circumvent this defense

mechanism it is prerequisite to understand how it works. Although the first X-ray

structure of AcrB was published already 10 years ago (Murakami et al., 2002), com-

putational studies are restricted to ligand docking experiments (Takatsuka et al.,

2010), elastic network normal mode analysis assessing the overall AcrB flexibility

(Lu et al., 2006), targeted molecular dynamics of the membrane-embedded trimer

to investigate conformational cycling and drug transport (Schulz & Kleinekathöfer,

2009; Schulz et al., 2010, 2011; Vargiu et al., 2011), and coarse-grained molecular

simulations of the porter domain (Yao et al., 2010). In this thesis we performed first

atomistic and unrestrained multi-copy molecular dynamics simulations to investigate

following aspects of AcrB function:

1. Proton transfer in the transmembrane domain

2. Porter domain dynamics in absence of substrate

3. Porter domain dynamics in presence of substrate

5.1 Water dynamics in the transmembrane do-

mains of AcrB

AcrB’ transmembrane domain comprises more than 400 residues per monomer. How-

ever, only five residues, respectively, are known to be essential for protein func-

tion rendering the pump non-functional when mutated to alanine: Asp407, Asp408,

Lys940, Arg971, and Thr978, commonly designated as key residues (Guan & Nakae,

2001; Murakami et al., 2002, 2006; Seeger et al., 2006). Next to a network of polar

and charged residues protein internal water molecules are involved in proton con-

duction through proteins (Brandsburg-Zabary et al., 2000) providing a network of

mobile proton donors and acceptors (Cukierman, 2006). For that reason we per-

formed a series of independent and unrestrained molecular dynamics simulations

of AcrB to determine TMD internal water residence probabilities in form of mean

water densities generated by VMD plugin tool Volmap (Humphrey et al., 1996). As

a result, AcrB’s TMD can be divided into six sections: 1) periplasmic bulk water,

2) up to three entry channels (E1-3), 3) a conflux region (CF) where the entry chan-

nels merge, 4) a core region (CR) including the known key residues Asp407, Asp408,

Lys940, and Thr978, 5) one exit channel (X) including key residue Arg971, and 6)

cytoplasmic bulk water.
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We find that TMD water distribution is monomer specific and dynamic. Whereas

the connection between periplasmic bulk and cytoplasmic bulk water phase is present

throughout the entire simulation time in B and transiently in A, no connection is

present to the permanently hydrated CR in C. The accessibility appears to be regu-

lated by a combination of helix rearrangements and four groups of gating residues.

Furthermore, we identified residues Glu339, Glu346, and Asp924 as potential proton

connecting antennas in the entry region of E2 and E3.

Calculated h-bond frequencies between TMD internal water molecules and residues

reveal that all residues influencing AcrB activity when mutated are located near the

water channel entries or line the mean water densities within the TMD. However,

only substitutions in core region and exit region render the pump non-functional.

Since protons possibly have up to three entries from periplasm, a simultaneous sub-

stitution of residues of all three entries might be necessary to significantly affect

AcrB function.

5.2 Porter domain dynamics

Next to symmetric crystal structures of AcrB interpreted as the ”resting state”of the

pump in absence of substrates (Su et al., 2006; Yao et al., 2010), in asymmetric X-ray

structures each of the three monomers is trapped in a different conformational state

and proposed to represent consecutive steps in a peristaltic pump cycle (Murakami

et al., 2006; Seeger et al., 2006; Sennhauser et al., 2007). Most striking differences

between the intermediate states concern the porter domain entry (PDe) and exit

region (PDx). Whereas the PDe is open in monomers A and B allowing substrates

to enter access binding pocket and hydrophobic binding pocket within the PD, it is

closed in C where PDx is open instead enabling drug expulsion to TolC.

AcrB transports a wide range of chemically and structurally unrelated com-

pounds. Consequently, structural flexibility is a prerequisite for protein/substrate

interactions. However, the 34 available crystal structures of AcrB display nearly

identical conformations reflected by root-mean square deviations under 0.1 nm. In

the second part of this thesis, unrestrained multi-copy MD simulations were used to

assess whether this high conformational homogeneity is an intrinsic feature of AcrB

or could be related to the protein crystallization conditions.

Investigating PDe and PDx dynamics by means of PC1-PC2 subdomain Cα-Cα

contacts as well as distances and the triangular cross-sectional area analyses we find

that AcrB’s PD is more flexible than previously assumed displaying clear opening

and closing motions. PDe is dynamic in all monomers A, B, and C. However,

accessibility of the access and hydrophobic binding pocket is affected only in A and
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B. Despite the observed PDe flexibility in monomer C, its PD remains inaccessible

due to the orientation of the Thr676-loop blocking tunnel 1. The loop is unaffected

from the PDe dynamics indicating that changing of its orientation might be energy

dependent. Based on our findings we assume an involvement of the the Thr676-loop

in substrate translocation from the access binding pocket to the hydrophobic binding

pocket. On a 100 ns time scale we found no evidence for the proposed transition

towards a symmetric, resting state-like monomer conformations in the absence of

substrates.

Reconstitution experiments of AcrB and AcrA revealed an activity-enhancing

effect of AcrA on AcrB (Zgurskaya & Nikaido, 1999b). How AcrA influences AcrB

function is currently unknown. If our simulations are correct and the observed closing

motions would inhibit drug binding in vivo, it would provide a structural explanation

for the activity-enhancing effect of AcrA by stabilizing the open conformation of the

PDe. Furthermore, the observed opening and closing motions of the PDx supports

the proposed gating function of residues Gln124/Gln125/Tyr758.

5.3 Hexane binding in AcrB

In the last part of this thesis we investigated the dynamics of hexane binding and

its effects on AcrB’s porter domain based on a series of independent and unre-

strained molecular dynamics simulations of AcrB in presence of 25 hexane molecules.

AcrB/drug co-crystals reveal four potential drug binding sites on AcrB: the central

cavity (CC), the TM-groove, the access binding pocket (ABP) and the hydropho-

bic binding pocket (HBP) (Yu et al., 2003b; Drew et al., 2008; Tornroth-Horsefield

et al., 2007; Murakami et al., 2006; Sennhauser et al., 2007; Nakashima et al., 2011;

Eicher et al., 2012). Time- and run-averaged protein/hexane distance analyses with

an applied distance cut-off of 0.3 nm resulted in eight regions on AcrB with an in-

creased hexane residence probability including all proposed drug binding sites except

for the CC. As already assumed based on asymmetric AcrB/drug co-crystals hexane

bindings appear intermediate-specific. In monomer A we observe hexane binding to

TM-groove and ABP, whereas in B hexanes additionally bind to the HBP. Further-

more, we observe one hexane moving from the TM-groove to the ABP confirming

the importance of tunnel 2 for substrate transport from the membrane bilayer. As

expected, no binding site interaction was observed in monomer C.

In Fischer & Kandt (2012) we assume that the high structural similarity of the

porter domain displayed in the available AcrB crystal structures derives from bound

but structurally unresolved buffer or detergent molecules. Actually, radius of gyra-

tion calculations of the HBP indicate that in B hexane binding not only stabilizes

but also restores the open conformation of the HBP if binding occurs later on to

the already closed HBP. However, hexane bindings to the ABP did not affect PDe
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dynamics as apparent from the overall PC1/PC2 Cα contact distribution indicating

opening and closing motions in all monomers similar to our simulations in absence

of substrates. Since hexane constitutes one of AcrB’s smallest substrates, we assume

that binding of larger molecules like detergent n-dodecyl-D-maltoside are necessary

for the stabilization of the open PDe in monomers A & B. Concerning substrate

binding and transport in the AcrB’s PD two hypotheses are proposed:

1. Stepwise binding. Substrates first bind to the ABP and are subsequently

transported to the HBP during transition from A to B (Eicher et al., 2012).

2. Alternative binding. Smaller substrates directly bind to the HBP, whereas

larger compounds are first bound to the ABP from where they are transported

to the HBP during transition from A to B (Nakashima et al., 2011).

With hexanes directly binding to the HBP in B, our simulations support the

hypothesis of alternative binding in AcrB and indicate the existence of an asymmetric

trimer in absence of substrates. This is in agreement with our finding in previous

studies showing no evidence for a symmetric AAA ”resting” state.
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many; November 15-17 (2010)

Schmidt TH, Fischer N, Raunest M, Kandt C: Computer Sim-

ulation of the Assembled AcrAB-TolC Multi-drug Efflux Pump.

Biophysical Society An-nual Meeting - San Francisco CA, Febru-

ary 20. - 24. (2010)

Schmidt TH, Fischer N, Raunest M, Kandt C: Computer Sim-

ulation of the Assembled AcrAB-TolC Multi-drug Efflux Pump.

Coarse-Grained Biomolecular Modelling Workshop Levi, Finland,

March 7. - 12. (2010)

Raunest M, Fischer N, Kandt C: Molecular Dynamics Simulation

Reveals Flexibility in the TolC Gate Regions. San Francisco CA,

February 20. - 24. (2010)

Fischer N, Kandt C: Conformational Transitions and Proton

Conduction in the Multidrug Efflux Pump AcrB. Biophysical An-

nual Meeting - Boston MA, February 28 to March 4 (2009)



Talk ”Mapping the Proton Conduction Pathways in the Inner Mem-

brane Multi-drug Translocase AcrB.” 462th WE Heraeus Semi-

nar ”Transport across membranes: Multiple drug resistance mech-

anisms & new tools” Jacobs University Bremen, July 4th-10th

(2010)


