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Abstract

Bacterial multidrug resistance (i.e. the ability of some bacterial species to survive in presence
of various drugs) has become a primary challenge at a global level. Due to various factors, such
as the overuse of antibiotics in human activities like health care and farming or inadequate
diagnostic, many bacteria have indeed evolved acquiring novel and highly efficient resistance
mechanisms. Some species, in particular, have become resistant to almost all in-use drugs.

Among the several mechanisms of resistance, efflux pumps of the RND superfamily (resi-
stance-nodulation-cell division) play a major role. These complexes span the cell wall and
are able to expel a wide range of noxious compounds, including antibiotics of many different
classes. In order to reinvigorate the action of these drugs, a viable route is to hinder their
transport out of the cell through co-administration of efflux pumps inhibitors (EPIs). At
present several EPIs have been identified, but none of them is usable in clinical therapies due
to adverse effects. Moreover, several questions are still open regarding the mode of action of
known EPIs as well as the functioning mechanism of RND efflux pumps. Further research in
this field is thus needed.

In order to characterize the mode of action of several EPIs of this pump, we applied com-
putational techniques such as molecular docking and molecular dynamics (MD) simulations.
Specifically, we focused on the EPIs: (i) amitriptyline and chlorpromazine, repurposed drugs
which were proven to act as inhibitors against AcrB; (ii) PAβN, a known inhibitor of the pump
whose mode of action is not fully understood.

This thesis focuses on the inhibition of the AcrB efflux pump, the best known representative
of the RND superfamily. High-resolution structural data are indeed available for this protein
(specifically, for its Escherichia coli orthologue). Moreover, a fluoroquinolone resistant variant
of this pump has been detected in clinical environments.

With regard to amitriptyline and chlorpromazine, our in silico investigations revealed that
both compounds tend to occupy a known binding pocket of AcrB. Their binding mode presents
considerable similarities with that of several substrates and other EPIs of the pump, indicat-
ing that amitriptyline and chlorpromazine may inhibit the AcrB pump through competitive
binding.

In the case of PAβN, MD simulations were compared with experimental data from hydrogen-
deuterium exchange mass spectrometry. From these analyses, it emerged that PAβN can
significantly restrain the conformational dynamics of AcrB and its fluoroquinolone resistant
variant. This EPI, therefore, may act by preventing conformational changes that are func-
tional for AcrB. Importantly, our MD simulations revealed that PAβN and the antibiotic
ciprofloxacin can simultaneously occupy the same binding pocket, suggesting that the EPI
does not act by competitive binding.

Further computational analyses were conducted on structural models of Salmonella Ty-
phimurium AcrB. Experimental structural data on this wt protein are indeed missing, while
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the structure of its fluoroquinolone resistant variant has recently been solved through cryo-
electron microscopy (cryo-EM). In order to assess the structural differences between the two
proteins, we derived their structural models through homology modelling and MD simula-
tions (modeling of the fluoroquinolone resistant variant was integrated with cryo-EM data).
Structural analyses were then performed, with focus on the binding pockets of the protein.
Considerable differences were detected regarding the volume as well as the hydration proper-
ties of the pockets. Although not strictly related to EPI development, this information may
be valuable for the design of novel drugs and/or inhibitors of AcrB from Salmonella.
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Chapter 1

Introduction

1.1 The phenomenon of multidrug resistance

Bacterial resistance to antibiotics is a widespread phenomenon in nature [1, 2]. Resistant
species have indeed been detected in diverse pristine environments (i.e. free from antibiotics
of anthropogenic origin), including Antarctic soils [65] or isolated caves [66]. This phenomenon
is thought to have originated at prehistorical times [155]. It could be the result of a natu-
ral selection process [67], related to the development of antibiotic-secreting systems by some
microorganisms like fungi and bacteria [155]. Among them are, for example, Actinobacteria,
a taxonomic group [69] which includes several antibiotic-secreting species, like Streptomyces
griseus (the producer of the clinical antibiotic streptomycin) [155]. Phylogenetic analyses of
these bacteria [69] indicated that antibiotic production and resistance mechanisms were present
over 150 million years ago, suggesting that they might have evolved contemporaneously.

Despite the ancient origin of natural antibiotics, their presence in the environment does
not seem to have exerted a strong selective pressure. Antibiotic-susceptible bacteria are indeed
commonly found in ecosystems [2, 5], where they can co-exist with antibiotic-producing as well
as resistant species [155]. Such equilibrium conditions, however, underwent a deep alteration
in the past century [16], upon the discovery of antibiotics by mankind [9]. Starting with
the identification of Salvarsan by Paul Ehrlich (1909) and of penicillin by Alexander Fleming
(1929) [9], indeed, the 1900s were characterized by the rapid discovery of a high variety of
antibiotics [10]. Many classes of in-use drugs were discovered between 1940 and 1960 (the
‘golden age’ of antibiotic discovery) [42] and were rapidly made available (Fig. 1.1) [11]. They
found an application not only in human medicine, but also in agriculture and animal farming
[13]: nowadays, it is estimated that 4 to 400 mg of antimicrobials are used to produce 1
kg of meat in European countries [16]. Such an intensive use of antibiotics and bactericidal
compounds has determined a much stronger selective pressure than that present in pristine
ecosystems [13]. This, in turn, has favoured the acquisition of resistance mechanisms by
previously susceptible bacteria [70].

At present, several species are known to have developed resistance against more therapeu-
ticals [5, 12]. This phenomenon, known as multidrug resistance (hereafter MDR), has become
a global concern according to the World Health Organization [12]. It is estimated [10], indeed,
that MDR is responsible for approximately 20% of deaths worldwide, being involved in over
15% nosocomial infections. Without a proper counteraction, this balance could become even
more dramatic, with MDR causing 10 million deaths per year in 2050 [10, 13]. In this regard,
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Figure 1.1: Timeline of the discovery and introduction to clinical use of the main antibiotic classes.
Image from [11].

pathogens of the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa and Enterobacteriaceae) are
of considerable importance [110], since they have developed resistance to most in-use antibi-
otics [16]. A possibility for a new treatment comes from a recent study by Smith et al. [19],
which proved that semi-synthetic derivatives of arylomycins (a class of natural antibiotics)
can be effective against ESKAPE pathogens. However, further research is needed in order to
develop a new class of antibiotics.

In addition to the identification of new drugs, several actions are needed to prevent further
spreading of MDR. These include important investments on research [29]. Indeed, significant
contributions may come from the development of alternative clinical approaches, such as vac-
cines or antibody therapies [12]. Moreover, we need to deepen our knowledge of bacterial
resistance mechanisms [29], about which many aspects are not clear. This could lead to inno-
vations in the identification of targets for drug design [15], or provide hints for the inhibition
of MDR mechanisms [28].

Importantly, efforts in research should be paired to the adoption of new practices on a
global scale [37]. Antibiotic use in agriculture and farming should be limited, in order to avoid
their spreading in the environment [35]. At the same time, diagnostic protocols should be
improved to prevent errors in therapeutical approaches [37]. In this regard, efforts should be
made also in the identification of sub-standard drugs, especially in low income countries [18].
These drugs are indeed not adequate for the treatment of infections (for example, because
of poor absorption levels) and their use may ease the diffusion of MDR [18]. Due to the
complexity of the problem, a ‘One health approach’, i.e. a coordinated agenda to account for
intervention on human and veterinary medicine, research and environmental sciences, has been
proposed by the World Health Organization to counteract the threaten of MDR worldwide
[29].
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1.2 Resistance mechanisms in bacteria

1.2.1 The bacterial cell wall: a first defence against external agents

In bacteria, a first and important defence against toxins and other external agents is rep-
resented by the cell wall, the most external layer of the cell [20]. This region constitutes a
barrier, preserves the cell shape and regulates exchanges with the environment at the same
time [20]. Moreover, specific mechanisms allow to regulate its permeability [21], as described
in the following paragraphs.

The cell wall does not have the same structural characteristics in all bacterial species.
Specifically, two main architectures have been identified, according to which bacterial species
are classified as follows [20]:

• gram-positive bacteria, whose cell wall (Fig. 1.2a) is composed by a cytoplasmic (or in-
ner) membrane and an outer layer of peptidoglycan, a polymer which plays a protective
and structural role similar to that of an exoskeleton. Peptidoglycan also contains several
acid molecules that are functional for cell mobility, and is anchored to the inner mem-
brane through lipoproteins. In addition to them, the inner membrane contains various
proteins with different functioning, such as uptake of nutrients from the environment;

• gram-negative bacteria, in which the cell wall consists of an inner membrane, a peptido-
glycan layer and an outer membrane (Fig. 1.2b). In this case, peptidoglycan is enclosed
in the region delimited by the two membranes (named periplasmic space) and is linked
to both of them through lipoproteins. As in gram-positive bacteria, exchange of com-
pounds with the environment is possible thanks to several proteins, which are present in
both membranes as well as in the periplasmic space. Moreover, the cell wall is enriched
with many proteins and other biomolecules playing different roles, such as lipopolysac-
charides, toxins present in the outer membranes that are released during host attacks.
Lipopolysaccharides also lower the permeability of the outer membrane, strongly limiting
the penetration of toxic agents inside the cell [21].

In gram-negative bacteria, therefore, the outer membrane constitutes an additional protection
against external agents, including several drugs [21]. This represents an important contribution
to the occurrence of MDR in gram-negative pathogens, which include the majority of the
ESKAPE species [22]. Additional resistance mechanisms, common to gram-positives and
gram-negatives, are described in the following paragraph.

1.2.2 Classification of MDR mechanisms

Bacterial resistance mechanisms can be devided in four main categories [21, 23]:

• modification of the drug target: drugs often act by stably binding specific bacterial
enzymes in their active sites, thus compromising their functionality. In this cases, re-
sistance mechanisms can consist in mutations inside or in proximity of the active site,
in such a way to reduce the binding affinity of the drug without altering the enzyme
activity;

• drug inactivation: with these mechanisms, drugs are modified inside the bacterial cell,
through degradation or addition of chemical groups by specific enzymes;
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Figure 1.2: Structure of the cell wall in gram-positive (a) and gram-negative (b) bacteria. Exchange
of ions and other molecules with the environment is possible through various proteins located in the
cell wall, such as porins, carriers and nutrient-binding proteins. Image adapted from [20].
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• limiting the uptake of compounds from the environment: this can be achieved in mul-
tiple ways. In gram-negative bacteria, as previously mentioned, a first barrier is consi-
tuted by the outer membrane. Moreover, if necessary, bacteria (both gram-positive and
gram-negative) can decrease the number of proteins dedicated to the uptake of specific
compounds and representing a key entrance path for antibiotics;

• active efflux of drugs: bacterial cells express a wide variety of efflux systems (or pumps).
These are protein complexes located in the cell wall that are able to actively expel
diverse toxic compounds from the cell. These include dyes, detergents and a wide variety
of drugs, which need to reach a threshold concentration in the cytoplasm to become
effective. Additionally, bacteria can vary the expression rate of efflux pumps on need, as
in the case of proteins responsible for uptake of compounds.

Such mechanisms can be intrinsic (i.e. they naturally occur in the bacterial species) or acquired
(they are expressed upon mutation in the DNA of the cell, or after the transfer of genetic
material from other bacteria) [21]. Among the intrinsic mechanisms, one of the main examples
is the expression of efflux pumps, which are found in all species [23]. These machineries play
a peculiar role in MDR. Indeed, due to their broad spectrum of substrates, active efflux alone
can allow the survival of the cell in the presence of various drugs [24]. This initial protection, in
turn, can lead the cell to acquire additional and more specific resistance mechanisms [25, 26],
through mutations or possibly the uptake of genetic material from the environment.

Efflux mechanisms are especially effective in gram-negative bacteria, where they are cou-
pled to the low-permeability outer membrane [21]. In this bacteria, which include ESKAPE
pathogens like P. aeruginosa [25], efflux pumps from a complex network that allows uptake of
compounds from both the cytoplasmic and periplasmic region [24].

1.3 Efflux systems

1.3.1 Classification of efflux systems

Due to their relevance for the phenomenon of MDR, bacterial efflux systems have been an im-
portant matter of study in the past decades [28]. In order to shed light on their structure and
functioning mechanism, several approaches have been used. They include structural character-
ization techniques (such as X-ray crystallography, cryo-electron microscopy and cryo-electron
tomography - hereafter cryo-EM and cryo-ET, respectively) [31], molecular genetic studies
and diverse methods to investigate their transport mechanism, like site-directed mutagenesis
[28]. Significant contributions to our knowledge of these machineries have also been provided
by computational approaches (like molecular docking and molecular dynamics simulations,
described in Chapter 2), which have been used to investigate several features of the transport
process at the molecular level [34].

A structural classification of efflux systems can be done in terms of the number and the
topology of their components [31]. They can indeed consist of a single transmembrane protein
(named transporter), which is located in the cytoplasmic membrane, or in tripartite complexes
that span the cell wall [31]. While the former are present in both gram-positive and gram-
negative bacteria [31], tripartite systems are characteristic of gram-negatives [32], whose cell
wall, as described in Subsection 1.2.1, has a more articulated structure.
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Figure 1.3: X-ray crystal structures of transporters of the identified superfamilies. The name of the
crystallized protein and its family of belonging are reported in brown and black, respectively. In each
structure, protomers are represented in different colours, while co-crystallized substrates are shown
as pink spheres. PDB-IDs: Sav1866: 2HYD; EmrD: 2GFP; PfMATE: 3VVP; EmrE: 3B5D; AcrB:
3AOD. Image adapted from [27].

1.3.2 Transporters

Research on transporters has revealed a considerable diversity under many aspects. At present,
five main classes have been identified according to several criteria, such as structural charac-
teristics, phylogeny and the energy source for substrate extrusion [27, 28]. The identified
classes are: (i) ATP-binding cassette superfamily (ABC), (ii) small multidrug resistance fam-
ily (SMR), (iii) major facilitator superfamily (MFS), (iv) multidrug and toxic compounds
extrusion family (MATE) and (v) resistance-nodulation-cell division superfamily (RND) [27].

With regard to the characterization of each class, high-resolution structures of some repre-
sentatives (Fig. 1.3) have had a fundamental importance [31]. Comparison of some members of
the MFS, MATE and SMR classes reveals similarities in their general architecture [27]. These
transporters, indeed, consist in transmembrane (hereafter TM) helical bundle [27], whose size
greatly varies depending on the considered class. Bundles composed by 12 helices have been
frequently detected in MFS and MATE transporters, while SMR transporters composed by
4 helices have been identified [31]. Functional studies on these classes have lead to transport
models in which the protein switches between two states, named inward-open and outward-
open (Fig. 1.4a) [27, 31]. In the inward-open state, only the cytoplasmic end of the transporter
is open, allowing the binding of the substrate. The binding event is thought to trigger the
transition to the outward-open state, where the substrate is released on the opposite side of
the cytoplasmic membrane. Upon substrate release, the protein goes back to the inward-open
state. The energy source of this process frequently consists in the transport of ions (H+ or
Na+) across the cytoplasmic membrane, through antiport or symport mechanisms (although
some uniports have also been identified in the MFS class) [31].

A partially similar functional mechanism, based on the switch between an inward-open
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Figure 1.4: Functioning models of MFS (a) and ABC (b) transporters. Similarly to MFS transporters,
SMR and MATE representatives expel their substrates through the switch between an inward-open and
an outward-open conformation, coupled to the transport of ions (H+ or Na+) across the membrane.
Image adapted from [27].

and an outward-open state, has been proposed for ABC transporters [27, 31]. These proteins,
however, possess a peculiar energy source for substrate extrusion, which is ATP hydrolysis
[31].

In contrast to the transporters described so far, members of the RND superfamily do not
extrude their substrates through the described two-states mechanism [31]. These proteins
are indeed characterized by a large domain located above the cytoplasmic membrane, which
contains several binding pockets and channels for substrate transport [33]. The TM domain
does not directly interact with substrates [33], and is involved in the transport of protons
through antiport mechanisms [35]. In the best studied RND transporters, which belong to
gram-negative bacteria, the extrusion process is thought to consist in three steps [31]. Firstly,
the substrate accesses the extra-membrane domain through dedicated channels (step 1). In
steps 2 and 3, it is progressively pushed towards the upper end of the extra-membrane domain,
while ions are transported across the TM domain [31]. This functioning mechanism, named
functional rotation [27], is described in greater detail in Section 1.4.

1.3.3 Tripartite efflux pumps

1.3.4 Structure

In gram-positive bacteria, transporters operate as isolates [27]. gram-negatives, on the other
hand, possess transporters as well as tripartite efflux pumps, as mentioned previously. The
latter extend for the whole length of the cell wall (roughly 30 nm) [36], and are composed by
[27, 32]:

• a transporter (in tripartite pumps, this component is also named inner membrane pro-
tein, or IMP). The transporter determines the class of the tripartite pump, which typi-
cally is ABC, RND or MFS;

• an outer membrane protein (OMP), whose characteristic structure consists in a TM β-
barrel (located in the outer membrane) and a helical tube-shaped domain that extends
for roughly 10 nm in the periplasm;
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Figure 1.5: Examples of efflux systems in gram-negative bacteria. While ABC multi-component
pumps bind their substrates in the cytoplasm and expel them, RND pumps uptake substrates in
the periplasmic region, thus cooperating with isolated transporters that push toxins across the inner
membrane (such as those of the SMR family). Proteins of the multi-component pumps are represented
in different colours, with each protomer shown in a different shade. Transporters (labeled IMP) are
represented in blue and gray, MFP in yellow and orange, OMP in pink and purple. Image adapted
from [31].
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• a membrane fusion protein (MFP), which is enterely located in the periplasm but an-
chored to the inner membrane. It connects the transporter to the OMP. Similarly to
the OMP, the MFP possess a peculiar structure, composed by a chain of two or three
globular domains and an helical hairpin. Its size varies according to the considered
system.

Structures of the assembled complex have been obtained through cryo-EM for two tripartite
pumps of E. coli. These are AcrA-AcrB-TolC [36, 37] and MacA-MacB-TolC [38] (also named
AcrAB-TolC and MacAB-TolC), which belong to the RND and ABC classes, respectively [31].
These systems (Fig. 1.5) are composed by the proteins AcrB and MacB (transporters), AcrA
and MacA (MFPs) and TolC (OMP), which is the same in the two pumps [35, 36, 37]. In
both of them, six copies of the MFP are present, which form a tube-shaped homohexamer.
The helilcal hairpins of each MFPs are in contact with the OMP, while part of the globular
domains interacts with the transporter [35, 36, 37].

1.3.5 Functioning mechanism

Although several structural data are available for several tripartite pumps [27, 32], many
aspects of their functioning are still a matter of debate [32]. As mentioned, substrate extrusion
models have been formulated for transporters of all classes (Section 1.3), through studies
conducted on their representatives [31]. However, less is known about the functioning of the
MFP and the OMP [32].

With regard to E. coli AcrAB-TolC, a possible mechanism has recently been proposed by
Shi et al. [39] on the basis of in situ cryo-ET structures of the assembly. According to the cryo-
ET data, AcrAB exists as isolate in the absence of substrates (Fig. 1.6a). When a substrate
(puromycin) is introduced, the assembly of the complete AcrAB-TolC pump is observed more
frequently (62% of the sample). Under this condition, however, the AcrA-TolC interface is not
open (Fig. 1.6b,c,e), as previously reported in cryo-EM studies [36, 37], but rather presents
an occlusion. The AcrA-TolC channel is widely open only in the presence of an inhibitor of
the pump, MBX3132 (i.e. a small molecule that directly interacts with the pump, preventing
substrate extrusion - see Section 1.5) (Fig. 1.6d). On the basis of these data, the authors have
hypothesized that the binding of TolC to the AcrAB complex is triggered by substrate binding.
In the tripartite complex, however, the AcrA-TolC interface opens only transiently to allow
the passage of the substrate. It is possible that the opening event involve interactions of both
AcrA and TolC with peptidoglycan, which lacks in cryo-EM samples. This may explain why
this configuration has not been detected in previous studies. The open state of AcrA-TolC
may be stabilized in presence of the inhibitor MBX3132. This compound could indeed lock the
pump in the final stage of the transport process, thus affecting its functionality. Although this
work offers interesting insights on the functioning of AcrAB-TolC, and on the mode of action
of its inhibitor MBX3132, further studies are needed to support the proposed mechanism.
Several aspects, indeed, need to be cleared, such as the dynamics of the AcrA-TolC complex
during the extrusion process and the possible role of peptidoglycan.

In addition to the transport processes per se, another relevant aspect of the functioning of
tripartite pumps is their cooperation with isolated transporters. As stated previously, while
ABC and MFS transporters can sequester their substrates from the cytoplasm, the transport
pathway of RND transporters is enterely located in their extra-membrane domain [33]. RND
tripartite pumps alone, therefore, can extrude noxious compounds from the periplasm, but
not from the cytoplasm. However, these machineries typically possess a very broad substrate
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Figure 1.6: (a) In situ cryo-ET structure of the AcrAB complex. The outer and inner membranes
(OM and IM, respectively) are also represented in purple, while the peptidoglycan layer (PG) is shown
in yellow). (b) Structural model of the AcrAB-TolC complex fitted in cryo-ET data. (c) Section of the
cryo-ET structure of AcrAB-TolC obtained in presence of a substrate (puromycin). The restriction at
the AcrA-TolC interface is indicated. (d) Section of the cryo-ET structure of AcrAB-TolC in presence
of the inhibitor MBX3132 (see Section 1.5). (e) Cryo-ET structure of the assembled AcrAB-TolC
pump. The outer an inner membrane as well as the peptidoglycan layer are shown (same colour code
as (a)). Image adapted from [39].

range, part of which is in common with one or more transporters expressed by the same
bacterium [31]. This allows expulsion of toxins from the cytoplasm in two steps [32]. Firstly,
the toxin is fed into the periplasm by a transporter. Once here, it enters the RND tripartite
machine, which complete the extrusion process [32]. Until structural data on the MacAB-
TolC pump became available, this double-step mechanism had been thought to be exclusive
of RND pumps [31]. However, analyses of the cryo-EM structure of MacAB-TolC lead to the
detection of a putative substrate binding site at the interface between MacB and MacA [38].
This suggests that uptake of substrates from the periplasm could be possible also for ABC
tripartite pumps [38], and maybe for machineries of the remaining superfamilies (for which
structural data on the assembly are missing). In this regard, it must be pointed out that
tripartite pumps able to extrude toxins from the periplasm can be very beneficial for the cell.
Indeed, in addition to cooperating with transporters, this machineries can also lead back to the
cell exterior compounds that penetrated the outer membrane, preventing them from reaching
the cytoplasm [43].

1.3.6 Clinical relevance of efflux pumps

From the clinical point of view, relevant efflux pumps have been identified in all classes [31].
In gram-positives, the main contributions to MDR are provided by transporters of the MFS
superfamily [40]. A paradigmatic case is that of S. aureus, a gram-positive member of the
ESKAPE group (see Section 1.1), in which the MFS representatives NorA and QacAB provide
resistance to hydrophilic fluoroquinolones, such as ciprofloxacin, and various biocides and
antiseptics [31]. In the same bacterium, a significant role is also played by the ABC transporter
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MrsA, which is involved in the efflux of macrolides and streptogramins [31].
Clinically relevant transporters have also been identified in gram-negative species. These

include MdfA, an MFS transporter of E. coli involved in the extrusion of fluoroquinolones,
tetracyclines and aminoglycosides [40, 41]. Additional examples are EmrE and NorM, which
are expressed by the gram-negative Neisseria gonorrheae [31]. EmrE, which belongs to the
SMR family, can transport drugs of different classes, like macrolides, aminoglycosides and
β-lactams [31]. NorM, a MATE transporter, can confer resistance to hydrophilic fluoro-
quinolones. In addition to transporters, several multi-component efflux pumps provide major
contributions to MDR in gram-negatives [31]. The aforementioned AcrAB-TolC and MacAB-
TolC, expressed by E. coli and other Enterobacteriaceae, confer resistance to a very wide range
of antibiotics [32]. Substrates of AcrAB-TolC, indeed, involve β-lactams, fluoroquinolones,
novobiocin, tetracycline, erythromycin and chloramphenicol [31, 42], while MacAB-TolC is
involved in the efflux of macrolides [31]. Additional examples of relevant multi-component
pumps include the RND pumps AdeABC of Acinetobacter baumannii and MexAB-OprM of
P. aeruginosa, whose range of transported drugs present considerable similarities with that of
AcrAB-TolC [31].

My thesis is mainly focused on the RND transporter AcrB, expressed by Enterobacteriaceae
and part of the AcrAB-TolC pump. A short description of the structural characteristics and
the functioning mechanism of this transporter is provided in the following.

1.4 AcrB: a paradigm of RND transporters

1.4.1 Structure

The AcrB transporter of E. coli is, at present, the best known representative of the RND
superfamily [42]. Indeed, it was the first transporter of this class to be crystallized in 2002 [44]
and, since then, it has been the subject of numerous studies [32, 42]. At present, several crystal
structures are available for this protein with resolution below 2.5 Ȧ [45, 46, 47]. Moreover,
cryo-EM and cryo-ET maps have recently been obtained for the isolated AcrB [48] as well as
for the assembled AcrAB-TolC pump [36, 37, 39] (see Section 1.3).

Studies on AcrB revealed that this protein is a homotrimer (Fig. 1.7) [44]. Each monomer
is composed by 1049 amino acids, and has a height of 120 Ȧ [44]. It consists in a TM domain
(50 Ȧ high) and an extra-membrane portion characteristic of RND transporters (see Section
1.3). It is composed by the pore domain (40 Ȧ high, immediately above the TM domain) and
the docking domain (30 Ȧ high, at the upper extremity of the protein) (Fig. 1.7a) [44].

The topology and structure of the monomers are represented in Fig. 1.8a and b, respec-
tively. In each of them, the TM domain is composed by 12 helices [44], which are arranged in
two pseudo-symmetric subdomains named R1 (helices TM1-6) and R2 (TM7-12) (Fig. 1.8a,b)
[42, 49]. These subdomains are linked by an extra-membrane helix, named I-α, which is located
in the cytoplasm (Fig. 1.8a,b) [44]. On top of the TM region, the pore domain consists of four
subdomains (labeled PN1, PN2, PC1, PC2), each composed by two α-helices linked to anti-
parallel β-strands [44]. Similarly, two subdomains have been identified in the docking domain,
named DN and DC and mainly composed by anti-parallel β-strands [44]. The DN subdomain
presents a peculiar structure, being characterized by a protruding loop (or connecting loop)
that is involved in interactions with the adjacent monomer (Fig. 1.8b) [44, 50].

The assembled protein presents a considerable number of cavities and channels, which
constitute the transport pathway (Fig. 1.8c,d). The TM domains of the three monomer enclose
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Figure 1.7: Side view (a) and top view (b) of E. coli AcrB (PDB ID: 1IWG). Monomers are represented
in different colours. Adapted from [44].

the so-called central cavity (Fig. 1.8c), which has a diameter of 30 Ȧ [44] and is partially filled
with lipids in vivo [53]. It is connected to the exterior of the protein thrugh three vestibules
(Fig. 1.8c). These are inter-monomer cavities located right above the membrane, which extend
for roughly 15 Ȧ in height [42, 44].

In the pore domain of every monomer, two binding pockets have been identified, named
proximal binding pocket (PDP) and distal binding pocket (DBP) [45] (Fig. 1.8c). The PDP,
located between subdomains PC1 and PC2, is the more external pocket. A flexible and glycine-
rich loop (named switch loop or G-loop) separates it from the DBP, which is enclosed between
subdomains PN1, PN2 and PC1 [42, 45]. From the DBP, a channel (or exit gate) extends
towards the cavity formed by the docking domain of the three monomers, also referred to as
central funnel (30 Ȧ in diameter) (Fig. 1.8c) [44].

Structural studies on AcrB have lead to the identification of several access route to the
binding pockets. With regard to the PBP, two possible entries have been detected, named
channel 1 and channel 2 (hereafter CH1 and CH2, respectively) (Fig. 1.8c) [42, 51]. CH1
is located in proximity of the vestibule, being formed by the PC2 subdomain and the TM
domain. CH2, or periplasmic cleft, is instead formed by the most external part of the PC1
and PC2 subdomains. A study on the transport pathway in AcrB revealed that mutations in
CH1 and CH2 affect the efflux of minocycline, doxorubicin and erythromycin, suggesting that
these drugs access the PBP through the mentioned entries [51].

In addition to CH1 and CH2, channels linking the DBP to the external environment have
also been identified. These include channel 3 (CH3) [51], which connects the DBP to the central
cavity (Fig. 1.8c). According to a mutagenesis study [51], this is the preferred access route
for planar aromatic cations with low molecular mass (less than 500 Da). Compounds with
this characteristics are, for example, the antimicrobial benzalklodium or the fluorescent dye
ethidium bromide. Moreover, another entry to the DBP, named channel 4 (CH4), has recently
been identified (Fig. 1.8d) [52]. It is located at the interface between the PN2 subdomain and
the TM domain, and is thought to be mainly involved in the transport of drugs like β-lactams
and fusidic acid. Investigations on this access route have revealed that substrates may bind
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Figure 1.8: (a) Topology diagram of an AcrB monomer. Secondary structure elements are represented
as cylinders (helices) and arrows (β-strands). Dotted lines correspond to unstructured segments. Image
adapted from [44]. (b) Structure of an AcrB monomer. Subdomains are labeled and represented in
different colours. Moreover, the I-α helix (linking the R1 and R2 subdomains, as shown in (a)) and the
connecting loop are indicated. (c) Cavities and channels in the AcrB transporter. Truncated labels
refer to: central cavity (CC), channel 1-3 (CH1-3), proximal binding pocket (PBP), switch loop (SL)
and distal binding pocket (DBP). Image from [51]. (d) Substrate pathways constituting channel 4
(CH4). The considered pathways (labeled S1-4, S1’) are shown as green meshed surfaces. Nearby
residues affecting AcrB activity according to functional analysis are represented as blue sticks. Image
from [52].
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AcrB on the top of the TM domain (helices TM1 and TM2), and from here they may reach
the DBP through multiple pathways, which constitute CH4.

1.4.2 Transport mechanism

At present, the transport mechanism of AcrB, and of RND transporters in general, is not com-
pletely understood. A widely accepted model, named functional rotation, has been formulated
on the basis of experimental data (such as crystal structures) [45, 54] as well as computational
investigations [42].

According to this hypothesis, the transport of substrates by AcrB requires each of its
monomers to undergo a sequence of conformational changes [42]. The involved conformations
(for which crystal structures are available [45]) are named loose (L, or access), tight (T, or
binding) and open (O, or extrusion) states [42].

Significant differences between such states regard the configuration of the porter domain
[54]. Indeed, in the L state the PBP and its access routes (CH1 and CH2, see Subsection 1.4.1)
are widely open, due to the marked separation of the PC1 and PC2 subdomains. However,
subdomain PC1 is in contact with PN1 and PN2, determining the occlusion of the DBP and
the exit gate. In the T state all subdomains in the porter domain are instead well distanced,
so that both the PBP and the DBP are accessible. The entry channels to the DBP (CH3
and CH4, see Subsection 1.4.1) are open as well, while the exit gate remains closed. Passage
through the latter channel is possible only in the O state. In this configuration, indeed, the
inclination of PN1 varies of roughly 12° away from PN2, determining the opening of the gate.
On the contrary, the PBP, DBP and their entry channels are closed, due to the fact that
subdomains PC1, PC2 and PN2 are in close contact with each other.

The functional rotation model [54] has originally been formulated for substrates that access
the AcrB monomers through the CH1 and CH2 entries, which lead to the PBP. According to
it, substrates firstly access the AcrB monomer in the L state, reaching the PBP. This event
triggers the switch from the L to the T state, in which the substrate enters the DBP. With
a second conformational change, from T to O, the substrate is expelled through a sort of
peristaltic motion. This is created by the occlusion of the DBP, coupled to the opening of the
exit gate. Once the substrate has been extruded, the monomer returns to the initial L state.
The completion of the transport process, therefore, requires a cycle of conformational changes,
which is L→T→O→L. This process is coupled to the protonation of charged residues located in
the TM domain, at the interface between the R1 and R2 subdomains (helices TM6 and TM10)
[54]. Indeed, according to experimental and in silico investigations, protons access and bind
the involved residues in the T→O transition, and are then released in the cytoplasm through
the following O→L transition [55]. This influx mechanism provides the required energy for
the completion of the functional rotation [46, 55].

Studies based on X-ray crystallography have shown that AcrB can exist in asymmetric
states, its monomers being at different stages of the functional rotation process [45, 54]. These
states include, for example, LTO or LLT [42]. Moreover, the recent identifications of CH3 [51]
and CH4 [52] suggest that some substrates can directly access the DBP through these entries,
bypassing the PBP. This is supposed to happen in the T state, when the DBP and its channels
are open [51, 52].

Additional investigations have shed further light on the transport mechanism and the
properties of the PBP and DBP. It has indeed been shown that the DBP presents a higher
percentage of hydrophobic residues than the PBP (52% and 41%, respectively) [42]. Since
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Figure 1.9: Overall view of an AcrB monomer, with zoom on the surroundings of residue 288 (located
in the DBP). In the close view, the DBP of the wt AcrB (crystal structure, PDB ID: 4DX7 [45]) and
its G288D variant (MD simulation data) are superimposed. Residue 288 is shown in green (wt protein)
and yellow (G288D variant). Moreover, nearby residues are represented in blue (wt) and red (G288D).
Relevant changes in the orientation of the represented residues are highlighted through black arrows.
Image adapted from [143].

substrates of AcrB share a certain degree of lipophilicity, this characteristic is thought to
favour the displacement of substrates towards the DBP in the T→O transition [42]. In this
regard, an important role is also played by the switch loop (see Subsection 1.4.1), which
possess a considerable degree of flexibility because of the presence of several glycine residues.
Mutation of such residues restrain the dynamics of the loop and have been shown to affect the
functionality of the transporter [56]. This is possibly due to the fact that a more rigid switch
loop does not allow the passage of substrates from the PBP to the DBP [56].

The presence of hydrophobic residues in the binding pockets is thought to be of importance
also for the substrate specificity of AcrB. Indeed, studies conducted on this transporter and on
several homologues suggest that lipophilicity of the pockets, together with additional features
(such as shape, electrostatic potential and hydration), plays an important role for the sub-
strate specificity of the transporter [118, 135]. These findings are consistent with our present
knowledge of the fluoroquinolone resistant variant of AcrB, bearing the G288D substitution.
This mutation, detected during the treatment of a clinical patient with Salmonella infection,
determines an increased resistance to fluoroquinolones (such as ciprofloxacin) as well as an
enhanced sensitivity to doxorubicin and minocycline [144, 145]. Such alteration is coupled to
significant variations in the structure and hydration properties of the DBP, where residue 288
is located. The G288D substitution has indeed been proven to determine a net increase in the
hydration of the DBP, causing the reorientation of several residues of the hydrophobic trap (a
niche of the DBP enclosed between PC1 and PN2, rich in hydrophobic and aromatic residues)
(Fig. 1.9) [143]. These variations, in turn, may considerably affect the binding affinities of the
AcrB substrates [143].

1.5 Efflux pump inhibitors

A viable route to contrast the action of RND tripartite pumps, such as AcrAB-TolC, is the
development of efflux pump inhibitors (EPIs) [57]. These are compounds capable of preventing
the extrusion of substrates by the pump. They may thus be co-administrated with antibiotics,
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Figure 1.10: Chemical structures of the EPIs PAβN, NMP and of an inhibitor of the MBX
series (MBX2319). Image adapted from [113].

in order to restore their efficiency [57].
Research on this topic, which started over 20 years ago [58], has lead to the identification

of several EPIs [47, 57]. At present, however, none of them is suitable for clinical use, mainly
because of cytotoxic effects that emerged in preclinical tests [58]. Further investigations are
thus needed to overcome this difficulty, e.g. through the identification of new EPIs or the
design of more efficient derivatives of the available ones [57].

With regard to E. coli and Enterobacteriaceae, the main EPIs discovered so far are phenyla-
lanyl-arginine-β-naphtylamide (PAβN), 1-(1-napthylmethyl)-piperazine (NMP) and members
of the MBX series of pyranopyridine derivatives [47, 57] (see Fig. 1.10). In E. coli, these
compounds have been proven to be effective against the AcrAB-TolC efflux pump [47, 57].
Specifically, investigations conducted through mutagenesis [63], X-ray crystallography [47, 59]
and in-silico [47, 60] approaches revealed that they can interact with the AcrB transporter
and bind the DBP.

PAβN and NMP were discovered in 1999 [61] and 2005 [62], respectively. The former
[61] was firstly identified through a screening for EPIs of the RND pump MexAB-OprM,
expressed by P. aeruginosa. It was later proven to be effective also against E. coli AcrAB-
TolC, increasing the strain sensitivity to drugs like levofloxacin and tetracycline [57]. NMP
was similarly discovered with a screening procedure, having AcrAB-TolC as its target [62]. It is
known to potentiate a considerable range of antibiotics, such as levofloxacin, chloramphenicol
and ciprofloxacin [57]. Both PAβN and NMP, however, are effective only at high concentrations
(50 µM or higher), and are thus not usable as therapeuticals [57]. Such high doses would indeed
cause accumulation in tissues, with consequent toxic effects [58]. It is nonetheless important to
investigate their mode of action, which is not fully understood at present. This could indeed
lead to a deeper knowledge of the functioning of tripartite RND pumps, and possibly provide
hints for the design of novel EPIs [57].

In this regard, structural data on the interactions of PAβN and NMP with AcrB are lacking,
possibly due to the low binding affinity of these EPIs for the binding pockets of AcrB [37, 57].
At present, indeed, only one crystal structure of PAβN bound to the AcrB N109A variant
is available [59], which shows that the EPI binds the PBP of the transporter. Significant
information on the binding poses of both PAβN and NMP have however been obtained by
mean of in silico approaches [60], through the combination of computational docking and
molecular dynamic simulations. These investigations [60] have revealed that both PAβN and
NMP can stably bind the DBP of AcrB, interacting with the switch loop and the surrounding
region. Additional stabilizing interactions are formed by the aromatic groups of the EPIs
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with the hydrophobic trap. For both EPIs, interactions with the switch loop may play a
fundamental role in the inhibitory process, preventing the passage of substrates from the PBP
to the DBP (see Section 1.4). Indeed, as mentioned in Subsection 1.4.2, mutagenesis studies
[56] revealed that a more restrained switch loop affects the functionality of the transporter.
Moreover, it has been hypothesized that the presence of PAβN and NMP in the DBP could
not allow substrate binding, because of sterical hindrance [57].

In addition to PAβN and NMP, EPIs of the MBX series [47, 64] have been demostrated to
potentiate a very wide range of substrates. The first member of this series (EPI MBX2319)
was discovered in 2014 [64] and was proven to increase the sensitivity of the bacterial strain to
various AcrB substrates, such as luvofloxacin, piperacillin and chloramphenicol. Importantly,
MBX2319 and its derivatives are effective at concentrations of 3 µM or lower [47], i.e. at
least one order of magnitude lower than those required by PAβN and NMP. Due to this
characteristic and their broad efficacy, MBX EPIs are highly promising.

Interactions of these compounds with AcrB have been investigated by mean of X-ray crys-
tallography as well as in silico molecular dynamics simulations [47]. Both approaches demon-
strated that MBX EPIs can bind the DBP, forming interactions similar to those described for
PAβN and NMP. Similarly, indeed, MBX EPIs interact stably with the switch loop or nearby
residues, as well as with the hydrophobic trap. Their mode of action could thus be analo-
gous to that of the formerly described EPIs. Differences in the required concentration of the
MBX EPIs with respect to PAβN and NMP may be related to different binding affinities [47].
Indeed, in silico estimations of the binding free energies of these EPIs provided considerably
higher values for the MBX compounds (roughly -50 kcal/ml [47]) than for PAβN and NMP
(roughly -20 kcal/mol in both cases [60]).

Recently, important insights on the mode of action of the MBX EPIs have come from
structural investigations, through cryo-EM [37] and cryo-ET [39] techniques. Cryo-EM data
on AcrAB-TolC [37], sampled in different conditions, have indeed revealed that AcrB tends to
adopt the TTT conformation in presence of the MBX3132 EPI. Although the EPI has not been
solved in the structure, such stabilization has not been detected in the apo AcrB or in presence
of substrates [37]. This finding is in good agreement with cryo-ET data [39] (see Subsection
1.3.3), which showed that, in presence of the same EPI, the AcrA-TolC channel stably adopts
an open conformation. On the basis of structural data obtained in the same study, this channel
has instead been proposed to open only transiently in presence of substrates. These data,
therefore, suggest that MBX3132 may inhibit the pump by strongly restraining the dynamics
of the transporter, which cannot complete its transport cycle. The stabilization of AcrB,
in turn, could prevent functional motions of AcrA and TolC, which are blocked in the open
conformation [39]. Further investigations are required to fully understand this mechanism.
Indeed, important aspects need to be explained, such as the stabilization of the TTT state by
MBX3132. Moreover, similar studies on the remaining EPIs could be conducted, to understand
whether they share a similar mode of action and analogous restraining properties.

1.6 Thesis rationale

This thesis focuses on two relevant lines of research on EPIs, i.e. the investigation of the
inhibitory mechanism of known inhibitors as well procedures for the identification of novel
EPIs that are suitable for clinical use. Specifically, we considered the following compounds:

• the in-use antipsychotics amitriptyline and chlorpromazine, which were proven to be
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effective against AcrAB-TolC in E. coli and Salmonella Typhimurium. These com-
pounds are therefore potential candidates for the synthesis of new EPIs through drug
repurposing. Their utilisation, however, requires the understanding of their inhibitory
mechanism;

• the known EPI PAβN, whose effectiveness against AcrAB-TolC has been demonstrated.
Nonetheless, several questions are still open with regard to its functioning.

In this thesis, the inhibition mechanisms of such compounds have been investigated through
computational methods. Moreover, the obtained results have been integrated with experimen-
tal data as part of multidisciplinary collaborations.

1.7 Thesis outline

After this introduction, the thesis is organized as follows:
Chapter 2: description of the theoretical basis of the computational methods applied in

this thesis;
Chapter 3: study of the inhibition mechanism of amitriptyline and chlorpromazine against

E. coli and Salmonella Typhimurium AcrB;
Chapter 4: study of the inhibition mechanism of PAβN against E. coli AcrB (wt and

fluoroquinolone resistant G288D variant). Ternary complexes formed by AcrB bound to PAβN
and the antibiotic ciprofloxacin were also considered, in order to assess potential variations in
the action of the inhibitor due to the co-presence of a substrate;

Chapter 5: in silico structural characterization of Salmonella Typhimurium AcrB (wt
and fluoroquinolone resistant G288D variant), aimed at evaluating the impact of the G288D
mutation on the structure and hydration of the binding pockets.
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Chapter 2

Methods

2.1 Introduction

The in silico studies presented in this thesis have been performed in complementarity to diverse
experimental approaches, including well diffusion essays (Chapter 3), hydrogen-deuterium
exchange-mass spectrometry (HDX-MS, Chapter 4) and cryo-EM (Chapter 5). In general,
experimental techniques have provided fundamental contributions in the investigation of sub-
cellular processes [65]. Specifically, our understanding of the structure and functioning of AcrB
and analogous transporters is greatly due to techniques like X-ray crystallography, cryo-EM
and susceptibility tests (see Chapter 1, Section 1.4) [31].

Despite their fundamental contributions, these techniques are often not suitable for the
investigation of the dynamical aspects of protein functioning, which are crucial for the under-
standing of most cellular phenomena. Indeed, only a few techniques like NMR or fluorescence
spectroscopy can be applied for the investigation of structural dynamics. However, these meth-
ods can require difficult interpretation, or do not allow the observation of unstable states [66].
Other techniques like HDX-MS provide insights on changes in the protein dynamics upon spe-
cific events, like substrate binding (see Chapter 5). Nonetheless, information on the binding
event or triggering mechanisms in the protein are lost [66].

For many sub-cellular systems, like the AcrB transporter, an atomic-level description of
functional dynamics can be achieved through in silico techniques, like molecular modeling or
molecular dynamics simulations [66]. These techniques have indeed proven to be useful for
the investigation of various phenomena, including binding events, conformational changes and
substrate recognition [34].

In the works presented in this thesis, we mainly focused on the binding of substrates and/or
inhibitors to AcrB and on how such interactions affect the structural features of the transporter.
We made use of homology modeling to build structural models of S. Typhimurium AcrB and
of a fluoroquinolone resistant AcrB variant, whose high-resolution structure is currently not
available. Putative binding sites of substrates and inhibitors were identified through molecular
docking. Moreover, in all work we conducted all-atom MD simulations to investigate the
dynamical properties of the system of interest. The theoretical background of the mentioned
computational techniques is discussed in Section 2.2, while Section 2.3 is dedicated to analysis
methods.
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2.2 Theoretical background

2.2.1 Homology modelling

In proteins, structural features are strongly related to biological function [67]. Knowledge of
the three dimensional structure of such systems is thus crucial.

Since the second half of the 20th century, several experimental techniques have been ap-
plied to the resolution of protein structures [68]. These include X-ray crystallography, NMR
and electron microscopy [65]. Studies based on such techniques have lead to the charachteri-
zation of a high number of proteins: over 165,000 three dimensional structures are currently
available in the PDB database [69]. Application of experimental methods, however, is not
always successful. Especially in the case of membrane proteins, like transporters, considerable
difficulties may be encountered in the purification process [68].

In parallel to the development of experimental methods, diverse computational approaches
have been proposed to predict the structure of proteins [70]. Among them, homology modeling
is considered as the most accurate [68]. This technique is based on the empirical observation
that proteins with similar amino acid sequence tend to fold into similar structures [71]. Its
application requires at least one protein whose structure has been experimentally resolved
(template) [68]. Prediction of realistic structural models requires a significant sequence sim-
ilarity between the template and the protein of unknown structure (target) [72]. Typically,
false negatives or inaccurate predictions are likely to be obtained with a sequence similarity
below 10% [72, 73]. In this work, we selected E. coli AcrB (PDB IDs 2J8S [112], 4DX5 and
4DX7 [45]) as template for the modeling of the S. Typhimurium orthologue (94.7% sequence
identity, see Chapter 5) and its fluoroquinolone resistant variant. Cryo-EM data were used for
a further refinement of the structural model of the fluoroquinolone resistant variant (Chapter
5). Sequences of the target and template proteins were derived from the Uniprot database
[74]. Models were generated through the dedicated software Modeller [75], whose protocol is
described in the following (see Fig. 2.1 for a schematic representation).

In Modeller [75], the first step for structural prediction consists in the optimal alignment
of the target and template sequences, aimed at minimizing the number of sequence gaps.
Once this procedure has been completed, structural restraints necessary for model building
are defined. These include:

• spatial restraints, such as the correlation between equivalent Cα − Cα distances. Such
restraints are defined through probability density functions whose expression has been
obtained empirically, from the statistical data analysis of similar protein structures;

• stereochemical features, such as bond lenghts, bond angles and dihedral angles, which
are defined by the CHARMM22 force field [77].

The mentioned restraints are combined in the so-called objective function. The structural
model is obtained by optimizing such function in Cartesian space. This is achieved through
conjugate gradient methods and molecular dynamics with simulated annealing.

In addition to this protocol, additional steps were performed through the Flex-EM software
[78] for the refinement of our model of the fluoroquinolone resistant variant in its cryo-EM
map. Firstly, the three-dimensional structure generated by Modeller [75] is fitted into the map.
The protein is treated as a rigid body, its position and orientation in the map being optimized
through Monte Carlo and conjugate gradient methods. Secondly, the model undergoes an MD
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Figure 2.1: Schematic representation of the structure prediction steps in Modeller. Image adapted
from [76].
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simulated annealing procedure. During this procedure, the cross-correlation function (CCF)
of the model is computed:

CCF =
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where ρEM is the density of the cryo-EM map, ρPij is the density of grid points of the
structural model and V ox is the number of voxels of the cryo-EM map located within two
times the map resolution from any atom of the structural model. Values of the CFF range
between 0 and 1, with 1 indicating an optimal fit in the cryo-EM map. The optimization
through simulated annealing is terminated if the change in the CCF is below 0.001.

2.2.2 Molecular dynamics

Molecular dynamics (MD) is a powerful computational technique for the description of mi-
croscopic systems [79]. This approach is widely used for the study of biological systems [79],
e.g. to evaluate the stability of structural models of biomolecules (see Subsection 2.2.1) or to
investigate processes such as ligand binding and conformational changes in proteins [80, 81]. In
the case of AcrB and omologous RND transporters, MD simulations have provided significant
insights on their transport mechanism and on the substrate specificity of the DBP [40].

Several MD approaches have been developed over the years, which include ab initio MD
(which accounts for quantum effects) as well as classical MD (in which atoms are treated as
classical particles, requiring less computational resources) [82]. Although quantum effects are
relevant for the study of specific biomolecules, such as metalloproteins [83], they can safely
be neglected in most biological systems [82]. For this reason, their simulations are typically
conducted through the classical MD approach [79].

2.2.2.1 Classical description of molecular systems

A fundamental assumption at the basis of this approach is the Born-Oppenheimer approxima-
tion [82], regarding the decoupling of nuclear and electronic motions. In molecular systems,
indeed, nuclear motions are typically much slower than electronic motions. Therefore, elec-
tronic relaxation upon a nuclear displacement can be considered as instantaneous. It is thus
possible to treat nuclear motions separately, and to compute the electronic energies for a given
set of nuclear coordinates. A proper evaluation of the electronic energy would require the
resolution of the Schroedinger equation, thus accounting for quantum effects. In the classi-
cal MD approach, in which such effects are assumed to be negligible, electronic interactions
are expressed through an effective potential, written as a function of the coordinates of the
nuclei. At present, several forms of the effective potential have been derived, mainly through
semi-empirical methods [84].

On the basis of these approximations, nuclear dynamics can be described through the
Newton’s equation of motion [82, 85]. Specifically, indicating as mi and ri the mass and
position of particle (nucleus) i in the system, Newton’s equation can be written as:

mi
∂2ri
∂t2

=
N∑
j=1

Fi(t) (2.2)
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where N is the number of atoms in the system and Fi(t) is the resultant force acting on
particle i at time t. This term accunts for the interactions with the remaining particles of the
system. It is related to the effective potential, indicated as Ui(t), by the equation:

Fi(t) = −∇Ui(t). (2.3)

As previously mentioned, several expressions for the effective potential Ui(t) (referred to
as force fields) have currently been derived [84]. Among the most widely used force fields
are CHARMM (used for homology modelling, see Section 2.1) [77] and the AMBER [86]
force fields, which have been used for the MD simulations described in this thesis. Although
specific parameters and functional forms can differ depending on the considered force field,
some general aspects regarding the description of the interatomic interactions can be identified.
Typically, force field are written as the combination of two terms [85], which account for the
interactions between atoms connected by chemical bonds (U bonded) and unconnected atoms
(Uunbonded):

U = U bonded + Uunbonded. (2.4)

In most force fields, the term U bonded is written in the following form:

U bonded = U bonds + Uangles + U torsions (2.5)

where U bonds and Uangles account for variations in bond lenghts and bond angles, respec-
tively, while U torsions is related to torsions around chemical bonds, described by dihedral angles
(see Fig. 2.2 for a schematic representation). Possible expressions for these terms are:

U bonds =
∑
bonds

kr(b− beq)2 (2.6)

Uangles =
∑
angles

kϑ(ϑ− ϑeq)2 (2.7)

U torsions =
∑

diehdrals

V

2
[1 + cos(nϕ− γ)]. (2.8)

In Equations 2.6 and 2.7, variations in bond lenghts and angles are treated as harmonic
oscillations around the equilibrium values beq and ϑeq. In the case of bond lenghts, a more
accurate description of the associated energy is given by the Morse potential (Fig. 2.3).
Eq. 2.6, however, provides a good approximation for small oscillations with respect to the
equilibrium value, and has a much lower computational cost. With regard to the expression
of U torsions, dihedral angles are indicated as ϕ, while γ is a phase angle and n is the number
of minima.

Similarly to U bonded, term Uunbonded (related to unbonded interactions) can be written as
the sum of two contributions. These are given by electrostatic (U electrostatic) and Van der
Waals interactions (UV dW ):

Uunbonded = U electrostatic + UV dW . (2.9)

The energy associated to electrostatic interactions, which involve charged particles, is given
by the following expression:
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Figure 2.2: Representation of common bonded terms in force fields. Image adapted from [87].

Figure 2.3: Behaviour of the Morse and harmonic potential with respect to the bond length. The har-
monic potential represents a good approximation of the Morse potential in proximity of the equilibrium
bond length (absolute minimum of the curve). Image from [88].
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U electrostatic =
∑
i<j

qiqj
4πεrij

(2.10)

where qi and qj are the charges of the considered particles, rij is the distance between
them (notice that such distance does not necessarily correspond to a bond lenght, as in eq.
2.6) and ε is the dielectric constant.

Interactions between transient dipoles, due to oscillations in the charge distribution in
neutral particles, can be described through the Lennard-Jones potential:

UV dW =
∑
i<j

4εij

[(
σij
rij

)12

−
(
σij
rij

)6
]

(2.11)

where εij is the depth of the potential well, σij is the zero-potential distance between
the considered particles and rij is the distance between them, as in eq. 2.10. UV dW is thus
given by the contribution of repulsive short-distance interactions (term (σij/rij)

12 in eq. 2.11),
which become dominant in case of atomic clashes, and attractive long-distance interactions
(term (σij/rij)

6).

2.2.2.2 Periodic boundary conditions

In addition to the evaluation of interatomic interactions, a relevant aspect of MD simulations
is related to the size of the simulated system [82, 85]. The system of interest is indeed en-
closed in a box (typically a parallelepiped), in which edge effects cannot be neglected. In
order to overcome this problem, periodic boundary conditions are used [82, 85]. With this
method, identical copies (or images) of the simulation box are placed in each direction of a
three-dimensional grid. In this way an infinite system is created, whose evolution is not af-
fected by artifacts in proximity of the boundaries. Importantly, the use of periodic boundary
conditions does not affect the conservation of the number of particles in the system. During
the simulation, indeed, all periodic images evolve in the same way. Therefore, some atoms
leave box i to enter its adjacent image (box i+ 1), the same number of equivalent atoms will
enter box i from box i− 1, and so on (see Fig. 2.4). The total number of atoms in each box
is thus conserved along the whole simulation.

A possible issue in the application of periodic boundary conditions is the interaction be-
tween adjacent images through long-range forces, such as electrostatic ones, which cause con-
siderable artifacts in the simulation. In principle, such interactions could become negligible
provided the box is sufficiently large. However, an increase in the size of the system necessarily
increments the computational and time cost of the simulation. In order to efficiently compute
long-range interactions, several approaches have been developed. Among them, the particle
mesh Ewald (PME) is widely used [85]. This approach is based on the idea of splitting the
electrostatic potential (Eq. 2.10) in two terms, using the following identity:

1

r
=
f(r)

r
− 1− f(r)

r
(2.12)

where f(r) is a generic function of the interatomic distance r. The efficiency of this method
strongly depends on the choice of such function. The first term of the equation should indeed
be negligible for large values of r (typically, a cutoff value between 9 and 10 Å is used),
while the second term should vary slowly, to avoid divergences at large interatomic distances.

41



Figure 2.4: Periodic boundary conditions for a two-dimensional system. The number of particle in
each periodic image is conserved along the whole simulation. Image from [89].

Several forms of f(r) that satify these requirements have been identified, such as the Gaussian
screening function:

ρ(r) = −q
(α
π

)3/2
exp(−αr2) (2.13)

where q is the screened electrical charge and α is a parameter related to the width of the
Gaussian.

2.2.2.3 Microscopic description and macroscopic observables: the ergodic hy-
pothesis

Our knowledge of physical systems is often based on macroscopic observables. The description
of a system at atomic level, such as that provided by MD simulations, is instead related on
the evaluation of the position and momentum (ri and pi, respectively) of each particle of the
system. Specifically, a given set of values for the variables (ri, pi) corresponds to a specific
configuration of the system, referred to as microstate in statistical mechanics. The collection
of all the possible microstates of the system of interest is named ensemble.

Macroscopic observables, which can be measured in experiments, are given by an average
over the system ensemble:

< A >=

∫∫
dridpiA(ri, pi) exp(−H(ri, pi)/kBT )∫∫

dridpi exp(−H(ri, pi)/kBT )
(2.14)

where A(ri, pi) is the observable of interest, H(ri, pi) is the Hamiltonian of the system, T is
the temperature and kB is the Boltzmann constant. The integral, as mentioned, is calculated
over all the possible microstates of the system.

Since the evaluation of such integrals is very demanding, a possible approach is that of gen-
erating all the possible microstates of the system, which could be used to compute the average
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of the observable of interest. However, this requires the exploration of the whole ensamble,
which can have a very high computational cost. Indeed, it is not possible to guarantee that
all microstates have been generated, even with multiple MD simulations of the same system.

The accurate measurement of macroscopic observables through MD simulations relies on
the satisfaction of the ergodic hypothesis. According to it, a system free to evolve in an indef-
inite amount of time will explore all its possible microstates. Under this condition, therefore,
the ensemble average of a given observable (Eq. 2.14) is equivalent to its time average. This
can be written as:

< A >= lim
T→∞

1

T

∫
dtA(ri(t), pi(t)). (2.15)

Provided MD simulations are sufficiently long, therefore, macroscopical observables can be
calculated through averages over the simulation time steps. Clearly, such procedure can lead
to accurate results only if the simulation time is sufficient to explore the representative states
of the system.

2.2.2.4 MD simulation protocol

In each work presented in this thesis, MD simulations have been performed using the dedicated
software AMBER. The following protocol has been followed:

1. The topology and the initial coordinate files of the system have been created using
the LeAP module of AMBER18 [86]. Force fields ff14SB [114] and protein.fb15 [137]
have been used to represent the protein, while the TIP3P model has been used for wa-
ter [115]. When present, lipids have been represented through the lipid17 force field
(http://ambermd.org/GetAmber.php), while GAFF parameters [117] for generic com-
pounds were taken from Malloci et al. [90].

2. The system has been subjected to a multi-step structural relaxation using the pmemd
module of AMBER18. Relaxation has been achieved by gradually releasing positional
restraints on the system.

3. The system has been heated from 0 to 310 K. The heating procedure differs according to
the considered work. In studies in which a truncated model of AcrB has been simulated,
which only included the periplasmic portion (see Chapters 3 and 5), heating has been
performed in 1.25 ns under constant pressure (set to 1 atm), with positional restraints
on the Cα within 5 Å from the bottom of the protein. In investigations on systems
composed by the complete AcrB protein embedded in a membrane (see Chapter 4),
heating has instead been performed in two steps, to further stabilize the system: (i)
from 0 to 100 in 1 ns under constant volume conditions, (ii) from 100 to 310 K in 5 ns
under constant pressure, set to 1 atm. Positional restraints have been imposed on the
heavy atoms of AcrB and on the phosphorous atoms of lipids to allow the membrane to
relax.

4. A short MD simulation has been performed to equilibrate the system. Equilibration was
conducted under isotropic pressure scaling and at constant temperature. In the case of
the truncated AcrB protein, it has been performed for 10 ns, while for simulations of
the whole AcrB protein 20 equilibration steps have been performed, each of 500 ps in
duration (10 ns in total).
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5. NPT MD simulations have been performed for each system. The truncated AcrB pro-
tein, whose investigations were aimed at evaluating interactions with substrates and/or
inhibitors (see Chapter 3) and assessing structural properties (see Chapter 5), has been
simulated for 150 ns. The system composed by AcrB embedded in a membrane has
instead been simulated for 1 µs, in order to evaluate its hydration properties and struc-
tural flexibility (see Chapter 4). For all simulations, a time step of 4 fs was used under
hydrogen mass repartitioning [98]. The PME algorithmwas used to evaluate electrostatic
interactions with a distance cutoff of 9 Å.

2.2.3 Molecular docking

Molecular docking is a widely used computational method aimed at predicting the structure
of a complex (typically composed by a small ligand and a protein, or receptor) starting from
its unbound components [91]. It is based on the generation of a very high number of con-
figurations for the complex of interest, named poses. For each pose, the scoring function is
evaluated, which consists in the combination of several terms (electrostatic and Van der Waals
interactions, buried surface, etc) and provides a rough estimation of the binding affinity. In
principle, therefore, poses with the highest values of the scoring function should represent the
native structure of the complex, i.e. its structure in physiological conditions. The accuracy of
the results are thus strongly related to the accuracy of the scoring function [91, 93].

Importantly, the docking approach is very different from that of MD simulations [92].
Indeed, while MD is aimed at reproducing the time evolution of a given system, molecular
docking has been developed to explore and rank the possible (meta)stable conformations as-
sumed by two or more interacting biomolecules. Docking, therefore, provides a collection of
static snapshots representing putative structures of the bound complex. Such snapshots may
then by used as starting structures for further MD simulations, in order to evaluate the stabil-
ity of the complex and its time evolution. In principle, bound conformations of the complex
could also be generated through molecular dynamics simulations, by placing the ligand and
the receptor in the same box and waiting for them to bind. However, such procedure would
be much more time consuming, expecially in cases where the binding site of the ligand is not
known (blind docking). Docking algorithms, on the contrary, have been spefically developed
to generate a large number of possible configurations at low computational costs.

A relevant aspect of molecular docking is related to the structural flexibility of both the
ligand and the receptor [92]. By accounting for the full flexibility of both components, indeed,
docking algorithms could provide more accurate results. For example, they could mimic small
rearrangements in the binding site due to interactions with the ligand. On the other hand,
evaluations of this kind would cause considerable increments in time and computational cost.
For this reason, both the receptor and the ligand are often treated as semi-rigid bodies. Most
docking softwares indeed allow to define specific rotamers, i.e. chemical bonds around which
torsions are allowed. An alternative approach is that of ensemble docking, in which docking is
not performed using a single three-dimensional structure of the receptor and/or the ligand, but
rather a collection of structures representing different conformations. This approach allows
to partially take into account the flexibility of the involved molecules. This can significally
increase the accuracy of the algorithm predictions.

In the works presented in this thesis, docking calculations have been performed with the
dedicated software Autodock VINA [94], which is among the most used in this field. It is
based on the use of an empirical scoring function, and performs an iterated optimization of
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the generated poses that significantly improves the accuracy of the predictions. In all the
performed docking calculations, ligands have been treated as semi-rigid bodies through the
definition of rotamers, while structural ensembles have been provided for the AcrB protein,
used as receptor. In the case of the E. coli wild type AcrB, the structural ensemble was com-
posed by high resolution X-ray crystal structures, while ensembles of S. Typhimurium AcrB
and the fluoroquinolone resistant variant were composed by homology models (see Chapters
3 and 4; see also Subsection 2.2.1).

2.3 Methods for the analysis of MD trajectories

In the works presented in this thesis, several techniques have been applied for the analysis of
MD trajectories. The following Subsection is dedicated to their description.

2.3.1 Root Mean Square Deviation (RMSD)

The RMSD analysis is the most common method to evaluate the similarity between three-
dimensional structures. It can be used to compare crystal structures of the same protein
or, in the case of MD simulations, protein structures extracted from different frames of the
trajectory.

Typically, its evaluation is performed upon the alignment of the structures. In this phase,
the superposition of the coordinates of equivalent atoms is optimized with dedicated algo-
rithms. The RMSD is then calculated through the following expression:

RMSD =

√√√√ 1

N

N∑
i=1

d2i (2.16)

where N is the number of equivalent atoms and di is the distance between the i-th couple
of equivalent atoms upon the structural alignment. This calculation is often performed on a
subset of atoms in the protein. A frequent choice is that of the Cα atoms, whose RMSD allows
to assess structural variations of the backbone.

In the analysis of MD trajectories, RMSD calculations are typically performed using the
first frame (i.e. the initial configuration of the system) as reference. For each of the remaining
frames, the protein structure is extracted and aligned to the reference one, and the RMSD is
calculated. This allows to evaluate if the protein conformation has significally changed along
the simulation. Specifically, the presence of marked variations in the RMSD is indicative of
the fact that the simulation has not reached the convergence.

2.3.2 Root Mean Square Fluctuation (RMSF)

The RMSF analysis provides a quantitative measurement of the flexibility of a molecule. It is
defined through the expression:

RMSF =

√√√√ 1

T

T∑
t=1

(xi(t)− xrefi )2 (2.17)

where T is the time length of the MD trajectory, xrefi is the position of atom i in the refer-
ence frame (for example the initial configuration) and xi(t) is the position of the same atom
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at time t. Typically, such calculation is performed for each residue of the simulated protein
(per-residue RMSF) in order to detect its most flexible regions. In the present thesis, such cal-
culation has been used to detect variations in the flexibility of AcrB under different conditions,
related to interactions with the known inhibitor PAβN and the substrate ciprofloxacin (see
Chapter 1). The obtained results have been compared with watershell analysis and experi-
mental data from HDX-MS, which can assess variations in the protein hydration and flexibility
(see Chapter 4).

2.3.3 Watershell analysis

Watershell analysis consists in the evaluation of the number of water molecules within the
first and second watershells (within 3.4 and 5.0 Å, respectively) of the protein. In this thesis,
this calculation has been performed using the cpptraj module of AMBER18 [86]. In order
to compare the obtained results with experimental data from HDX-MS (see Chapter 4), the
calculation has been restricted to the backbone nitrogen atoms. Analogous calculations have
been performed on residue 288 of AcrB, in order to compare its hydration levels in the wt
protein and in the fluoroquinolone resistant G288D variant (see Chapter 5).

2.3.4 Cluster analysis

Cluster analysis is a data mining technique widely used for the analysis of MD trajectories. It
consists in the classification of a collection of objects in different groups (clusters) on the basis
of specific similarity criteria, named metric. In a proper classification, objects belonging to the
same cluster are more similar to each other (according to the selected metric) than to objects
belonging to other clusters. In MD simulations of biomolecules, this method is often applied
to detect the most representative conformations of the system of interest. In such cases, the
RMSD can be used as metric to evaluate structural similarities.

At present, several algorithms for cluster analysis have been created. In this thesis, the
average-linkage hierarchical agglomerative method has been used, which has proven to be
among the most useful for the analysis of MD trajectories. With this technique, the distance
between two clusters is defined as the average of the distances between individual points of
the two clusters.

In MD simulations of AcrB in the presence of substrates and/or inhibitors (see Chapters
3 and 4), cluster analysis has been performed on ligand trajectories using the distance RMSD
(dRMSD, i.e. the RMSD of all pairs of internal distances) as metric. The cluster represen-
tatives were used to detect the representative binding modes of each ligand. With regard
to the characterization of the structural properties of AcrB (see Chapter 5), three clustering
procedures have been performed, in each of which the dRMSD has been applied to the DBP
of a different monomer. The obtained results were used to perform several analyses on the
structure of the DBP, including the estimation of its volume and radius of gyration.

2.3.5 Measurement of the volume of the binding pocket

Measurement of the volume of binding pockets is of considerable importance for the study of
conformational changes in receptors, often related to their biological functionality. For this
reason, several algorithms for volume measurement have been created. In the present thesis,
the dedicated software POVME [95] has been used to measure the volume of the DBP in
AcrB, in order to characterize its structure and the effects of the G228D mutation (associated
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to fluoroquinolone resistance, see Chapter 1) on the pocket geometry. POVME was used
for this analysis due to the characteristics of its algorithm, which can efficiently be used to
evaluate the volume of large and flexible pockets such as the DBP.

In POVME, the binding pocket of interest must be enclosed by the user in an inclusion
region. Volume can be added or removed from the inclusion region through inclusion and
exclusion spheres, respectively. The inclusion region is then filled with equidistant points,
spaced 1 Å apart by default (in this thesis, a grid spacing of 0.5 Å was used). All points found
within a cutoff distance of the protein atoms are deleted. Such cutoff distance is given by
the sum of the Van der Waals radius of the protein atom and the Van der Waals radius of an
hydrogen atom (1.09 Å). The volume of the pocket is thus measured by evaluating the number
of remaining points. Such procedure can be applied to a single three-dimensional structure
as well as to MD trajectories. In the latter case, a single inclusion region can be defined for
the whole trajectory, provided the shape of the binding pocket does not change considerably.
In this thesis, volume calculations were performed on the most populated clusters of each
trajectory. The clusters have been obtained by using the dRMSD of the DBP as metric (see
Subsection 2.3.4).

2.3.6 Radius of gyration

Together with the volume measurement, the calculation of the radius of gyration has been
applied for the structural characterization of the DBP in AcrB (see Chapter 5). For a molecule
composed by N atoms, this parameter is defined as:

Rg =

√√√√ N∑
i=1

r2i (2.18)

where ri is the distance of the i-th atom from the center of mass of the molecule. The
radius of gyration, therefore, provides a measurement of the compactness of the considered
structure. It can also be calculated for specific regions of a molecule, such as a protein domain
or a binding site. In this thesis, we calculated the radius of gyration for three different regions
of the DBP, in order to better characterize its geometry. These regions are the whole DBP,
the hydrophobic trap and the upper part of the binding site. A list of the residues included
in each region, together with the obtained results, is provided in Chapter 5.

2.3.7 Free energy of binding

In MD simulations of proteins in presence of their substrates or inhibitors, an important
aspect to be evaluated is the the binding affinity, which is the propensity of the ligand to bind
the protein (or receptor). In such cases, the binding strength can be evaluated through the
variation in free energy associated to the reaction:

L+R
 LR (2.19)

where L and R are the unbound ligand and unbound receptor, respectively, while LR is
the binary ligand-receptor complex.

Several methods have been developed for the calculation of the binding free energy fromMD
trajectories. Among the most popular are the molecular mechanics with Poisson-Boltzmann or
generalized Born surface area (MM/PBSA and MM/GBSA, respectively) [96]. These methods
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calculate the difference in free energy between the bound (LR) and unbound (L + R) states
in Eq. 2.19. Such calculation is performed by decomposing the free energy (∆Gb) in three
terms:

∆Gb = ∆EMM + ∆Gsolv − T∆S (2.20)

where ∆EMM is the difference in energy related to electrostatic, Van der Waals and bonded
interactions, ∆Gsolv is the solvation free energy, T is the absolute temperature of the system
and ∆S is the variation in conformational entropy. The term ∆EMM is thus evaluated through
the force field (typically without any cutoff for the electrostatic and Van der Waals interac-
tions). Term ∆Gsolv is instead given by the sum of polar and non-polar contributions:

∆Gsolv = ∆Gpsolv + ∆Gnpsolv. (2.21)

Polar contributions are obtained by solving the Poisson-Boltzmann equation (this can be
achieved using the Generalized Born method, giving the MM/GBSA approach), while non-
polar contributions are related to the variation of the solvent accessible area. Finally, the
entropic term in Eq. 2.20 is given by rototranslational and vibrational contributions. The
former are evaluated through classical statistical mechanics (Sakur-Tetrode), while vibration
terms are estimated by normal-mode analysis.

In this thesis, free energy calculations have been performed for putative inhibitors and
substrates of AcrB (see Chapter 3). The obtained results have been compared with those
reported for other inhibitors in previous literature [97], which have been estimated through
the same methods.
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Chapter 3

In silico investigation on the
inhibitory mechanisms of
first-generation antipsychotics against
the AcrB transporter

3.1 Introduction

Efflux pumps of the RND superfamily play a key role for the resistance of gram-negative
pathogens [21, 24]. As mentioned in Chapter 1, development of inhibitors is a viable route to
contrast their action [58]. At present, several compounds with inhibitory properties have been
identified. None of them is however suitable for clinical use [64], mainly due adverse effects
and cytotoxicity (see Chapter 1, Section 1.5).

A possible alternative to de novo design of inhibitors is the repurposing of marketed drugs
that are not in use for the treatment of infectious diseases [58]. Therapeuticals with inhibitory
properties could indeed be used as a starting point for the design of new EPIs, e.g. through
targeted modifications of their functional groups. Moreover, since their toxicity and pharma-
cokynetics have already been described, the time and cost required by drug development could
be significantly reduced.

Among the drugs considered for repurposing, there is evidence that the first-generation
antipsychotic medications chlorpromazine and amitriptyline behave as EPIs [99, 100]. Chlor-
promazine has also been shown to possess antimicrobial activities [100, 101, 102]. While these
activities occur at concentrations greater than those clinically achievable and/or desirable,
chlorpromazine is able to potentiate the activities of many antibiotics at sub-inhibitory con-
centrations [100, 102, 103, 104] and increase the accumulation of ethidium bromide and other
AcrB substrates [100, 105, 106]. However, the mechanism by which this occurs is not under-
stood. Less is known about the efflux inhibitory effects of amitriptyline. However, like chlor-
promazine, amitriptyline potentiates antibiotic activity [100]. In Salmonella Typhimurium,
indeed, exposure to amitriptyline results in the induction of ramA [100], a gene associated
with the lack of efflux [107]. On the other hand, hypersusceptibility to amitriptyline occurs
when ramA is deleted [100].

Recently, experimental investigations [108] on the interactions between these compounds
and AcrAB-TolC revealed that both amitriptyline and chlorpromazine are substrates of the
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Figure 3.1: Comparisons of the zones of inhibition obtained for well diffusion assay with ethidium
bromide and norfloxacin when used in combination with chlorpromazine and amitriptyline. E. coli
strain: BW25113 marR::aph; S. Typhimurium strain: SL1344 ramR::aph. Image from [108].

pump. Chlorpromazine can indeed induce the upregulation of the AcrAB-TolC pump. More-
over, exposure to both chlorpromazine and amitriptyline resulted in the reversion of the non-
functional AcrB D408A variant from S. Typhimurium [108]. This suggests that the two com-
pounds are actively transported by the pump. Additional disk and well diffusion assays (Fig.
3.1) indicated that both chlorpromazine and amitriptyline are able to potentiate the activities
of AcrB substrates, such as norfloxacin and ethidium bromide, against S. Typhimurium and
E. coli [108].

These data shed further light on the inhibitory activity of chlorpromazine and amitripty-
line, indicating that both compounds are involved in direct interactions with AcrAB-TolC.
Knowledge of such interactions at atomic level is crucial for the proper characterization of
these EPIs and for understanding their mode of action. Significant contributions in this sense
can be provided by computational methods that, as mentioned in Chapter 2, can accurately
describe dynamical processes like ligand binding [109]. In this light, we performed an in sil-
ico investigation on the binding of chlorpromazine and amitriptyline to AcrB in E. coli and
S. Typhimurium. This work, which was mainly based on blind molecular docking and MD
simulations (see Chapter 2 for a description of these techniques), is described in the following.
The applied methods and the obtained results are reported in Section 3.2 and Section 3.3,
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PDB ID Resolution (Å) Co-crystallized compound

2J8S [112] 2.5 -
4DX5 [45] 1.9 Minocycline
4DX7 [45] 2.3 Doxorubicin
5NC5 [37] 3.2 Puromycin
5EN5* 2.3 -
5ENO* 2.2 MBX2319 (inhibitor)
5ENP* 1.9 MBX2931 (inhibitor)
5ENQ* 1.8 MBX3132 (inhibitor)
5ENR* 2.3 MBX3135 (inhibitor)
5ENS* 2.8 Rhodamine-6G

*Truncated structures containing only the periplasmic domain of the protein [37].

Table 3.1: X-ray structures of E. coli AcrB used as structural templates to generate an ensemble of
putative conformations of S. Typhimurium AcrB by homology modelling.

respectively. The results are further discussed in Section 3.4.

3.2 Methods

3.2.1 Homology modeling of AcrB from Salmonella Typhimurium

To perform ensemble docking calculations on E. coli and S. Typhimurium AcrB, several ho-
mology models of the latter were built using Modeller 9.21 [110] and several E. coli AcrB
X-ray structures as the templates (see Table 3.1). Among these, the E. coli AcrB structures
labeled 5ENx were truncated at the transmembrane (TM) region, and the protein assumed
the LLT conformation. Therefore, we first generated their full structural models in the LTO
conformation via homology modeling with multiple templates, as follows: chains A (in the L
state) and C (in the O state) of the model were built using the corresponding chains of 4DX5
as the templates; chain B of the model was built using the TM of chain B of 4DX5 and chain C
of the corresponding 5ENx structure (both in the T state) as the templates. For the modeling
procedure, the amino acid sequences of the E. coli and S. Typhimurium AcrB transporters
were first retrieved from the UniProt database (UniProt identifiers [IDs] P31224 and Q8ZRA7,
respectively) [74]. The sequences were aligned using Clustal Omega [111] in order to determine
the percentage of identical residues (94.7%) and verify the absence of gaps. Next, Modeller
9.21 was used to build the homology models. The variable target function method was used to
perform the optimization and the models with the highest MOLPDF were used for molecular
docking as described below.

3.2.2 Molecular docking

Blind ensemble docking calculations were performed for amitriptyline, chlorpromazine, ethid-
ium bromide and norfloxacin on E. coli and S. Typhimurium AcrB structures using AutoDock
VINA [94]. As we were interested in binding poses (preferred orientation of a ligand to a
protein) in the periplasmic region of AcrB, docking was performed within a rectangular search
space of size 125 Å by 125 Å by 110 Å enclosing that portion of the protein, as in reference
60. The exhaustiveness parameter was set to 8,192 (∼1,000 times the default 8) in order to
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improve the sampling within the large box used (∼64 times the suggested volume of 30 Å by
30 Å by 30 Å). The flexibility of the receptor was considered indirectly by employing ensembles
of conformations: 10 structures for each AcrB protein (E. coli and S. Typhimurium), while
the flexibility of the ligands was considered by activating torsional angles in AutoDock VINA
and using a starting structure that was optimized at the quantum-level of theory available at
www.dsf.unica.it/translocation/db [90].

3.2.3 Molecular dynamics simulations

To select a tractable number of AcrB-ligand complexes on which to perform MD simulations, a
cluster analysis was carried out on all the docking poses of each system, using the distance root
mean square deviation (dRMSD) of the ligand as a metric to select their different orientations.
The hierarchical agglomerative clustering algorithm implemented in the cpptraj module of the
AMBER18 package [86] was used with a 3-Å dRMSD cutoff. Selected docking poses (namely,
those featuring different orientations among the top ranked ones according to the AutoDock
VINA scoring function) were subjected to all-atom MD simulations using the truncated model
of AcrB [47, 60, 113], which includes only the periplasmic domain (residues 32 to 335 and 564 to
860 of each monomer). The AcrB-ligand complexes were inserted in a truncated octahedral box
ensuring a minimum distance of 16 Å between the complex and the border of the box. The box
was filled with a 0.15 M KCl aqueous solution. The topology and the initial coordinate files of
the systems were created using the LEaP module of AMBER18. The AMBER force field ff14SB
[114] was used to represent the protein systems; the TIP3P model was employed for water
[115], and the parameters for the ions were obtained from reference [116]. The parameters of
amitriptyline and chlorpromazine, obtained from the GAFF force field [117] or generated using
the tools of the AMBER18 package are available at www.dsf.unica.it/translocation/db [90]. To
improve the stability of the periplasmic region at the border with the TM domain, harmonic
positional restraints (k=1 kcal mol1Å2 ) were imposed on Cα atoms of residues within 5 Å from
the bottom region of the structure. Each system was first subjected to a multistep structural
relaxation via a combination of steepest descent and conjugate gradient methods using the
pmemd module of AMBER18, as described previously [113, 118]. The systems were then
heated from 0 to 310 K in 1.25 ns under constant pressure (set to a value of 1 atm) and with
restraints on the Cα atoms found within 5 Å from the bottom of the protein. Next, a 10-ns-long
MD simulation was performed to equilibrate the box dimensions, applying to the system the
same restraints used for the heating procedure. This equilibration step was carried out under
isotropic pressure scaling using the Berendsen barostat, whereas an Andersen thermostat (with
randomization of the velocities every 500 steps) was used to maintain a constant temperature.
Finally, 150-ns-long production MD simulations were performed for each system. A time
step of 4 fs was used during these runs, after the protein was subjected to hydrogen-mass
repartitioning [119]; R-H bonds were constrained with the SHAKE algorithm. Coordinates
were saved every 100 ps. The particle mesh Ewald algorithm was used to evaluate long-range
electrostatic forces with a nonbonded cutoff 9 Å.

3.2.4 Postprocessing of MD trajectories

MD trajectories were analyzed using either in-house tcl and bash scripts or the cpptraj tool
of AMBER18. Figures were prepared using gnuplot 5.0 [120] and VMD 1.9.3 [121].

(i) Cluster analysis. Clustering of the trajectories to select nonequivalent binding poses
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Complexa ∆Gmax(kcal/mol)

AMI-AcrBEC -11.6
AMI-AcrBST -12.1
CPZ-AcrBEC -9.2
CPZ-AcrBST -9.3

aAll corresponding poses are localized within the DBPT. CPZ, chlorpromazine; AMI, amitriptyline.

Table 3.2: (Pseudo)binding free energies evaluated through the scoring function of AutoDock VINA
for the top ranked poses of both amitriptyline and chlorpromazine on EcAcrB and STmAcrB.

of the ligands was carried out using the average-linkage hierarchical agglomerative method
implemented in cpptraj and employing a dRMSD cutoff of 2.5 Å on all the nonhydrogenous
atoms of the ligand.

(ii) Binding free energy calculations. The MM/GBSA approach [96] implemented in AM-
BER18 was used to calculate the solvation free energies following the same protocol used in
previous studies [47, 60, 113, 122, 123]. This approach provides an intrinsically simple method
for decomposing the free energy of binding into contributions from single atoms and residues
[124]. The solute conformational entropy contribution (T∆S; see Chapter 2, Section 2.3) was
not evaluated [86]. Calculations were performed on 50 different conformations of each com-
plex, which were extracted from the most populated conformational cluster (representing the
most sampled conformation of the complex along the production trajectories).

(iii) Ligand flexibilities. The root mean square fluctuations (RMSFs) of the ligands were
calculated using cpptraj after structural alignment of each trajectory.

3.3 Results

3.3.1 Molecular docking

In order to investigate whether the mode of action of EPIs chlorpromazine and amitriptyline
could be related with their interaction with AcrB, we firstly evaluated their propensity to
bind the transporter in both E. coli and S. Typhimurium. This was assessed by means of
a blind docking campaign, which resulted in over 200 poses per ligand. From the analyses
of the putative binding poses in E. coli and S. Typhimurium AcrB (EcAcrB and STmAcrB,
respectively), it emerges that chlorpromazine and amitriptyline display similar docking scores
in the two systems (Table 3.2). Moreover, comparison of the distributions of the docking
poses reveals a good overlap (Fig. 3.2). Significantly, in each system a large number of poses
is located within the DBP of monomer T (hereafter DBPT; see Chapter 1, Section 1.4 for
a description of the AcrB translocation pathway), in tight interaction with residues of the
hydrophobic trap (lined by phenylalanine residues F136, F178, F610, F615, and F628 in both
EcAcrB and STmAcrB - see Table 3.3). This is known to be the preferred binding site of
several EPIs effective against AcrB, such as PAβN, NMP and the EPIs of the MBX series (see
Chapter 1, Section 1.5).

Moreover, to provide molecular-level insights on the possible mechanism by which chlor-
promazine and amitriptyline interfere with the efflux of ethidium bromide and alter the in-
tracellular accumulation of norfloxacin, we performed blind ensemble docking calculations of
norfloxacin and ethidium bromide on both EcAcrB and STmAcrB. Importantly, the distri-
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Region Lining residues
Distal Binding Pocket (DBP) 46 89 128 130 134 136 139 176 177 178 179 180 273 274

276 277 327 573 610 612 615 617 620 628
Hydrophobic trap 136 178 610 615 628

CH3* 33 37 100 296 298
G-loop 616 617 618 619

* residue 296 was not included in the definition given in [51].

Table 3.3: Residues lining the regions of interest of AcrB. The same definitions can be used for EcAcrB
and STmAcrB, due to the lack of gaps between their sequences.

Substrate MD simulations
E. coli S. Typhimurium

AMI 3 3
CPZ 3 3
NOR 3 3
EtBr 3 3

Table 3.4: MD simulations performed in this work. The starting configurations of each substrate
were selected among the clusters of the docking poses localized within the DBPT. AMI, amitriptyline;
CPZ, chloropromazine; NOR, norfloxacin; EtBr, ethidium bromide.

butions of preferred putative binding sites of these AcrB substrates significantly overlapped
those obtained for chlorpromazine and amitriptyline. Moreover, most of the highest affinity
poses were localized within the DBPT (Fig. 3.2).

3.3.2 Molecular dynamics simulations

Binding of the considered compounds within the DBPT was further investigated through
all-atom MD simulations and binding free energy calculations, in order to evaluate its thermo-
dynamics and dynamical features. For each system, three initial structures for MD simulations
were selected. This choice was performed through a cluster analysis on the docking binding
poses within the DBPT. In the case of amitriptyline and chlorpromazine, three clusters were
obtained, which together grouped roughly 50% of all docking poses located in the DBPT of
EcAcrB and STmAcrB. In the case of norfloxacin and ethidium bromide, the same coverage
was obtained through one cluster. The initial structures for MD simulations of amitriptyline
and chlorpromazine were thus selected among the representatives of cluster 1 to 3 (sorted by
population), while for norfloxacin and ethidium bromide three different binding poses were
selected from the most populated cluster. In total, 24 MD simulations were performed (see
Table 3.4), each having a duration of 150 ns. As reported in Subsection 3.2.3, all simulations
were performed using a truncated structure of AcrB, which was validated in previous works
[47, 60].

MD trajectories were firstly analyzed by evaluating the flexibility of the ligands and their
displacement inside the protein (see Subsection 3.2.3). From this analysis, it emerged that
all compounds could stably occupy the DBPT, in both EcAcrB and STmAcrB. For the sake
of clarity, only the most stable trajectories of each system (Fig. 3.3) will be discussed in the
following.
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Figure 3.2: Distribution of the top docking poses obtained from blind ensemble docking calculations
of chlorpromazine (CPZ), amitriptyline (AMI), norfloxacin (NOR), and ethidium bromide (EtBr) on
AcrBEC (A) and on AcrBST (B) (see Methods for details). The picture shows the distribution of the
centers of mass of the poses, colored according to scoring function of AutoDock VINA (∆Gpseudo).
The protein is shown in transparent ribbons, with monomers L and T in the front, on the left and
right side of the central intermonomer vestibule. The transparency increases going from monomer T
to L to O. The sidechains of phenylalanines lining the hydrophobic trap of monomer T are shown as
magenta sticks.
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Evaluation of the binding region of amitriptyline and chlorpromazine revealed that both
interact with several residues of the hydrophobic trap (Fig. 3.3). Specifically, such residues
form 8 and 6 hydrophobic contacts with amitriptyline in EcAcrB and STmAcrB, respectively
(a contact being counted when the minimum ligand-residue distance was less than 3.5 Å).
Chlorpromazine is also involved in 10 hydrophobic contacts with residues of the same region,
in both EcAcrB and STmAcrB. Moreover, the two ligands also form stabilizing interactions
with segment 133-135 through their dimethylamine group (Table 3.5). In chlorpromazine,
this group is also involved in cation-π interactions with residues of the hydrophobic trap of
STmAcrB, such as F136 and F617 (Table 3.5).

The differences in the interactions of the two ligands with AcrB are mirrored in the contri-
butions of the DBPT and the hydrophobic trap to the binding free energy. In EcAcrB, indeed,
contributions from both sites are higher for chlorpromazine than for amitriptyline (Table 3.6).
In STmAcrB the two ligands present similar contributions from the DBPT, although a marked
difference between contributions from the hydrophobic trap is retained (Table 3.6). In addition
to the contributions from the regions of interest, the total binding free energies of the various
compounds is reported in Table 3.6. However, this should be considered as an approximate
estimate of the binding affinity. This is partly due to limitations of molecular mechanics in
combination with the MM/GBSA method [96] and to the inability to obtain converged values
of the conformational entropy of binding, which when combined with the solvation free ener-
gies, should provide a more realistic estimate of the true affinities (see reference [113]). For
this reason, we focused on the structural analyses of the binding poses and on protein-ligands
interactions.

In this regard, comparison between the binding regions of amitriptyline and chlorpro-
mazine with those of known AcrB inhibitors, such as MBX3132 [47], revealed that consider-
able analogies exist, especially in the case of chlorpromazine. Accordingly, upon superposition
of the complex structures of amitriptyline and chlorpromazine with the MBX3132-EcAcrB,
it emerged that MBX3132 forms a higher number of clashes with chlorpromazine than with
amitriptyline (Table 3.7).

A similar comparison of the binding regions was made with norfloxacin and ethidium bro-
mide. A significant overlap of ethidium bromide with both amitriptyline and chlorpromazine
was observed in EcAcrB as well as STmAcrB (Fig. 3.3; see also Table 3.7). A considerably
lower number of clashes was instead obtained in the case of norfloxacin (Table 3.7), which
is found on top of chlorpromazine in both EcAcrB and STmAcrB, above amitriptyline in
EcAcrB, and below amitriptyline in STmAcrB (Fig. 3.3).

In this regard, additional hints came from the analysis of our blind docking results. Indeed,
it revealed that in both EcAcrB and STmAcrB, chlorpromazine, but not amitriptyline, binds
just beneath the CH3 channel (see Table 3.3; see also Chapter 1, Section 1.4 for a description
of this region). The binding poses in this region would clash with several poses found for
norfloxacin and ethidium bromide in the same region of AcrB (Fig. 3.5). Notably, for both
substrates, the numbers of poses behind this entry gate were greater in EcAcrB than in
STmAcrB for corresponding monomers (L or T), while the numbers of chlorpromazine or
amitriptyline poses in the proximity of CH3 were fairly similar.
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Figure 3.3: Representative conformations of the most stable binding modes of chlorpromazine and
amitriptyline within the DBPT of EcAcrB and STmAcrB, as obtained from all-atom MD simulations
of the periplasmic portion of the transporter in explicit solvent (see Subsection 3.2.3). The protein
is shown as gray ribbons, the inhibitors as CPK colored by element (C, N, S, and Cl in dark yellow,
blue, light yellow, and green, respectively). Side chains of residues within 3.5Å of the inhibitors are
also shown as sticks colored by residue type (hydrophobic, polar, acid, and basic in purple, lime, red,
and blue, respectively) and labeled. Side chains of residues defining the DBPT and the phenylalanines
lining the hydrophobic trap (see Table 3.3 for the definition of different protein regions) are also shown
in transparent red and magenta surfaces, respectively. The most stable conformations of norfloxacin
and ethidium bromide as obtained also from all-atom MD simulations are shown for comparison in
cyan and blue sticks, respectively.

AMI - EcAcrB E130 (69.3%), Q176 (60.0%), water-mediated interactions (4.7%)
AMI - STmAcrB E130 (67.1%), Q176 (64.8%), water-mediated interactions (4.6%)
CPZ - EcAcrB S133 (82.7%), S134 (58.9%), water-mediated interactions (17.5%)

CPZ - STmAcrB S134 (52.0%), S135 (44.0%), F136* (10.0%), F617* (9.8%),
water-mediated interactions (10.0%)

*cation-π interactions

Table 3.5: Residues of AcrB interacting with the polar tail of amitriptyline and chlorpromazine along
the MD trajectories. CPZ, chlorpromazine; AMI, amitriptyline.

57



Figure 3.4: Comparison between representative conformations of the most stable binding modes of
chlorpromazine and amitriptyline. Drugs are shown within the DBPT of AcrBEC and AcrBST and
the experimental structure (shown as CPK colored by element) of the pyranopyrimidine inhibitor
MBX3132 in AcrBEC (shown as white sticks). See Fig. 3.3 for details.

Organism Compound ∆Gb (kcal/mol) DBP HT

E. coli CPZ -31.9 (4.0) -13.9 -8.9
AMI -25.6 (3.4) -9.1 -6.6
NOR -36.4 (5.2) -10.0 -6.5
EtBr -43.5 (2.9) -14.6 -10.9

MBX3132 -51.7 -19.6 -13.4
S. Typhimurium CPZ -25.7 (3.1) -10.3 -8.4

AMI -27.7 (3.2) -10.8 -5.7
NOR -29.8 (3.3) -12.7 -10.1
EtBr -34.8 (2.9) -14.0 -8.7

aThe absolute values of ∆Gbare reported with standard errors in parentheses together with the contribution to
stabilization of the complexes from residues lining the DBP and the hydrophobic trap (HT). For comparison,
data for MBX3132 bound to EcAcrB are also reported [47]. CPZ, chlorpromazine; AMI, amitriptyline; NOR,
norfloxacin; EtBr, ethidium bromide.

Table 3.6: Binding free energies to the DPT of EcAcrB and STmAcrB, calculated with the MM/GBSA
approacha.
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Figure 3.5: Overlap between docking poses of norfloxacin and ethidium bromide with chlorpromazine
beneath the CH3 entry gates of monomers L and T in AcrBEC and AcrBST. The conformations of the
substrate and the inhibitor are shown as sticks, with C atoms in lime and cyan colors, respectively.
Sidechains of residues lining the CH3 entry (with the addition of residue 296, possibly involved in the
recognition of carboxylated compounds [1]) are shown as orange semitransparent surfaces. (A) Overlap
between the docking poses of norfloxacin and chlorpromazine. (B) Overlap between the docking poses
of ethidium bromide and chlorpromazine. CPZ, chlorpromazine; AMI, amitriptyline; EthBr, ethidium
bromide; NOR, norfloxacin.

Compoundb No. of atomic clashes
Norfloxacin Ethidium Bromide MBX3132

AMI - AcrBEC 3 0 3
AMI - AcrBST 5 4 0c

CPZ - AcrBEC 4 11 14
CPZ - AcrBST 6 3 15c

aThe calculation was performed on the representative structure of the most populated cluster extracted from
each MD trajectory (in the case of amitriptyline and chlorpromazine, we selected the trajectories associated
with the more negative binding free energies among those displaying a stable position of the ligand in the
last 50 ns of the production run). In addition, we used the crystal structure of E. coli AcrB in which the in-
hibitor MBX3132 has been cocrystallized (PDB ID 5ENQ). To evaluate the number of clashes, these structures
were superimposed, and the number of heavy atoms of amitriptyline/chlorpromazine that overlap the other
compounds was recorded.
bCPZ, chlorpromazine; AMI, amitriptyline.
cUnder the hypothesis that MBX3132 binds to STmAcrB similarly to the mode found in the X-ray structure
5ENQ of EcAcrB.

Table 3.7: Number of atom clashes between atoms of chlorpromazine and amitriptyline and those of
substrates norfloxacin and ethidium bromide and those of the inhibitor MBX3132 bound to AcrBEC

(PDB ID: 5ENQ, [47])a.
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Figure 3.6: Comparison between equilibrium three-dimensional (3D) structures of chlorpromazine and
amitriptyline. The rings building the molecular core of the two compounds are shown in CPK repre-
sentation, with C atoms colored mauve and orange for chlorpromazine and amitriptyline, respectively.
The tails are shown as lines colored with the same scheme.

3.4 Discussion

On the basis of our in silico investigations, chlorpromazine and amitriptyline can bind AcrB
in its DBP. Specifically, both compounds interact fully or partly with the hydrophobic trap,
which is known to be the preferred binding site of other EPIs active against AcrB. In EcAcrB,
in particular, chlorpromazine partly overlaps with the experimental binding pose of MBX3132,
obtained through X-ray crystal structure (PDB ID: 5ENQ, [47]). Considerable overlaps be-
tween the two compounds would also be retained in S. Typhimurium, under the hypothesis
that MBX3132 occupies the same binding region in STmAcrB.

Such analogies between the binding modes suggest that chlorpromazine and MBX3132 may
have a similar inhibition mechanism. As described in Chapter 1, EPIs of the MBX series are
thought to act by competitive binding with other AcrB substrates or to restrain the concerted
motions of the protein, associated with the functional rotation (see Chapter 1, Section 1.3)
[47]. Chlorpromazine, therefore, may present a similar mode of action.

With regard to amitriptyline, smaller overlaps were detected with MBX3132 in E. coli,
while in S. Typhimurium the two compounds are not superimposed. This is due to the fact
that amitriptyline binds slightly upward with respect to MBX3132 and chlorpromazine (Fig.
3.4), interacting to a lower extent with the hydrophobic trap. This difference may be due to the
additional chlorine atom in chlorpromazine, which can establish tight C-Cl· · ·π interactions
[125] with two or even three phenylalanine residues of this region. This hypothesis is consistent
with the lower inhibitory effect of amitriptyline with respect to chlorpromazine (exception
made for the impact on the accumulation of ethidium bromide in S. Typhimurium, which was
comparable for the two compounds [108]). Weaker interactions with the hydrophobic residues
of the DBP (particularly with the hydrophobic trap) may indeed result in a weaker competitive
binding with other substrates, or in smaller effects on the dynamics of the protein.

Moreover, the results of our blind docking campaing suggest that chlorpromazine, but not
amitriptyline, could interfere with the uptake of norfloxacin and ethidium bromide from the
CH3 entry (see Chapter 1, Section 1.4; see also Fig. 3.5). In this regard, although CH3 was
suggested to be the preferred binding site for the class of planar, aromatic and cationic com-
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pounds, (i) both chlorpromazine and amitriptyline are cationic but not planar compounds;
however, the phenothiazine ring of chlorpromazine confers the molecular core of this molecule
a flatter conformation than that assumed in amitriptyline (see Fig. 3.6). (ii) Despite that
ethidium bromide, but not norfloxacin, belongs to the class of compounds for which the CH3
entry was suggested as the preferred binding site, triple (A33W/T37W/N298W) and quadru-
ple (A33W/T37W/A100W/N298W) mutants with amino acid substitutions in this channel
resulted in 3- and 2-fold changes in the MICs of ethidium bromide and norfloxacin, respec-
tively (see Table 1 in reference [51]). We speculate that the larger increase in the accumulation
of norfloxacin upon coadministration of chlorpromazine rather than amitriptyline could be also
due, at least in part, to competition for binding at the CH3 entrance gate. Overall, our findings
allow a plausible and consistent rationale to be proposed for the different inhibitory potency
of chlorpromazine and amitriptyline in S. Typhimurium and E. coli.

In summary, our work corroborates experimental data on the inhibitory activity of amitripty-
line and chlorpromazine against AcrB. Our in silico investigations, indeed, demonstrated that
both compounds can bind the DBP, partly occupying the hydrophobic trap. We propose that
chlorpromazine and amitriptyline are substrates of the AcrAB-TolC efflux pump in E. coli
and S. Typhimurium, and that they are able to bind residues primary involved in substrate
recognition and/or transport. These compounds, therefore, could competitively inhibit efflux
of other compounds or, alternatively, affect the functional rotation mechanism of AcrB.
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Chapter 4

Study on the mode of action of the
inhibitor PAβN against the AcrB
transporter

4.1 Introduction

The discovery of EPIs has represented an important step in the development of strategies to
reinvigorate in-use antibiotics [58]. The inhibition mechanism of these compounds, however, is
not fully understood at present [57]. On the basis of several studies [47, 57], two main hypoth-
esis have been formulated. EPIs may indeed act by restraining the dynamics of efflux pumps,
which is crucial for the extrusion of their substrates (see Chapter 1, Sections 1.3 and 1.4).
Alternatively, they could competitively bind specific regions of the pump which are essential
for substrate recognition and/or transport. The latter hypothesis was formulated for the EPIs
amitriptyline and chlorpromazine, active against AcrB in E. coli and S. Typhimurium, on the
basis of our MD simulations (see Chapter 3).

In order to better understand the mode of action of the EPI PAβN (see Chapter 1, Section
1.5) and its possible effects on the dynamics of AcrB, an experimental investigation has been
conducted by means of hydrogen-deuterium exchange mass spectrometry1 (HDX-MS) [128].
This technique was applied to evaluate the dynamics and hydration properties of E. coli AcrB
under various conditions. HDX-MS was indeed performed on the wt protein in presence of (i)
the antibiotic ciprofloxacin (AcrBWT-CIP), (ii) the EPI PAβN (AcrBWT-PAβN) and (iii) both
compounds (AcrBWT-CIP-PAβN). Apo AcrBWT was used as a reference. Comparison of the
results obtained for such systems revealed that PAβN can considerably rigidify several regions
of the protein (Fig. 4.1a), including part of the binding pockets (see Chapter 1, Section 1.4).
Similar restraints in the protein dynamics have been detected in AcrBWT-CIP-PAβN, while
they are negligible in AcrBWT-CIP (Fig. 4.1a), suggesting that PAβN may act by affecting

1Hydrogen-deuterium exchange mass spectrometry (HDX-MS) [126, 127] is an experimental technique based
on the hydrogen exchange reaction characteristic of peptide amine groups. Upon exposure of the sample to
heavy water, indeed, backbone nitrogens in solvent-accessible regions of the protein tend to exchange their
bonded hydrogen with nearby deuterium atoms. The rate of the exchange reaction heavily depends on con-
formational dynamics. Backbone amides are indeed less exposed to HDX in structured regions. However,
structural fluctuations, local unfolding events and rigid-body motions can significantly favour the exchange
reaction. This technique, therefore, can be useful to investigate the protein conformational dynamics and its
solvent exposure.
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Figure 4.1: (a) HDX plots for different drug conditions (∆HDX = (AcrBWT+drug(s)) – AcrBWT).
Red signifies peptides with increased HDX (backbone H-bond destabilisation) in drug-bound state
and blue representspeptides with decreased HDX (backbone H-bond stabilisation). 98% confidence
intervals are shown as grey dotted lines and grey data are peptides with insignificant HDX. (b) HDX
plots for different drug conditions (∆HDX = (AcrBG288D+drug(s)) – (AcrBWT+drug(s))). Image
adapted from [128].

functional dynamics in AcrB.
According to MIC assays [128], PAβN is also effective against the fluoroquinolone resistant

G288D variant of AcrB (AcrBG288D; see Chapter 1, Section 1.4). The HDX-MS procedure
followed for the wt protein was then applied to AcrBG288D (see Fig. 4.1b) [128]. Even in
this case, rigidification of several AcrB regions was detected in presence of PAβN (AcrBG288D-
PAβN), although some segments of the protein present an increased flexibility. In presence
of both the inhibitor and ciprofloxacin (AcrBG288D-CIP-PAβN), restrictions in the protein
dynamics were detected to a less extent than in AcrBWT-CIP-PAβN.

In HDX-MS assays of AcrB in presence of PAβN, the porter domain undergoes the most
relevant rigidification effects, especially in the DBP and PBP. In order to investigate the corre-
lation of the hydration and dynamics of AcrB with the binding of PAβN and of ciprofloxacin,
HDX-MS assays were compared with MD simulations of systems AcrBWT-PAβN, AcrBWT-
CIP-PAβN, AcrBG288D-PAβN and AcrBG288D-CIP-PAβN. Trajectories were analysed to eval-
uate the effect of substrate binding on the structural fluctuations and solvent-accessibility of
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the protein. Moreover, simulations of AcrBWT-CIP were performed to evaluate how the co-
presence of PAβN in the binding pockets affects the binding of ciprofloxacin. In Section 4.2,
we describe the computational protocol employed in this work. Section 4.3 is dedicated to the
description of the results and to their comparison with HDX-MS assays. A final discussion on
this investigation is reported in Section 4.5.

4.2 Methods

4.2.1 Molecular docking

A blind docking campaign was first performed using Autodock Vina [94]. As done in [129, 130],
a rectangular search space of size 125Å x 125Å x 110Å enclosing the whole portion of the
protein potentially exposed to ligands was adopted. The exhaustiveness parameter, related to
the extent of the exploration of the search space, was set to 8192 (~1000 times the default 8) in
order to improve the sampling of docking poses within the large box used (~64 times the default
30Å x 30Å x 30Å). Flexibility of both partners was considered indirectly, by employing multiple
conformations in ensemble docking runs [131]. For both CIP and PAβN, 10 representative
molecular conformations were obtained from 1 µs-long molecular dynamics simulations of the
compounds in presence of explicit solvent (data available at www.dsf.unica.it/translocation/db)
[90]. Namely, a cluster analysis of the trajectories of the ligands was performed as described
in Malloci et al. [90], setting the number of cluster representatives to 10.

For the wt receptor, 10 X-ray asymmetric high-resolution structures (with PDB IDs: 2GIF
[132], 2DHH [44], 2J8S [112], 3W9I [133], 4DX5, 4DX7 [45], 4U8V, 4U8Y, 4U95, 4U96 [46])
were considered, most bearing a substrate bound to the transporter. We also employed 10
structures for AcrBG288D, namely the homology models derived on top of the AcrBWT X-ray
structures mentioned above. Regarding the homology modelling protocol, the sequence of the
G288D variant was first generated by manually modifying the FASTA file of the corresponding
amino acid sequence of E. coli AcrB retrieved from the Uniprot database (UniProt ID: P31224)
[74]. Next, 100 homology models were generated for each template with the Modeller 9.21
software [76]. The variable target function method was used to perform the optimization, and
the best model (that is the one with the highest value of the MOLPDF function) was employed
in docking calculations.

The ensemble docking campaign resulted in several hundred poses per ligand, most of which
were located inside the distal binding pocket of the monomer in the T state (DBPT), which
is the putative binding site for the recognition of compounds with physico-chemical features
similar to those of the molecules investigated in this work [134]. Because most docking poses
were concentrated in this region, we performed a second docking campaign using a grid of 30Å
x 30Å x 30Å and centered at DBPT. Next, we performed a cluster analysis of the docking
poses using as a metric the heavy-atoms RMSD of the substrate (setting the cutoff to 3 Å),
which returned respectively 11, 9, 15 and 17 different poses for the AcrBWT–PAβN, AcrBWT–
CIP–PAβN, AcrBG288D–PAβN, AcrBG288D–CIP–PAβN complexes (Tables 4.1 and 4.2; see
also Fig. 4.2). Moreover, to evaluate how the presence of PAβN affects the binding of CIP in
the ternary complexes, we selected three docking poses of CIP onto AcrBWT and AcrBG288D.
In the case of the AcrBWT–CIP complex, to consider the largest number of putative binding
modes, we purposely selected docking poses with an orientation different than that reported
previously [60].
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%res 30% 40%
Site N ∆Gmax <G> N ∆Gmax <G>
PBPL 12 -11.5 −10.9± 0.3 3 -11.3 −10.9± 0.3

PBPT 19 -13.0 −11.6± 0.6 - - -
CH1L 1 -10.8 -10.8 1 -10.8 -10.8
CH1T - - - - - -

PAβN CH2L 1 -11.3 -11.3 - - -
CH2T - - - - - -
CH3L 15 -12.3 −11.3± 0.4 9 -12.3 −11.4± 0.4

CH3T 33 -12.5 −11.4± 0.4 22 -12.5 −11.5± 0.4

DBPT 148 -13.7 −11.6± 0.6 87 -13.7 −11.7± 0.7

PBPL - - - - - -
PBPT - - - - - -
CH1L - - - - - -
CH1T - - - - - -

CIP CH2L - - - - - -
CH2T - - - - - -
CH3L 55 -10.2 −9.4± 0.3 19 -9.6 −9.3± 0.2

CH3T 31 -10.0 −9.5± 0.2 4 -9.7 −9.4± 0.3

DBPT 123 -11.5 −9.7± 0.4 20 -10.3 −9.6± 0.4

Table 4.1: Number of poses (N), maximum and average (pseudo)binding free energy (∆Gmax and
<G>, respectively) of CIP and PAβN binding to AcrBWT. The percentages in the first row are meant
to identify the poses having contacts (that is minimum ligand-residue distance below a cutoff set to
3.5 Å) at least with 30% or 40% of residues lining the corresponding site. See Fig. 4.2(a,b) for a
representation of the distribution of the poses.

4.2.2 Molecular dynamics simulations

All of the 52 complexes selected from docking runs were subjected to all-atom molecular
dynamics (MD) simulations (each of 1 µs in length) performed with the AMBER18 package
[86].

Protomer-specific protonation states of AcrB were adopted following previous work [135]:
residues E346 and D924 were protonated only in the L and T protomers, while residues D407,
D408, and D566 were protonated only in the O protomer, of AcrB. The topology and the ini-
tial coordinate files were created using the LEaP module of the AMBER18 package. The pro-
teins were embedded in a mixed bilayer patch composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)
in a 2/1 ratio, for a total of 660 lipid molecules symmetrically distributed in the two leaflets of
the bilayer. The whole system was solvated with a 0.15 M aqueous NaCl solution. The AMBER
force field protein.fb15 [137] was used to represent the protein; lipid17 (http://ambermd.org/Get-
Amber.php) parameters were used for the POPE and POPG molecules; the TIP3PFB model
was employed for water [136]. The General Amber Force-Field (GAFF) parameters [138] for
CIP and PAβN were taken from Malloci et al. [90].

Each system was first subjected to a multi-step structural relaxation via a combination of
steepest descent and conjugate gradient methods using the pmemd program implemented in
AMBER18, as described in previous publications [47, 60, 135]. The systems were then heated
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%res 30% 40%
Site N ∆Gmax <G> N ∆Gmax <G>
PBPL - - - - - -
PBPT 3 -11.5 −11.1± 0.3 - - -
CH1L - - - - - -
CH1T 2 -10.8 −10.8± 0.0 2 -10.8 −10.8± 0.0

PAβN CH2L - - - - - -
CH2T 2 -11.2 −11.1± 0.0 - - -
CH3L 18 -12.9 −11.5± 0.6 7 -12.0 −11.5± 0.4

CH3T 11 -13.5 −11.7± 0.8 4 -11.8 −11.3± 0.3

DBPT 24 -13.4 −11.6± 0.7 2 -11.3 −11.2± 0.1

PBPL - - - - - -
PBPT - - - - - -
CH1L - - - - - -
CH1T - - - - - -

CIP CH2L - - - - - -
CH2T - - - - - -
CH3L 14 -9.9 −9.2± 0.3 - - -
CH3T 9 -9.4 −9.1± 0.2 - - -
DBPT 5 -9.8 −9.5± 0.2 1 -9.3 −9.3

Table 4.2: Number of poses (N), maximum and average (pseudo)binding free energy (∆Gmax and
<G>, respectively) of CIP and PAβN binding to AcrBG288D. See the caption of Table 4.2 for further
details; see also Fig. 4.2(c,d) for a representation of the distribution of the poses.

from 0 to 310 K in two subsequent MD simulations: i) from 0 to 100 K in 1 ns under constant-
volume conditions and with harmonic restraints (k = 1 kcal·mol-1·Å-2) on the heavy atoms of
both the protein and the lipids; ii) from 100 to 310 K in 5 ns under constant pressure (set to a
value of 1 atm) and with restraints on the heavy atoms of the protein and on the z coordinates
of the phosphorous atoms of the lipids to allow membrane rearrangement during heating. As a
final equilibration step, a series of 20 equilibration steps, each of which was 500 ps in duration
(total 10 ns), with restraints on the protein coordinates, were performed to equilibrate the
box dimensions. These equilibration steps were carried out under isotropic pressure scaling
using the Berendsen barostat, whereas a Langevin thermostat (collision frequency of 1 ps−1)
was used to maintain a constant temperature. Finally, production MD simulations of 1 s were
performed under an isothermal-isobaric ensemble for each system. A time step of 2 fs was
used for all runs before production, while the latter runs were carried out with a time step of
4 fs after hydrogen mass repartitioning [98].

During the MD simulations, the lengths of all the R–H bonds were constrained with the
SHAKE algorithm. Coordinates were saved every 100 ps. The Particle mesh Ewald algorithm
was used to evaluate long-range electrostatic forces with a non-bonded cut-off of 9Å.

4.2.3 Post-processing of MD trajectories

MD trajectories were analyzed using either in-house tcl and bash scripts or the cpptraj tool of
AMBER18. Figures were prepared using gnuplot 5.0 [120] and VMD 1.9.3 [121]. All the calcu-
lations with the exception of the cluster analysis were performed on the conformations taken
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Figure 4.2: Distribution of top 200 docking poses (only the centres of mass are shown for clarity) for
CIP and PAβN onto AcrBWT (a,b) and AcrBG288D (c, d). The spheres are coloured according to the
value of the (pseudo)free energy of binding (docking score). The monomers L, T and O are shown as
transparent ribbons (T and O darkest and lightest, respectively).

from the most populated conformational cluster (representing the most sampled conformation
of the complex along the production trajectories) along the last 300 ns of the production runs.

Cluster analysis. Clustering of the ligand trajectory was carried out using the average-
linkage hierarchical agglomerative clustering method implemented in cpptraj and employing
an RMSD cut-off of 3 Å calculated on all the heavy atoms of the ligand.

System Stability. The RMSDs of the protein and of the substrates were calculated using
cpptraj after structural alignment of each trajectory. Namely, we calculated the Cα-RMSD of
the protein with respect to the initial (docking) structure after alignment of the whole trimer.
The RMSDs of the substrates were calculated with respect to the corresponding structure of
the selected docking pose, as well as with respect to the last frame of the MD trajectory. In
particular, to evaluate the magnitude of the displacements and reorientations of the substrates
during the simulations, their RMSDs were calculated upon alignment of the T monomer of
the protein to the reference frame.

Interaction network. Interactions stabilizing the complexes were analysed by considering
residues within 3.5 Å of each substrate in the last 300 ns of the MD trajectories. Hydrogen
bonds were identified through geometrical criteria, using a cut-off of 3.2 Å for the distance
between donor and acceptor atoms and a cut-off of 135° for the donor-hydrogen-acceptor angle.
Such analyses were conducted through in-house tcl scripts. Occupancy levels of hydrogen
bonds and water-mediated interactions (detected in the last 300 ns of each simulation) were
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System Reference

AcrBWT-PAβN (T state) apoAcrBWT (L state)
AcrBWT-CIP–PAβN (T state) apoAcrBWT (L state)
AcrBG288D-PAβN (T state) AcrBWT-PAβN (T state)

AcrBG288D-CIP-PAβN (T state) AcrBWT-CIP-PAβN (T state)

Table 4.3: Systems considered for the analyses of flexibility and hydration properties based on MD
simulations, and respective reference structures. The state of each system was chosen in agreement
with Wang et al. [37] (see Subsection 4.2.3).

Regions Residues

Central cavity 25-33, 36, 37, 96, 97, 385-389, 457-466, 468, 469
Distal binding pocket 44, 46, 48, 87, 89, 128, 130, 132, 134, 136, 139, 176-180, 273,

(DBP) 274, 276, 277, 327, 573, 610, 612, 615, 617, 620, 626, 628
Hydrophbic trap (HT) 136, 178, 289, 291, 573, 610, 612, 615, 626, 628
Proximal binding pocket 79-81, 89-91, 132-134, 573, 575, 577, 617, 662-669, 672-681,

(PBP) 683, 717, 719, 815, 826, 828-830
Connecting-loop 206-243

Iα-Helix 520-534
Switch loop 615-620
Hosting loop 860-871

Exit gate (EG) 124, 125, 163, 164, 174, 208-221, 239, 240, 758-761, 767-770
Channel 1 (CH1) 836, 838, 840, 842, 868, 870, 872
Channel 2 (CH2) 566, 645, 649, 653, 656, 662, 676, 678, 715, 717, 719, 722, 830
Channel 3 (CH3) 33, 37, 100, 296, 298

Table 4.4: List of peptides considered in the regions of AcrB.

also computed using cpptraj. For systems AcrBWT–PAβN, AcrBWT-CIP–PAβN, AcrBG288D–
PAβN and AcrBG288D–PAβN, the following analyses were also performed to evaluate their
agreement with HDX-MS data.

System Flexibility. The Root Mean Square Fluctuations (RMSFs) of the protein were
calculated using cpptraj after structural alignment of each trajectory as described in the
previous paragraph.

Hydration properties. Residue-wise average numbers of waters within the first (second)
hydration layer were calculated with cpptraj using a distance cut-off of 3.4 (5.0) Å between the
nitrogen of the protein and the water oxygens.

Comparison with HDX-MS data. RMSFs and hydration properties of each system were
compared with a proper reference state according to the current knowledge about the most
likely conformations assumed by AcrB in the absence of ligands or complexed with substrates
and inhibitors [37]. For instance, to account for conformational changes of AcrB induced by
inhibitor binding, PAβN-bound and apo AcrB structures were considered in their T and L
state, respectively. The T state was also considered for systems containing both PAβN and
CIP (AcrBWT-CIP–PAβN and AcrBG288D-CIP–PAβN), hypothesizing their stability in this
conformation, as evidenced by the RMSDs analyses conducted on our trajectories (Fig. 4.3,
4.5, 4.7, 4.9). The list of reference states used for each analysis are reported in Table 4.3.
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4.3 Results

4.3.1 Methods for the comparison of MD data with HDX-MS assays

In this work, the effect of PAβN and ciprofloxacin binding on the dynamics and hydration
properties of AcrBWT and AcrBG288D have been investigated by means of computational meth-
ods. Firstly, molecular docking has been used to create the initial configurations for systems
AcrBWT-PAβN, AcrBWT-CIP-PAβN, AcrBG288D-PAβN and AcrBG288D-CIP-PAβN. MD sim-
ulations of these systems have then been performed, together with simulations of apo AcrBWT,
which were used as references in the postprocessing of the trajectories of the wt protein (see
Section 4.2).

In order to evaluate the properties of each system, the RMSF and first hydration shell
profiles (see Section 4.2) were compared with HDX-MS data. Overall, the average number of
water molecules in the first amide NH solvation shell computed by MD simulations has been
found to correlate well with HDX. A reduced hydration shell should therefore imply reduced
HDX, due to the decrease in specific interactions between amide N-H bonds and the solvent.
However, protein HDX is complex, with neighbouring residues having significant differences in
their solvent interactions. This, combined with the stark contrast between MD simulation and
HDX-MS experimental time scales (µs to ms versus seconds to hours), means that a simple
quantitative comparison can often be incomplete. Nevertheless, comparisons to MD calculated
hydration profiles can provide informative qualitative interpretation of protein HDX.

In the following Subsections, the results obtained for the simulated systems are reported.
Moreover, their agreement with the respective HDX-MS data is discussed.

4.3.2 AcrBWT-PAβN

According to our MD simulations, an important contribution to the stabilization of PAβN in
AcrBWT comes from the hydrophobic trap (HT), whose residues are involved in stacking with
the β-naphthylamide moiety of the inhibitor (see Pose 1 in Fig. 4.3 for a representation of the
binding mode). Importantly, these interactions also involve residues of the switch loop (such as
F617) or belonging to adjacent regions. These findings, in agreement with previous literature
[113, 122], support the hypothesis that the stabilization of the switch loop could be key to
the mode of action of PAβN. This loop is also involved in the formation of stable hydrogen
bonds with the amino group of the compound (see Table 4.3.2). Additional hydrogen bonds
are formed by its polar groups with polar and acid residues of the DBP, including E130, K131
(involved in interactions with the guanidino group of PAβN; see Fig. 4.3, Pose 1)) and Q176
(interacting with the carbonyl group).

Important findings on the stabilization of the switch loop come from the comparison of
the hydration properties of the complex AcrBWT-PAβN and apo AcrBWT (Fig. 4.4). Indeed,
despite the relevant difference in the timescales of all-atom MD simulations and typical HDX
kinetics, and while the switch loop itself moderately enhanced hydration, the nearby segments
(residues 612 to 615 and 620 to 624) are overall dehydrated with respect to the apo form (Fig.
4.4). Considerable dehydration and rigidification are also observed for part of the PBP and
the CH2 entrance (Fig. 4.4), consistently with HDX-MS data (Fig. 4.1a).

In agreement with previous studies [113, 122], all the binding modes found for AcrBWT-
PAβN (Fig. 4.3) feature the β-naphthylamide moiety of the inhibitor within the HT and
interacting with the switch loop or nearby residues. Additional common interactions involve
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Figure 4.3: Representative binding poses and RMSDs of AcrBWT-PAβN. In the representation of the
binding poses, PAβN is coloured by atom type (C atoms in cyan, N atoms in blue and oxygen atoms in
red, H atoms in white – only polar H atoms are shown). Residues within 3.5 Å are also shown, coloured
by residue type (red: acidic; blue: basic; green: polar; purple: hydrophobic). Hydrogen bonds formed
by PAβN are highlighted through magenta sticks, and the involved residues are labelled in pink (see
Table 4.3.2 for high-occupancy hydrogen bonds involving PAβN). The switch loop is shown in yellow
and the Cα atoms of the residues Q124 and Y758 belonging to the exit gate are represented as light
blue spheres. Water molecules were not represented for clarity. See Table 4.9 for the RMSD of each
pose with respect to reference structure PDB:4U95.
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Figure 4.4: Difference in first hydration shell (Nwat) and RMSF between AcrBWT-PAβN and apo
AcrBWT (based on MD data from Pose 1 in Fig. 4.3). Differences in Nwat and RMSF are represented
as histograms, with regions directly involved in substrate transport highlighted in different colours
(see Table 4.4 for the definition of these regions). As a reference, HDX-MS data are represented as
grey boxes (scale not shown). Both Nwat and RMSF differences have been computed between the T
monomer of AcrBWT-PAβN and the L monomer of apo AcrBWT (see Section 4.2). Regions of interest
are highlighted in the upper part of the panel. In the Nwat plot, labelled residues are directly involved
in interactions with PAβN and have a higher hydration in AcrBWT-PAβN than in apo AcrBWT.
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Ligand Pose H-bonds Water-mediated interactions
Residue Occupancy (%) Residue Occupancy (%)

Q176 67 E673 39
G616 57 F617 36

1 E673 40 S133 21
G619 37
F617 23
D276 99 E130 67

PAβN 2 E130 87 D276 53
Q176 60 L177 50
G614 24
E273 100 D276 79

3 S46 90 E273 45
S48 39 Q176 26
D174 26

Table 4.5: Intermolecular hydrogen bonds (H-bonds) and water-mediated interactions involving PAβN
in AcrBWT-PAβN based on MD simulations. Analyses have been conducted on the last 300 ns of each
simulation (see Section 4.2). Only interactions with occupancy higher than 20% have been reported.
Representative poses are shown in Fig. 4.3.

the aromatic rings and the amino group of the inhibitor and the PBP/DBP interface, includ-
ing residues of the PN1 subdomain (such as S46, S128 and E130). Residues of this region
are involved in either stacking interactions with the phenyl ring of PAβN (Fig. 4.3, Pose 1,
2) or hydrogen bonds with the amino group (Pose 2; see Table 4.3.2). Furthermore, residues
belonging to segment 130-134 also interact with the guanidino group of PAβN in two represen-
tative poses (Fig. 4.3, Pose 1, 3), with additional stabilization provided by Q176 and proximal
residues. The other pose (Pose 2) is characterized by a different orientation of the guanidino
group of the inhibitor, located in the upper part of the DBP and involved in interactions with
D276 and nearby residues.

To evaluate whether the described interactions correlate with HDX-MS protection data,
occupancy levels of protein-ligand hydrogen bonds and water-mediated interactions were com-
puted (see Section 4.2). The results (Table 4.3.2) confirm that several residues belonging to
protected peptides in the HDX-MS (segments 129-137, 162-181, 610- 628) form stable direct
and/or water-mediated hydrogen bonds with the inhibitor. Stabilization of these regions of
the DBP may thus be due to the interaction with PAβN.

4.3.3 AcrBWT-CIP-PAβN

Interactions stabilizing CIP and PAβN in AcrBWT include hydrogen bonds between the two
substrates (see Pose 1 in Fig. 4.5 for a representation of the binding pose; see also Table 4.10),
as well as between them and the protein (e.g. between the guanidino group of PAβN and
residues E130 and D174, or between R620 and the carboxylic and carbonyl group in CIP; see
Table 4.6). Additional stabilization comes from stacking of aromatic rings, formed by PAβN
with CIP and F615. Importantly, the direct interaction between the inhibitor and segments
proximal to the switch loop, present in AcrBWT-PAβN (Fig. 4.3, Pose 1; see also Table 4.3.2),
is preserved also in the presence of CIP.
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The comparison of the hydration properties of AcrBWT-CIP-PAβN (Fig. 4.6) and AcrBWT-
PAβN (Fig. 4.4) reveals an analogous dehydration of the residues of the binding pockets
(exception made for some residues involved in interactions with the compounds, such as E173,
N174 and F615 in AcrBWT-CIP-PAβN and similar variations in the region surrounding the
switch loop (Fig. 4.6). Such region, involved in interactions with the substrates in both
AcrBWT-PAβN (Fig. 4.3, Pose 1) and AcrBWT-CIP-PAβN (Fig. 4.5, Pose 1), is indeed
considerably rigidified in both systems. This is associated with a dehydration of the segments
adjacent to the loop, significantly marked in AcrBWT-CIP-PAβN (Fig. 4.6), in agreement
with HDX-MS data (Fig. 4.1a).

A common trait of the binding modes found for this ternary complex is the presence
of direct interactions between the two substrates, through the formation of hydrogen bonds
(involving, in all poses, the carboxylic group of CIP; see Table 4.10) as well as stacking of the
aromatic rings (Fig. 4.5, Pose 1, 3, 4). While both CIP and PAβN are located inside the DBP
in three representative poses (Pose 1, 3, 4), a different binding mode is predicted with CIP
located within the PBP behind the switch loop (Pose 2).

Although some differences are present, comparison of the binding regions reveals several
shared traits. Firstly, interactions of at least one substrate with the HT and (the region
proximal to) the switch loop are preserved. Typically, such interactions involve π-stacking
with the aromatic groups of PAβN, although cation-π interactions were also observed in Pose
3 (involving e.g. F178 and the amino group of PAβN). In Pose 2 and 4, additional stacking
interactions are found between CIP and the switch loop and the nearby residues.

Apart from Pose 3, another conserved trait is related to the interaction with the PBP/DBP
interface. Several contacts with residues of this region (such as S46, T87, S128 and adjacent
residues; see Table 4.6) are formed by CIP in Poses 1 and 4, while in Pose 2 PAβN is involved
in hydrogen bonds and polar interactions with E130 and nearby residues. In Pose 3, in which
interactions with the PBP/DBP interface are not detected, several contacts are formed by
CIP with polar and acidic residues of the PN2 portion of the DBP, including Q151 and E152.
Comparison of such poses with 1-µs long MD simulations of AcrBWT-CIP (see Section 4.2;
see also Fig. 4.11 for a representative binding pose) revealed that the co-presence of PAβN
determines a change in the binding region of CIP. In the absence of the EPI, indeed, CIP
tends to occupy the HT, a finding consistent with previous reports [?]. Although starting
from different orientations than those previously reported, our MD simulations confirmed that
CIP establishes strong interactions with residues F136, Y327 and F628. Moreover, according
to our analyses, further stabilization comes from high-occupancy hydrogen bonds involving
Q176 (Fig. 4.11). Stabilizing interactions do not involve residues of the PBP/DBP interface,
which instead play an important role in the ternary complex, as previously mentioned.

Analysis of the occupancy of the hydrogen bonds formed by CIP and PAβN with the pro-
tein revealed that both ligands form stable interactions in all poses (Table 4.6). Moreover,
both ligands tend to form water-mediated interactions with the protein, frequently involving
residues 128-133, 174-176 and 273-276. From the comparison with HDX-MS data, a good
correlation between occupancy and protection data emerges for segments 138-149, 162-177,
263-274 (see Fig. 4.6 and Table 4.6). As in the case of AcrBWT-PAβN, therefore, intermolec-
ular interactions formed by CIP and PAβN may be a factor for the protection of significant
portions of the DBP.
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Figure 4.5: Representative binding poses and RMSDs of AcrBWT-CIP-PAβN. To distinguish be-
tween the inhibitor and antibiotic, carbon atoms of CIP and PAβN are coloured in orange and cyan,
respectively. See: Fig. 4.3 for further details; Table 4.6 for a list of direct and water-mediated hydro-
gen bonds established between each ligand and the protein; Table 4.10 for high-occupancy hydrogen
bonds between the ligands; Table 4.9 for the RMSD of each pose with respect to reference structure
PDB:4U95.
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Ligand Pose H-bonds Water-mediated interactions
Residue Occupancy (%) Residue Occupancy (%)

E130 100 D174 71
1 D174 100 E130 57

L177 69 Q89 42
Q176 76 E130 40
E130 66

2 S132 60
PAβN S133 45

S134 23
V672 20

3 S608 41
D276 100 D276 50
N274 69 E273 45

4 S128 51 L177 43
L177 48 S128 27
S46 47
R620 100 Q89 100

1 E273 94 S128 100
Q125 84 D681 40
T676 90 E826 22

2 E826 69
Y77 41

CIP E152 94 E152 46
3 Q176 80

N274 60
D83 100 L177 43
Q176 58

4 T44 51
S133 51
T87 46

Table 4.6: Intermolecular hydrogen bonds (H-bonds) and water-mediated interactions involving lig-
ands in AcrBWT-CIP-PAβN based on MD simulations. See Table 4.3.2 for details and Fig. 4.5 for
representative binding poses.
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Figure 4.6: Difference in first hydration shell (Nwat) and RMSF between AcrBWT-CIP-PAβN and
apo AcrBWT (based on MD data from Pose 1 in Fig. 4.5). See Fig. 4.4 for details.
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Figure 4.7: Representative binding poses and RMSDs of AcrBG288D-PAβN. See Fig. 4.3 for details;
Table 4.7 for a list of direct and water-mediated hydrogen bonds involving PAβN; Table 4.9 for the
RMSD of each pose with respect to reference structure PDB:4U95.

4.3.4 AcrBG288D-PAβN

As in the wt protein, also in the G288D mutant a significant contribution to the stabilization
of PAβN comes from the residues of the HT and of the region around the switch loop. Such
residues are indeed involved in stacking with the aromatic groups of the inhibitor, as well
as in cation-π interactions with its guanidino and amino groups (see Pose 1 in Fig. 4.7 for
a representation of the binding pose). These interactions, possibly promoted by the stable
hydrogen bonds formed by the amino group of PAβN with D288 (see Table 4.7), were not
detected in AcrBWT-PAβN (Fig. 4.3, Pose 1); thus, they provide an additional contribution
to the stabilization of the inhibitor specifically for the G288D mutant. Additional contacts
not observed in AcrBWT-PAβN are formed with part of the PC1/PC2 cleft (such as L668),
while interactions with the PBP/DBP interface, present in AcrBWT-PAβN, are not retained.

Although small differences in the flexibility of the binding sites emerged from the compar-
ison of the RMSFs of AcrBG288D-PAβN and AcrBWT-PAβN (both considered in the T state,
see Section 4.2) (Fig. 4.8), higher hydration levels were detected in AcrBG288D-PAβN within
the DBP and particularly at residues around D288, which include F178 and adjacent residues
in PN2. These findings are in good agreement with HDX-MS data (Fig. 4.1b).

A comparison of the binding poses in AcrBG288D-PAβN (Fig. 4.7) reveals a strong contri-
bution to the stabilization of the system from stacking of the aromatic groups of the inhibitor
with residues of the HT, in analogy to our findings in AcrBWT-PAβN (Fig. 4.3) and AcrBWT-
CIP-PAβN (Fig. 4.5). Additional stabilization comes from cation-π interactions involving the
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Ligand Pose H-bonds Water-mediated interactions
Residue Occupancy (%) Residue Occupancy (%)

D288 100 D288 65
1 G616 82 Q176 27

PAβN F617 21
2 S134 95

I671 67

Table 4.7: Intermolecular hydrogen bonds (H-bonds) and water-mediated interactions involving PAβN
in AcrBG288D-PAβN. See Table 4.3.2 for details and Fig. 4.7 for representative binding poses.

Figure 4.8: Difference in first hydration shell (Nwat) and RMSF between AcrBG288D-PAβN and
AcrBWT-PAβN (based on MD data from Pose 1 in Fig. 4.7). Both AcrBG288D-PAβN and AcrBWT-
PAβN were considered in the T state (see Section 4.2). See Fig. 4.4 for details.
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guanidino group of PAβN and residues belonging or proximal to the switch loop, as well as
the amino group of the inhibitor and F178 in Pose 1. Moreover, contacts are formed between
PAβN and the substituted residue D288, involved e.g. (in Pose 1) in hydrogen bonds with the
amino group of PAβN.

In both poses, stabilizing interactions further involve residues of the PC1/PC2 cleft, such
as π-stacking with aromatic groups of PAβN (Pose 1, 2) or hydrogen bonds between the amino
group of the inhibitor and the backbone of residues P669 and A670 (Pose 2) (see Fig. 4.7).

From the analysis of the occupancy levels, it emerged that PAβN forms stable hydrogen
bonds with residues D288 and the switch loop in Pose 1 and with residues S134 and I671
in Pose 2 (Table 4.7). According to HDX-MS data, several among these residues belong
to protected peptides (segments 611-629, 664-671). Moreover, peptide 291-300, adjacent to
position 288, is also protected. Taken together, these data suggest that interactions with
PAβN may significantly contribute to the protection of part of the DBP, as reported for the
WT protein.

4.3.5 AcrBG288D-CIP-PAβN

As in AcrBWT, CIP and PAβN are involved in direct interactions through hydrogen bonds
that involve the amino group of the inhibitor and the carboxylic group of CIP (see Pose 1 in
Fig. 4.9 for a representation of the binding pose; see also Table 4.10). The amino group of the
inhibitor forms cation-π interactions with residue F178, while its guanidino group is oriented
towards D288. Additional stabilization comes from the stacking of the aromatic groups of
PAβN with the lower part of the HT (F136, Y327) and the cleft (segment 668-670). CIP is
also implicated in stacking interactions with residues close to the switch- loop (such as F615),
as well as in interactions with hydrophobic residues proximal to the HT (I277, V612). In
analogy to AcrBWT-CIP-PAβN (4.5, Pose 1), therefore, contacts with the switch loop are
retained, but the interaction with the PBP/DBP interface is weakened. Moreover, stabilizing
interactions also contribute some residues of the PC1/PC2 cleft representing the entering gate
towards the PBP, as well as the mutated residue D288.

From the comparison of the flexibility and hydration properties of AcrBG288D-CIP-PAβN
and AcrBWT-CIP-PAβN (Fig. 4.10), it emerges that the switch loop is considerably more rigid
and dehydrated in the mutant. A net increase in hydration and flexibility is also detected for
part of the PN2 portion of the DP (including segment 178-182, involved in interactions with
the substrates; see Fig. 4.9). These data agree with the stabilization of the switch loop and
the increase in hydration of PN2 emerged from HDX-MS analyses (Fig. 4.1b).

As for AcrBWT-CIP-PAβN, direct interactions between the two substrates that involve
the carboxylic and carbonyl group of CIP are present in both the binding modes detected in
AcrBG288D-CIP-PAβN (Fig. 4.9 and Table 4.10). In addition, π-stacking between one or both
substrates and the HT and the switch loop were detected. Further stabilization is provided by
cation-π interactions established between the amino group of PAβN and F178 (Pose 1). Im-
portantly, D288 also contributes to stabilize the complex by forming high-occupancy hydrogen
bonds with PAβN (Pose 1) or CIP (Pose 2) (Table 4.8). Another common feature of both
poses is the π-stacking formed with residues of the PC1/PC2 cleft. A major difference regards
instead the interaction with the PBP/DBP interface, which is indeed present only in Pose 2
and involves the phenylalanine and arginine moieties of PAβN and the carboxylic group of
CIP. In Pose 1 PAβN is located inside the HT and CIP interacts with regions proximal to the
switch loop and to the upper part of the DBP (including, for example, residues I277 and the
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Figure 4.9: Representative binding poses and RMSDs of AcrBG288D-CIP-PAβN. See Fig. 4.3 for
details; Table 4.8 for a list of direct and water-mediated hydrogen bonds established by each ligand
with AcrB; Table 4.10 for high-occupancy hydrogen bonds between the ligands; Table 4.9 for the
RMSD of each pose with respect to reference structure PDB:4U95.

Ligand Pose H-bonds Water-mediated interactions
Residue Occupancy (%) Residue Occupancy (%)

1 D288 100 D288 100
E130 94 E130 68

PAβN 2 K131 67
T91 64
Q89 31

I277 32 E152 41
1 S180 31

D276 23
CIP D288 100 D288 100

2 Q89 100
E826 69
Y77 41

Table 4.8: Intermolecular hydrogen bonds (H-bonds) and water-mediated interactions involving lig-
ands in AcrBG288D-CIP-PAβN (MDs data). See Table 4.3.2 for details and Fig. 4.9 for representative
binding poses.
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Figure 4.10: Difference in first hydration shell (Nwat) and RMSF between AcrBG288D-CIP-PAβN and
AcrBWT-CIP-PAβN (based on MD data from Pose 1 in Fig. 4.9). Both AcrBG288D-CIP-PAβN and
AcrBWT-CIP-PAβN were considered in the T state (see Section 4.2). See Fig. 4.4 for details.
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System Pose RMSD (Å)
T monomer T monomer: PDP, DBP, switch loop

1 2.5 2.2
AcrBWT-PAβN 2 3.2 3.3

3 2.9 2.9
1 2.7 2.0

AcrBWT-CIP-PAβN 2 2.7 2.2
3 2.6 2.3
4 3.2 2.3

AcrBG288D-PAβN 1 2.5 2.5
2 2.8 2.1

AcrBG288D-CIP-PAβN 1 2.8 2.6
2 2.3 1.9

Table 4.9: Backbone RMSD of each pose with respect to the X-ray crystal structure 4U95 of E. coli
AcrB (resolution: 2.0 Å). Calculations were performed on the T monomer of the protein (residues
1-1033) and on a sub-selection composed by the PBP, DBP and the switch loop (see Table 4.4 for a
definition of these regions). For each pose, the RMSD was computed on the centre of the representative
cluster of the last 300 ns of MD simulation.

segment 178-182).
In analogy with AcrBWT-CIP, comparison between the binding poses of AcrBG288D-CIP-

PAβN and AcrBG288D-CIP (Fig. 4.11) revealed that the co-presence of PAβN in the DBP
determines a shift in the binding region of CIP. In the binary complex, indeed, CIP tends to
occupy the HT, interacting with residue D288 as well as with several hydrophobic residues like
F136 and F628 (Fig. 4.11). Less stabilizing interactions are formed with residues belonging
to the upper part of the DBP, which instead form several contacts with CIP in the ternary
complex. Similar to AcrBWT-PAβN, analysis of hydrogen bonds occupancy revealed that both
ligands establish very stable interactions with D288, both direct and water-mediated (Table
4.8). Additional interactions are mainly formed with residues E152 and S180 in Pose 1, and
with residues Q89, E130 and K131 in Pose 2 (Table 4.8). Unfortunately, evaluation of the
correlations between these interactions and HDX-MS results is not straightforward for this
system, due to the lack of HDX-MS coverage for the segments involved in interactions with
the ligands.

4.4 Discussion

From the analyses of our MD trajectories, a good correlation emerged between computational
data and HDX-MS assays (see reference [128]). In AcrBWT, HDX-MS revealed that the pres-
ence of PAβN considerably restricts the dynamics of several regions of the PBP and DBP,
including the switch loop (Fig. 4.1a). These data are in good agreement with MD analyses,
which revealed that binding of PAβN is accompanied by an overall rigidification of the protein
that involves large patches of the DBP, PBP, switch loop, as well as the exit channel gate (EG),
CH1, and CH2 channels. In particular: i) regions containing residues belonging/adjacent to
the switch loop that were found to directly interact with the PAβN become more rigid in its
presence, the extent of HDX protection upon PAβN binding (as revealed by the HDX-MS
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Figure 4.11: Representative binding poses of AcrBWT-CIP and AcrBG288D-CIP. See Fig. 4.3 for
details.

System Pose Involved groups Occupancy (%)
CIP PAβN

1 CO NH+
3 (Phe) 86

CO NH (Phe) 86
AcrBWT-CIP-PAβN CO2 NH (β-napth.) 62

2 CO NH (β-napth.) 47
CO NH2 (Arg) 55

3 CO NH (Phe) 79
4 CO NH (Arg) 32
1 CO NH (Phe) 57

CO NH (Phe) 30
AcrBG288D-CIP-PAβN CO2 NH+

3 (Phe) 93
2 CO NH (Arg) 68

CO NH2 (Arg) 43

Table 4.10: Occupancies of intermolecular hydrogen bonds between the ligands in AcrBWT-CIP-
PAβN and AcrBG288D-CIP-PAβN. For a better identification of the functional groups of PAβN, their
moieties of belonging (Phe, Arg and β-napthilamide) have been indicated in parentheses. Analyses
have been conducted on the last 300 ns of each simulation (see Section 4.2). Only interactions with
occupancy higher than 20% have been reported.
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data) correlating with the formation of hydrogen bonds between the EPI and residues of (and
nearby) the DBP; ii) the switch loop itself (residues 615-620) features moderately enhanced
hydration, whereas the nearby segments (residues 612-614 and 621-624) are overall dehydrated
with respect to apo AcrBWT. This supports an interaction between PAβN and the switch loop
region, which could be a key factor in mediating the mode of action of this EPI. More gener-
ally, the structural stabilisation that occurs upon PAβN binding might prevent local, as well
as distal, functional movements that are key to substrate efflux along the transport pathway.

The mode of action of PAβN was further investigated by considering its activity in the
presence of the antibiotic ciprofloxacin. HDX-MS profiles for AcrBWT-PAβN and AcrBWT-
CIP-PAβN revealed that the presence of ciprofloxacin did not alter the effect of the inhibitor
(Fig. 4.1(a)). From the analyses of MD trajectories of AcrBWT-CIP-PAβN, it emerged that
both drugs stably bind to the DBP within the T-state monomer, with PAβN partly occupying
the HT and ciprofloxacin lying in proximity of the PBP/DBP interface (Fig. 4.5, Pose 1).
Several interactions contribute to stabilize this configuration, including stable intermolecular
hydrogen bonds between the two ligands (Table 4.10). The simultaneous binding of CIP and
PAβN has similar effects as the binding of the inhibitor only on the flexibility and hydration
of the protein (Fig. 4.6), in corroboration with HDX-MS results (Fig. 4.1a). Moreover, in
analogy to AcrBWT-PAβN, HDX-MS protection data ofAcrBWT-CIP-PAβN correlate with
the formation of hydrogen bonds involving the ligands and several residues of the DBP (see
Subsection 4.3.3).

Overall, these data agree with a model for inhibitor action, which has been proposed to
work by trapping AcrB in a conformation, possibly a T-like state, which prevents adequate
functional rotation and substrate transport [37, 155]. Previous computational studies had
indeed indicated that PAβN can restrict the conformational dynamics of AcrB in K. pneumo-
niae [156] and of the RND transporter AdeB in A. baumannii [157]. Specifically, this EPI was
proven to considerably affect the dynamics of K. pneumoniae AcrB, preventing the completion
of the extrusion process [156].

The simultaneous binding of ciprofloxacin and PAβN in the DBP is in good agreement
with experimental data. Indeed, according to titration results the EPI could not effectively
outcompete ciprofloxacin binding from a AcrBWT-PAβN complex. Overall, our data support
the hypothesis that PAβN does not compete or prevent antibiotic binding (competitive in-
hibition). Instead, we propose that it inhibits AcrB function by enforcing a more restrained
state, thus, reducing the frequency and magnitude of the conformational changes within the
substrate translocation path, its effectiveness being substrate dependent.

Application of the HDX-MS protocol to AcrBG288D revealed that the G288D mutation
caused increased HDX for several peptides spanning the PN2 region of the protein, but de-
creased HDX within the PC1/PC2 regions and the connecting loop (Fig. 4.1b). These effects
were detected in all three substrate conditions tested (CIP, PAβN, and CIP-PAβN). Upon the
inspection of MD trajectories, PAβN was found to bind to the hydrophobic trap of AcrBG288D,
interacting with the mutated D288 residue through the formation of direct and water-mediated
hydrogen bonds (Fig. 4.7, Pose 1). Interactions with the aromatic residues of the trap involve
hydrophobic stacking as well as cation-π attraction, not observed in AcrBWT-PAβN and pos-
sibly promoted by the direct interaction of the inhibitor with residue D288 (see Subsection
4.3.4). Similar interactions are also formed with residues of the switch loop or the surrounding
region, in analogy to AcrBWT-PAβN.

Moreover, in accordance with HDX-MS, the switch loop and the surrounding region un-
dergo further dehydration in AcrBG288D-PAβN (Fig. 4.8). As in the case of AcrBWT-PAβN,
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there is a good overlap between the residues of the DBP protected in the HDX-MS assay –
which include peptides containing D288 - and those involved in high-occurrence interactions
with the EPI (see Subsection 4.3.4). These data, together with the direct interactions de-
tected between the inhibitor and the region of the switch loop, support the hypothesis that
stabilisation of the latter has a role for the mode of action of PAβN both in AcrBWT and in
AcrBG288D.

Similar conclusions emerged from the comparison between AcrBG288D-CIP-PAβN and
AcrBWT-CIP-PAβN. Indeed, MD simulations of the former complex revealed that, even upon
G288D substitution, ciprofloxacin and PAβN can stably occupy the DBP at the same time
(Fig. 4.9). As in AcrBWT-CIP-PAβN, stabilizing interactions include several contacts with
the protein (also involving D288) as well as intermolecular hydrogen bonds between the two
compounds (Table 4.10). These data advocate that AcrBG288D is inhibited by PAβN in a
similar manner as AcrBWT. Our findings endorse the theory that RND-pump inhibitors act
through an "altered-dynamics" mechanism, obstructing the translocation of substrates rather
than preventing their binding and recognition.
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Chapter 5

Computational structural analysis of
the fluoroquinolone resistant AcrB
variant from Salmonella Typhimurium

5.1 Introduction

Salmonella species include important gram-negative pathogens, especially relevant in nosoco-
mial settings [139]. Treatment of their infections has become considerably challenging due to
the occurrence of MDR [140]. In this regard, expression of multidrug efflux pumps has been
identified as one of the key mechanisms [31, 141, 142].

In S. Typhimurium, the AcrAB-TolC efflux pump provides major contributions to the
efflux of antimicrobials [142]. Importantly, the occurrence of mutations altering the specificity
of this RND transporter has been detected in this species [143]. The particular mutation, which
arose during the antibiotic treatment of a patient with a complex S. Typhimurium infection
[144, 145], has resulted in a substitution, G288D, within the AcrB transporter. This mutation
is responsible for altering the the occurrence of MDR. It was indeed proved to increase the MIC
to ciprofloxacin over 60 folds, while incrementing sensitivity to minocycline and doxorubicin
[143].

Due to the clinical relevance of S. Typhimurium AcrB and of its G288D variant (hereafter
STmAcrBWT and STmAcrBG288D), studies on their functioning mechanism and substrate
specificity would be of considerable importance. However, such investigations have been lim-
ited by the lack of experimental structural data, due to difficulties in the crystallization of
these transporters [146]. Our present knowledge of AcrB is indeed mainly based on the struc-
tural data available for the E. coli orthologue (see Chapter 1, Section 1.4), which presents a
94.7% sequence identity with respect to STmAcrBWT. Despite the high similarity of the two
sequences, a detailed structural knowledge of STmAcrBWT and STmAcrBG288D is crucial to
understand their substrate specificities.

Only recently, the structure of STmAcrBG288D has been resolved through cryo-EM (reso-
lution: 4.6 Å, see reference [146]; see also Fig. 5.1). From the analysis of the density map, it
emerges that the architecture of the receptor closely resembles that of the E. coli orthologue.
Consistenly, superposition of the three-dimensional structures of STmAcrBG288D (obtained
through homology modelling, see reference [146]) and E. coli wt AcrB (hereafter EcAcrBWT),
both fitted in the density map, revealed considerable similarities in the ternary and quaternary
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Figure 5.1: Cryo-EM map of STmAcrBG288D (see reference [146]; resolution: 4.6 Å).

structure (Fig. 5.2). From the analysis of the STmAcrBG288D structural model, it emerged
that most residues differing in the sequence of E. coli and S. Typhimurium (see Fig. 5.3)
are located on the external surface of the protein. In particular, several of them belong to
regions that form crystal contacts in E. coli [146]. This may account for the difficulties in the
crystallization of STmAcrBWT and STmAcrBG288D, despite their high sequence identity with
respect to the E. coli orthologue.

In agreement with previous literature, comparison of the structural models of STmAcrBG288D
and EcAcrBWT highlighted some structural differences in the surroundings of the mutated
residue 288, located in proximity of the hydrophobic trap (see Fig. 5.2G; see also Chapter
1, Section 1.4). The G288D substitution is indeed predicted to increment the hydration in
the hydrophobic trap and to cause a rearrangement of its residues [143]. In order to bet-
ter understand the effect of the considered mutation on the structure and dynamics of S.
Typhimurium AcrB, we conducted a computational investigation complementary to the de-
scribed cryo-EM data. Through homology modeling, we generated an ensemble of structural
models of STmAcrBWT and STmAcrBG288D using several crystal structures of EcAcrBWT
as templates. Models of STmAcrBG288D were further refined against the cryo-EM density
map. The generated structures were then used to perform all-atom MD simulations, with the
aim of analysing the structural features of the DBP and the substrate pathway and to assess
the effects of the G288D substitution. For a better characterization, an ensemble of crystal
structures of EcAcrBWT was used as a reference. The computational methods used for this
work are described in Section 5.2 of the present Chapter, while Section 5.3 is dedicated to the
obtained results. A final discussion of our work is reported in Section 5.4.
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Figure 5.2: Side view (A) and horizontal slices (B-F) of STmAcrBG288D (cyan) and EcAcrBWT (light
green). Both structures have been fitted in the STmAcrBG288D cryo-EM map (semi-transparent grey,
see Fig. 5.1). The relative position of slices (B-F) are indicated in (A). The position of residue 288
within the structure is indicated with black arrows in (A) and (D). A representation of the DBP, in
proximity of residue 288, is reported in (G). Image adapted from reference [146].
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Figure 5.3: Mapping of the sequence differences between S. Typhimurium and E. coli AcrB. Differing
residues are represented in red in a single protomer. The labels indicate single-letter residue code for
the differing residues in E. coli AcrB (in blue), alongside with the equivalent positions and substituted
side-chains in S. Typhimurium (in red). The location of mutation G288D is highlighted in yellow.
Image from reference [146].
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5.2 Methods

5.2.1 Homology modelling

Three homology models were built of STmAcrBWT and STmAcrBG288D using different X-
ray crystal structures of wild type AcrB from E. coli (hereafter EcAcrBWT) (PDB IDs 2J8S
[112], 4DX5 and 4DX7 [45]) as templates. The amino acid sequences of both EcAcrBWT and
STmAcrBWT were obtained from the Uniprot database (Uniprot IDs: P31224 and Q8ZRA7,
respectively) [74]. The absence of gaps was verified through a sequence alignment with
ClustalOmega [147]. The homology models were generated using Modeller 9.3 [76], each hav-
ing a MOLPDF score greater than 1.5× 105, and included the full range of residues (1–1033)
in every template. The homology models of STmAcrBG288D were further energy-minimized
into the experimental C1 cryo-EM map presented in reference [146] with the program Flex-
EM [148]. We performed structural optimization of the models for up to 40 iterations, and
we ranked the final structures based on their cross-correlation function (hereafter CCF) (see
Table 5.1).

5.2.2 Molecular dynamics simulations

The homology models of STmAcrBWT and STmAcrBG288D were used as starting structures
to perform all-atom MD simulations. Following previous work [60, 108, 143], we simulated the
truncated structure including only the porter domain and a few residues at the interface with
the TM domain (namely, residue segments 32-335 and 564-870), imposing positional restraints
on the Cα atoms of the residues found within 5 Å from the bottom of the structure (weight of
the restraints: 1 kcal/mol). Those residues involved were in Subdomain PN1 (V32, A33, Q34,
T37, I38, and A39), subdomain PN2 (A297, N298, A299, T330, P331, and F332), subdomain
PC1 (L564, P565, D566, K632, D633, W634, P638, G639, E640, A670, I671, V672, T676,
A677, and T678) and subdomain PC2 (P710, D711, L712, G838, E839, A840, Q865, E866,
and R867). The selected portion of the protein was inserted in a truncated octahedron filled
with 0.15 KCl aqueous solution, setting the minimum distance between the protein and the
edge of the box to 16 Å. The topology and the initial coordinate files were created through
the leap module of AMBER18 [86]. Protein and water were represented using the ff14SB force
field [114] and the TIP3P model [115], respectively, while the parameters for the ions were
retrieved from [149]. The system was enclosed in a truncated octahedron filled with 0.15 M
KCl aqueous solution, and the minimum distance of the protein and the border of the box
was set to 16 Å. The MD simulations of each system were done according to the following
procedure. Firstly, we performed a multi-step structural relaxation combining steepest descent
and conjugate gradient methods, using the pmemd module of AMBER18, as described in
previous publications [47, 60, 135, 149]. The relaxation was followed by two MD simulations
runs to heat the system from 0 to 310 K: i) from 0 to 100 K in 1 ns under constant-volume
conditions and with harmonic restraints (k = 1 kcal·mol−1·Å−2) on the heavy atoms of both
the protein and the lipids; ii) from 100 to 310 K in 5 ns under constant pressure (set to a value
of 1 atm) and with restraints on the heavy atoms of the protein and on the z coordinates of the
phosphorous atoms of the lipids to allow membrane rearrangement during heating. Next, we
performed a series of 10 equilibration steps to equilibrate the box dimensions. Each step was of
100 ps in duration (total 1 ns) and was carried out under isotropic pressure scaling conditions
through the Berendsen barostat. The Langevin thermostat was also used to maintain the
temperature constant, with a collision frequency of 1 ps−1. Finally, for every system we
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Template (PDB ID) CCFinit(a.u.) CCFfinal(a.u.) RMSD (Å)

2J8S 0.73 0.75 1.2
4DX5 0.73 0.75 1.1
4DX7 0.73 0.75 1.2

Table 5.1: Values of the cross-correlation function (CCF) obtained through Flex-EM [148] for the
homology models of STmAcrBG288D, before and after the optimization inside the cryo-EM map. The
RMSD of the optimized models with respect to the starting ones is also reported in the last column.

performed three independent MD simulations, each with a production run of 150 ns in length.
Time steps of 0.5 fs and 2 fs were used during the heating and equilibration stages, respectively.
In the production run a time step of 4 fs was adopted under an isothermal-isobaric ensemble
after hydrogen mass repartitioning [98]. Moreover, the lengths of all the R-H bonds were
constrained with the SHAKE algorithm. Coordinates were saved every 100 ps. Long-range
electrostatic forces were evaluated with the particle mesh Ewald (PME) algorithm, with a
non-bonded cut-off of 9 Å.

5.2.3 Post-processing of MD trajectories

The MD trajectories of STmAcrBWT and STmAcrBG288D were firstly processed by performing
a cluster analysis with the cpptraj module of AMBER18. For each trajectory, we considered
only the last 140 ns of the production run, where the RMSD of the protein with respect to
the first frame is fairly constant (Fig. 5.4). Every trajectory was subjected to three clustering
procedures, in each of which the distance RMSD metric was applied to the DBP of a different
monomer of AcrB, generating 100 clusters. In this way, we obtained 300 clusters per trajectory,
divided in three equal subsets (1 subset per monomer). For each subset, the representative
centroid structures of all clusters were used to perform several analyses aimed at assessing how
the size and shape of the DBP are affected by the G288D mutation. To this end, we firstly
estimated its volume of in the L, T, and O monomers of both STmAcrBWT and STmAcrBWT.

The same analysis was then performed on 5 experimentally derived crystal structures of
the EcAcrBWT, which were chosen as reference structures to identify variations between E.
coli and STmAcrBWT. These structures have PDB IDs 4DX5, 4DX7 [45], 2J8S [112], 2I6W
(the last being a symmetric LLL structure) [150] and 6BAJ (the structural model recently
derived from cryo-EM data by Qiu et al. [53]). The volume calculations were performed using
the POVME 2.0 software [151], adopting a grid spacing of 0.5 Å. Additional analyses were
conducted to better characterize of the impact of the G288D mutation. These included the
calculation of the gyration radius of the DBP, the number of (pseudo)contacts between the
PC1 and PC2 subdomains and the number of waters in the first and second solvation shell
of residue 288. Such analyses were conducted on every protomer of AcrB. Calculations of the
radius of gyration and of the number of (pseudo)contacts were carried out using in-house tcl
scripts and performed on the cluster representatives of STmAcrBWT and STmAcrBG288D, as
well as on the reference structures of the EcAcrBWT The radius of gyration was computed
for three different regions of the DBP: the whole DBP (S46, Q89, S128, E130, E134, F136,
V139, Q176, L177, F178, S180, E273, N274, D276, Y327, L573, F610, V612, R620, F628),
the hydrophobic trap (hereafter HP trap) (F136, V139, F178, Y327, L573, F610, V612, and
F628) and the upper DBP (S46, Q89, S128, E130, Q176, L177, G179, S180, E273, N274,
D276 and R620). As to the number of (pseudo)contacts, it was calculated by using a distance
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Figure 5.4: Protein RMSD calculated along the MD trajectories of STmAcrBWT and
STmAcrBG288D. Only the Cα atoms were considered.

cut-off of 10 Å among the Cα carbons of selected regions of PC1 (segment 571-667) and PC2
(segments 679-721, 822-859). Regarding the first and second water shells of residue 288, these
regions were defined using distance cut-offs of 3.4 Å and 5 Å, respectively. Calculations were
performed on the last 140 ns of every MD trajectory of STmAcrBWT and STmAcrBG288D,
using the cpptraj module of AMBER18. Moreover, we monitored the Loose/Tight/Open
(LTO) asymmetry of STmAcrBG288D along the MD trajectories. To perform this analysis, we
used as a reference the EcAcrBWT crystal structure with PDB ID 4DX7 [19], in which the
protein is found in the LTO state. Thus, for each frame in the last 140ns of the MD production
run, we calculated the RMSD of each conformer of the mutant with respect to every conformer
of the E. coli reference structure. Only the Cα atoms were considered for this calculation.

5.3 Results

In order to evaluate the structural properties of Salmonella Typhimurium AcrB and the im-
pact of the G288D mutation, several structural models of STmAcrBWT and STmAcrBG288D
were derived through homology modelling, using three different X-ray crystal structures of
EcAcrBWT as templates (see Section 5.2). Models of STmAcrBG288D were further minimized
against the cryo-EM map presented in reference [146]. Their accuracy was evaluated through
the CCF which, for each model, improved slightly with respect to the starting model (Ta-
ble 5.1). Accordigly, optimization against the cryo-EM map did not cause major structural
changes in each model (last column in Table 5.1).

For both STmAcrBWT and STmAcrBG288D, the obtained structural models were used as
starting structures to perform three independent all-atom MD simulations. As reported in
Section 5.2, a truncated model of AcrB was used in all simulations, which only included the
periplasmic portion of the protein. This protocol, also applied to other works described in
this thesis (see Chapter 3), has indeed been largely validated in literature (see Section 5.2)
[47, 60, 135, 149].

Despite this approximation, the asymmetric LTO conformation of AcrB reimained well
preserved along every simulation, in agreement with previous studies [60, 143]. This was
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Homology model Chain RMSD (reference structure: EcAcrBWT 4DX7)
L-conformer T-conformer O-conformer

A 2.1 (0.1) 2.7 (0.1) 3.2 (0.1)
1 (template: 2J8S) B 3.0 (0.1) 2.3 (0.1) 4.1 (0.1)

C 3.5 (0.1) 3.9 (0.1) 2.2 (0.1)
A 2.4 (0.1) 3.1 (0.1) 3.0 (0.1)

2 (template: 4DX5) B 3.0 (0.1) 2.2 (0.1) 3.9 (0.1)
C 3.2 (0.1) 3.9 (0.1) 2.2 (0.1)
A 2.1 (0.1) 2.8 (0.1) 3.4 (0.1)

3 (template: 4DX7) B 3.1 (0.1) 2.3 (0.1) 4.1 (0.1)
C 3.1 (0.1) 3.5 (0.1) 2.1 (0.1)

Table 5.2: Cross-RMSD of each chain of STmAcrBG288D, with respect to every conformer of the
EcAcrBWT crystal structure 4DX7 [45]. For each model, the calculation was performed on the last
140 ns of the production run (see Section 5.2); the reported values correspond to the average RMSD
and its standard deviation in the Loose (L), Tight (T) and Open (O) conformer.

System Volume of DBP (Å3)
L-conformer T-conformer O-conformer

EcAcrBWT
1 763 (86) 2315 (76) 1094 (76)

STmAcrBWT
2 957 (93) 1534 (163) 991 (96)

STmAcrBG288D
2 807 (78) 1979 (72) 1151 (64)

1calculated on experimental reference structures; 2calculated on representatives of each of the 100 clusters
extracted from the MD trajectories.

Table 5.3: Values of the volume of the distal binding pocket (DBP) (standard deviations in paren-
theses) in each conformer of AcrB, measured on the E. coli AcrBWT reference structures and on the
MD trajectories of S . Typhimurium AcrBWT and AcrBG288D (see Section 5.2).

verified through the calculation of the cross-RMSD of each conformer of our structural models
against each conformer of the reference structure (PDB ID: 4DX7; see Section 5.2). According
to the obtained results, the asymmetric LTO configuration is also retained in STmAcrBG288D
(Table 5.2).

In order to assess the impact of the G288D substitution, we evaluated the volume of the
DBP in all conformers of STmAcrBWT and STmAcrBG288D. As a reference, the same analysis
was conducted on an ensemble of X-ray crystal structures of EcAcrBWT (see Section 5.2). The
largest differences are seen in the volume of the distal binding pocket of monomer T (DBPT),
which undergoes a significant expansion with respect to the WT Salmonella protein (Table
5.3). Significantly, while relative to the E. coli orthologue the volume of the DBP of the
STmAcrBWT is about 800 Å3 smaller, the effect of G288 mutant on the DBP results in an
expansion of approximately 450 Å3 in the T-conformer bringing it closer to that of the E. coli
orthologue.

A similar trend emerges from the evaluation of the radius of gyration of the DBP, which
was also performed on all conformers of the considered systems. Significant variations were
indeed detected only for the DBPT (see Table 5.4). Specifically, the highest variations were
observed for the hydrophobic trap of the T conformer, whose increment in STmAcrBG288D
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System
EcAcrBWT

1 STmAcrBWT
2 STmAcrBG288D

2

Whole 10.2 (0.1) 10.5 (0.1) 10.5 (0.1)
L-conformer Upper 9.0 (0.1) 9.1 (0.1) 9.2 (0.1)

HP Trap 6.4 (0.3) 6.3 (0.2) 6.4 (0.1)
Radius of Whole 10.8 (0.1) 10.7 (0.2) 11.2 (0.1)

gyration (Å) T-conformer Upper 9.4 (0.1) 8.7 (0.1) 9.2 (0.2)
HP Trap 7.1 (0.3) 6.9 (0.2) 8.0 (0.2)
Whole 10.6 (0.1) 10.9 (0.1) 11.0 (0.1)

O-conformer Upper 9.9 (0.1) 9.8 (0.1) 9.9 (0.1)
HP Trap 6.2 (0.0) 6.3 (0.2) 6.5 (0.2)

1calculated on experimental reference structures; 2calculated on representatives of each of the 100 clusters
extracted from the MD trajectories.

Table 5.4: Radius of gyration of the DBP calculated for every AcrB conformer. The three regions of
the DBP considered in this calculation are indicated as Whole (entire DBP), Upper (upper part of the
binding site), and HP trap (hydrophobic trap) (see Section 5.2 for the definition of these regions).

amounts to almost 1 Å with respect to EcAcrBWT. Minor differences were instead detected
between S. Typhimurium and E. coli AcrBWT (Table 5.4).

These findings well correlates with the results of the watershell analysis, which was con-
ducted on the MD trajectories of STmAcrBWT and STmAcrBG288D (see Section 5.2). It
emerged, indeed, that the G288D substitution is associated to a considerable increment of
the number of waters within the second watershell of the considered residue (see Table 5.5;
see also Fig. 5.5). The increase in the hydration of the DBP reasonably causes the detected
variations in the volume and radius of gyration of the pocket, and is likely responsible for the
altered specificity of the transporter, described in previous literature [143]. Indeed, mutation
of a glycine into a charged and bulkier residue is expected to have the largest impact on the
structure, dynamics, hydration of the surrounding (prevalently hydrophobic) region. More-
over, our findings are consistent with previous studies [143], although here we have extended
the analyses to conformers other than T and we have increased confidence by using multiple
and independent structural models of AcrB.

In addition to the impact of the G288D substitution on the DBP, variations in the struc-
ture of the PBP were also evaluated. Due to the peculiarities of this pocket (which opens
towards the periplasm, and therefore does not present well-defined boundaries), calculation of
its volume through dedicated tools (see Section 5.2) is not straightforward. To overcome this
difficulty, we focused on the occurrancy of contacts between subdomains PC1 and PC2, which
enclose the pocket. The number of contacts between PC1 and PC2 should indeed reflect the
opening or closing of the CH2 entry (or external cleft; see Chapter 1, Section 1.4), which is
the main access route to the PBP from the periplasm. These considerations are consistent
with the fact that, in EcAcrBWT, the O monomer presents the highest number of contacts,
followed by the T and L monomer, respectively (see Chapter 1, Section 1.4 for a description
of the positioning of the subdomains in the L,T and O monomers of E. coli).

From the analysis of our results (Table 5.6), it emerged that the number of contacts between
PC1 and PC2 was significantly lower in STmAcrBG288D than in STmAcrBWT, especially for
the L conformer. This indicates that the G288D substitution also results in a greater opening
of the PBPL, which in turn facilitates the entrance of substrates through the CH2 access.

94



Figure 5.5: Close-up of the residue 288 and surrounding residues of the HP trap in STmAcrBWT

and STmAcrBG288D. Waters belonging to the first and second hydration shell of residue 288 (dis-
tance threshold: 5 Å, see Section 5.2) are also shown, and hydrogen bonds involving residue 288 are
represented as dashed lines. This image has been created using two representative frames of MD
trajectories.

System AcrB conformer
L-conformer T-conformer O-conformer

# 1st solvation shell waters
STmAcrBWT - 0.1 (0.3) 0.0 (0.1)

STmAcrBG288D - 6.3 (0.6) 3.1 (0.3)
# 2nd solvation shell waters

STmAcrBWT 0.0 (0.1) 0.5 (0.4) 0.2 (0.2)
STmAcrBG288D 0.2 (0.3) 11.3 (1.2) 5.7 (0.5)

Table 5.5: Number of waters in the first and second solvation shell around residue 288 (in DBP), in
STmAcrBWT and STmAcrBG288D. The two solvation shells were defined by using a distance cut-off
of 3.4 Å and 5.0 Å, respectively.

System Number of contacts (PC1-PC2)
L-conformer T-conformer O-conformer

EcAcrBWT
1 9 (5) 10 (2) 38 (2)

STmAcrBWT
2 12 (4) 6 (2) 38 (2)

STmAcrBG288D
2 1 (1) 7 (2) 31 (7)

1calculated on experimental reference structures; 2calculated on representatives of each of the 100 clusters
extracted from the MD trajectories.

Table 5.6: Number of contacts between the subdomains PC1 and PC2 in the three conformers of
AcrB. Two residues have been considered in contact if the distance between their Cαs is below 10 Å
(see Section 5.2).
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5.4 Discussion

The resolution of the structure of STmAcrBG288D through cryo-EM provided significant in-
formation on this protein, for which structural data from X-ray crystallography are currently
missing due to difficulties in the crystallization process (see Section 5.1) [146]. In order to
better understand its dynamical properties and the effect of the G288D substitution on the
architecture of the binding pockets, we performed an in silico investigation based on homology
modelling and MD simulations of both STmAcrBWT and STmAcrBG288D. Specifically, the
structural model of STmAcrBG288D was refined in its cryo-EM map (see Section 5.2). More-
over, an ensamble of X-ray crystal structures of EcAcrBWT was used as a reference to better
characterize the structural properties of S. Typhimurium AcrB.

Interestingly, the analyses of our MD trajectories revealed that theDBPT is markedly less
voluminous in STmAcrBWT than in the X-ray crystal structures of EcAcrBWT (Table 5.3).
In S. Typhimurium, therefore, a greater steric hindrance in the DBP might translate into al-
tered substrate-processing kinetics and specificities with respect to E. coli. It should however
be noted that a similar compression was also observed in MD simulations of EcAcrBWTin
the absence of any ligands within the DBP, suggesting that unsolved ligands may have been
present in the DBPT of the experimental structures [135]. Despite that, MD analysis sug-
gests that DBP of STmAcrBWT exhibits markedly different dynamic properties to either the
STmAcrBG288D or EcAcrBWT, both of which show similar, larger volumes in the T-conformer
(see Table 5.3; see also Table 5.4). This difference may translate into altered specificity and
increased efflux of substrates that bind the DBP. Indeed, changes in the DBP characteris-
tics have been reported to account for the discrepancies in the substrate specificity of other
RND-transporters, such as AcrB and AcrD; MexB and MexY [118, 135, 152].

In STmAcrBG288D, this effect could be enhanced by the decrease in the number of contacts
between subdomains PC1 and PC2 in the L-conformer (Table 5.6). This indicates, indeed, that
the PBPL is more open towards the periplasm (see Section 5.3), and is thus more accessible for
potential substrates. On the basis of these considerations, it is reasonable that the structural
changes detected in the DBP and PBP account for the differences in specificity between
STmAcrBWT and STmAcrBG288D, and specifically for the increased efflux of ciprofloxacin
in the G288D variant. In this regard, however, it must be noticed that increased resistance
to fluoroquinolones in STmAcrBG288D is coupled to a higher sensitivity to minocycline and
doxorubicin [143].

Overall, our data reinforce the relevance of residue G288 for the functioning of AcrB,
which had been highlighted in previous literature [143]. Specifically, structural alterations
due to the G288D substitution are not limited to the DBP, but also regard the packing of
the PC1 and PC2 subdomains. Variations in the architecture of the DBP and the PBP
may be communicated through different arrangements of the switch loop (see Chapter 1,
Section 1.4) [154] and of the loop connecting PC2 to the funnel domain, which move closer in
STmAcrBG288D compared to STmAcrBWT. The considered substitution, therefore, seems to
affect the plasticity of the drug binding pockets and, more generally, of the transport pathway.
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Conclusions and future perspectives

In this thesis, several aspects of the inhibition of the AcrB efflux pump have been addressed.
Specifically, the binding modes of several EPIs (the first-generation antipsychotics amitripty-
line and chlorpromazine as well as the known inhibitor PAβN) have been investigated through
computational methods. Our results have been integrated with experimental data as part of
multisciplinary collaborations, in order to infer the inhibition mechanism of the considered
compounds.

In the case of amitriptyline and chlorpromazine, experimental data from various techniques
revealed that both compounds can act as EPIs against the AcrB efflux pump from E. coli and
S. Typhimurium. They are indeed able to potentiate the activity of several AcrB substrates,
including norfloxacin and ethidium bromide. Both amitriptyline and chlorpromazine, there-
fore, could be potential candidates for repurposing (i.e. the development of novel EPIs starting
from in-use drugs with inhibitory activity). In order to understand their mode of action, we
investigated the binding of both compounds to E. coli and S. Typhimurium AcrB by means
of molecular docking and MD simulations. According to our results, amitriptyline and chlor-
promazine preferentially bind to the DBP of the protein, forming stabilizing interactions with
residues of the hydrophobic trap. Their binding modes present considerable similarities with
those of norfloxacin and ethidium bromide, indicating that they might competitively bind to
the DBP. Moreover, chlorpromazine well overlaps with the experimental binding pose of EPI
MBX3132, whose inhibition mechanism is thought to involve competitive binding to the DBP
and/or restrain of the functional dynamics of AcrB.

Computational techniques were also applied to investigate the binding of the EPI PAβN to
the E. coli wt AcrB and its fluoroquinolone resistant variant bearing the G288D substitution.
MD simulations were analysed in order to evaluate potential effects of the inhibitor binding
on the flexibility and hydration of AcrB. Comparison of these results with experimental data
from HDX-MS revealed that PAβN can considerably restrain the conformational dynamics of
the wt AcrB and of the fluoroquinolone resistant variant. Rigidification of several regions of
the binding pockets were indeed detected. Some of them are primarly involved in the substrate
extrusion process, such as the switch loop or the external cleft. The inhibition mechanism of
PAβN may thus involve a rigidification of key regions of the protein, some of which are located
in the transport pathway. These results are in agreement with a previous model for the EPI
mode of action, according to which the inhibitor may restrain the AcrB monomers in a specific
conformation (possibly the T state) thus preventing substrate extrusion.

In order to evaluate the action of the inhibitor in presence of substrates, we applied our
computational protocol to the ternary complex composed by AcrB, PAβN and the antibiotic
ciprofloxacin. These analyses, combined with HDX-MS data, revealed that the co-presence
of the antibiotic does not affect the action of the EPI. Indeed, a similar rigidification of
AcrB was observed (to a less extent for the fluoroquinolone resistant variant). Moreover, our
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MD simulations revealed that PAβN and ciprofloxacin can simultaneously occupy the DBP,
forming direct stabilizing interactions. These data thus indicate that PAβN does not prevent
or compete antibiotic binding.

Overall, our computational protocols have proven to be valuable for the evaluation of inhi-
bition mechanism. They could thus be applied to other EPIs and repurposed drugs, in order
to evaluate their interactions with AcrB and their molecular mode of action. In particular,
significative results have been obtained upon the combination of our MD simulation with
HDX-MS data. This approach could be applied to other EPIs and EPI/antibiotic couples, to
evaluate the effect of the inhibitor on the pump conformational motions and its behaviour in
presence of substrates. Moreover, our work may provide useful information for the combina-
tion of HDX-MS and MD simulation data. Indeed, integration of the two techniques is not
straightforward, due to differences in their typical time scales.

In addition to the evaluation of the action of the mentioned EPIs, we applied computational
methods to the structural characterization of the AcrB transporter from S. Typhimurium. This
protein presents a high sequence identity (94.7%) with respect to its E. coli orthologue, whose
structure has been resolved at high resolution. Despite this similarity, structural data for
S. Typhimurium AcrB have been missing for long, due to difficulties in the crystallization
process. Only recently, cryo-EM data have been obtained for its fluoroquinolone resistant
G288D variant. In order to evaluate the structural differences between such variant and the wt
AcrB, three dimensional structures of both proteins were realized through homology modeling.
The obtained models were further relaxed through MD simulations of the truncated structure
(porter and docking domains only). Structural characterization of the binding pockets revealed
that the DBP is considerably compressed in the S. Typhimurium wt AcrB with respect to
the values calculated for the G288D variant and the X-ray crystal structures of the E. coli
orthologue. Additionally, the PBP is more open towards the periplasm with respect to the
wt proteins from S. Typhimurium and E. coli. The G288D substitution, therefore, seems to
have a considerable impact on the structure of the pump. These variations, in turn, may
be related to the altered substrate specificity of the considered variant, which presents an
increased fluoroquinolone resistance and a higher sensitivity to doxorubicin and minocycline.
In our opinion, these results provide a useful characterization of the impact of the G288D
substitution on the structure of AcrB. This may be of value for the design of novel EPIs
and/or clinical drugs, as well as for further evaluation of substrate specificity in the considered
pump.
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