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Abstract

Infections caused by Kl/ebsiella pneumoniae are often difficult to manage due to the high
frequency of multidrug resistance, often conferred by efflux pumps. In this study, we analyzed
sequence variations of the major RND family multidrug efflux pump AcrB from 387 assembled
K. pneumoniae genomes. We confirm that AcrB is a highly-conserved efflux pump in K.
pneumoniae, and identified several variants that were prevalent in clinical isolates. Molecular
dynamics analyses on two of these variants (L118M and S966A) suggested conformational
changes that may correlate with increased drug efflux capabilities. The L118M change resulted in
enhanced protein rigidity while the flexibility of drug binding pockets was stable or increased, and
the interactions between the proximal pockets and water molecules were stronger. For S966A, the
significantly enlarged proximal pocket suggested higher drug accommaodation ability. Consistent
with these predictions, the L118M and S966A variants conferred a slightly increased ability to
grow in the presence of tetracycline and to survive cefoxitin exposure when overexpressed. In
summary, our results suggest that the emergence of enhanced-function AcrB variants may be a
potential risk for increased antibiotic resistance in clinical K. pneumoniae isolates.
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Introduction

Kilebsiella pneumoniae is one of the most notorious nosocomial pathogens, often causing
severe pneumonia with high morbidity [1, 2]. Antibiotic treatment of K. pneumoniae
infections has become increasingly difficult due to the emergence of carbapenemase-
producing isolates (often concomitant with a reduction in porin levels [3, 4]), and due

to multidrug resistance caused by efflux pumps [5, 6]. Indeed, some previously effective
antibiotics used for treating K. pneumoniae infections, such as azithromycin, streptomycin,
cefoxitin and tetracycline, have become less effective because of efflux pumps [7-9].

The AcrAB-TolC efflux complex is the archetypical representative of the resistance-
nodulation-cell division (RND) family, which is one of the most important groups of
multidrug efflux pumps in K. pneumoniae and other bacteria [9]. AcrAB-TolC is composed
of the integral membrane protein AcrB, the periplasmic RND transporter AcrA and

the multifunctional outer membrane channel TolC [10]. The AcrAB system transports a
variety of intracellular toxic chemicals directly into the surrounding medium, bypassing the
periplasm [11]. In the AcrAB-TolC tripartite complex, AcrB determines substrate specificity
and export efficiency [12]. Toxic compounds are actively exported, using the proton motive
force to power an antiport mechanism [13].

The structures of AcrB from different bacteria have been extensively characterized [14,

15]. The nearly 1040 amino-acid residues form twelve putative transmembrane a-helices
and two large hydrophilic loops on the periplasmic surface [13]. AcrB is a trimeric protein
(formed by assembly of three protomers) with a ‘jellyfish’ appearance, where a three-fold
symmetry axis is oriented perpendicular to the membrane plane (Fig. S1) [15]. Commonly,
the structure of AcrB can be divided into three domains, namely the transmembrane domain,
drug binding domain and TolC docking domain. Among these domains, the drug binding
domain (which is composed of four subdomains PC1, PC2, PN1 and PN2) is a key structural
feature for drug export. All of these subdomains contain a characteristic structure motif,

i.e. two B-strand-a-helix-B-strand motifs that are directly repeated, forming a sandwich
structure. These motifs form the drug binding site, and a cleft exists between PC1 and PC2
at the periphery of each protomer. Drugs are taken into the pocket via the cleft, then bound
by aromatic amino acid residues such as Phe 615 and Phe 178, followed by extrusion into
the medium via TolC [16]. Through continuous access, binding and extrusion activities, the
three protomers continuously pump toxic compounds out of the cell [16].

Molecular dynamics (MD) simulations on known structures are a powerful tool to predict
dynamic conformational changes in proteins. While some simulations have been performed
to study the function of the transmembrane domain and the drug binding properties of AcrB
in various mutant backgrounds [17, 18], there are few reports of natural mutations of AcrB
that may contribute to increased antibiotic resistance[19, 20]. Such an analysis could help
predict the emergence of variants with enhanced drug export capabilities.

Here, we have performed sequence analysis of AcrB variants from almost 400 sequenced
K. pneumoniae genomes. Mutation analyses identified 6 variants with a frequency of
occurrence of > 2 %. We demonstrate that two of the variants, the L118M and S966A
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variants, exhibited increased resistance to both tetracycline and cefoxitin. By using
molecular dynamics simulations, we illustrated the different mechanisms of the increased
drug resistance of the variants. These data demonstrate the power of MD simulation analyses
in uncovering novel drug resistance determinants and suggest that enhanced multidrug
resistance due to natural evolution of more effective efflux pumps might be an emergent
clinical threat in K. pneumoniae.

Materials and Methods

2.1 Chemicals, media, and growth conditions

Tetracycline (RPI) was formulated as a 10 mg/ml stock solution in 70 % ethanol and stored
at 4 °C. Rifampicin (RPI), azithromycin (Sigma) and cefoxitin (RPI) were all formulated
as a 1 mg/mL stock solution in distilled water for liquid growth experiments, while more
highly-concentrated stock solutions of azithromycin (8 mg/ml in ethanol) and cefoxitin (8
mg/ml in DMSO) were formulated for the killing assays. Ciprofloxacin (RPI, Wilmington,
NC) was dissolved in 0.15 M sodium hydroxide at 1 mg/ml. LB medium (per liter: 10 g
NaCl, 10 g peptone, 5 g yeast extract, 15 g agar if necessary) was purchased from RPI
(Wilmington, NC) and prepared as broth according to the instruction. Chloramphenicol (50
pg/ml) and hygromycin B (100 pg/ml) were added into the medium to sustain the pBAD
plasmid, as described below. Arabinose (0.2%) was supplied to induce expression of AcrB.
All strains were grown overnight in a 37 °C shaking incubator (200 rpm) prior to initiating
the experiment.

2.2 Plasmid and strain construction

Bacterial strains used in this study are listed in Table S1. All genes were PCR amplified
from K. pneumoniae KPNIH1 genomic DNA. Plasmids were built using isothermal
assembly [21] using primers listed in Table S2. A modified version of plasmid pPBAD33

[22] (with the addition of a hygromycin B resistance gene) was used for overexpression. The
KPNIH1 acrB::Tn strain was obtained from the Manoil Lab transposon mutant library [23].

2.3 Sequence variation analysis

AcrB variations were analyzed using the MATLAB bioinformatics toolbox [24]. For each
complete K. pneumoniae genome, the ‘getgenbank’ command was used to download the
sequence. Next, the nwalign program was used for the alignment between AcrB from
KPNIH1 and the target genome. Scores over zero were recorded and those proteins with the
highest score in each genome were used for AcrB variation analysis. Next, proteins with the
highest score in each genome were collected together, and ‘multisegalign” command was
used for sequence alignment. Finally the mutation rates were counted in ‘seqalignviewer’
program. The script used in this work is provided in GitHub (https://github.com/liying0128/
efflux-pump-finder).

2.4 Modeling and molecular dynamics (MD)

The structures of AcrB and its variants were generated based on the characterized structures
of AcrB from PDB Bank (PDB: 4U8Y, 4U95, 5JMN, 6Q40 and 6Q4P). Homology
modeling was performed in YASARA structure with the macro ‘hm_built’. All molecular
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dynamics simulations were also conducted in YASARA Structure using AMBER14 force
field. AcrB was embedded in a membrane in a simulation cell containing 99679 water
molecules. Several Na* cations were added into the simulation cell to neutralize the system.
The solvent molecules left a 10 A space around the protein, and the final volume of the
simulation cell was set at 150 A *150 A *150 A. An energy minimization was performed
to eliminate improper contacts in each system. The steepest descent method was used in
the first 5000 steps and the conjugate gradient method was applied in the last 5000 steps.
After the energy minimization, each system was heated gradually from 0 K to 310 K. Each
system was then equilibrated for 500 ps at constant temperature (310K) and pressure (1 bar)
conditions via the Langevin dynamics (the collision frequency is 1.0 ps1). Each simulation
was performed for 100 ns at 310 K and 1 bar using a time step of 0.1 ns.

2.5 MD data analysis

MD data were analyzed by the marco ‘MD_analyze’ in YASARA. Root mean square
deviation (RMSD) between structures following least-squares fitting to a referenced initial
structure was computed. Root mean square fluctuations (RMSF) of residues were computed
to check the flexibility of each residue. The key residues of proximal pocket, distal pocket,
external cleft and entrance cleft were used to calculate the volume and the distance as

in [17]. The surface volume formed by these key residues was calculated in YASARA’s
“Volume’ command, and group distance was calculated by measuring the geometric center
of relative groups. Group dihedral angle was defined as the angle between the line (from
101D to 107V) and the bottom surface. Triangle area formed by Phe 178, Phe 613 and Phe
615 was calculated by Heron’s formula

S =+p(p—a)(p—b)(p—o), )

p=05%(a+b+o0), (@)

where a, b, and ¢ represent the respective distance between the three residues. The data were
plotted using the Python “matplotlib” module.

2.6 Growth curve, MIC and killing assay

Strains were grown overnight in 5 mL LB medium containing chloramphenicol (50 pg/ml),
hygromycin B (100 pg/ml) and inducer (1 % arabinose) in a 10 mL borosilicate culture
tube. The tubes were incubated at 37 °C at 200 rpm. The harvested cells were separated by
centrifugation at 12000 rpm for 10 min, and the supernatant was discarded. After washing
with fresh LB medium, cells were diluted 100-fold into fresh medium containing 0.4 %
arabinose and then transferred into a 100-well honeycomb plate (200 uL volume/well) for
growth curve determination at 37 °C in a bioscreen growth curve analyzer without shaking.
Increasing concentrations of antibiotic were added to the medium. The growth of each

200 pL culture in the plate was monitored by optical density at 600 nm (ODgqg) every 20
minutes for 24 h.

Killing assays were used to determine antibiotic resistance of strains. Overnight cultures of
each strain were grown in LB medium at 37 °C and diluted 1:10 the following day in fresh,
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prewarmed LB liquid medium containing a final concentration of each antibiotic. Then cell
cultures were incubated at 37 °C without agitation. After 24 h, cells were centrifugally
separated (8000 g, 5 min) from the medium containing antibiotics, and viable cell counts
were determined by 10-fold serial dilution of cells in LB broth and spot-plating 10 pL of
each on plates. Colonies were counted after 12 h of incubation at 37 °C. The experiment was
independently carried out for three times.

Minimum inhibitory concentrations (MICs) were determined by use of a microplate assay
to test antibiotic activity against strains used in this work. First, ODgqg of the overnight
cultures was measured to maintain the same amount of cells in each group, and cells were
diluted 10,000 fold into a 96 well plate. Then twofold dilutions of each working solution
were prepared, and the last cell in each row was set as control. Plates were incubated at 37
°C for 12 h. The MIC determinations were repeated independently 3 times.

3. Results

3.1 Global analysis of AcrB across K. pneumoniae isolates reveals variants with
increased antibiotic resistance

To assess amino acid variations in AcrB among K. pneumoniae, sequence analysis was
conducted on 387 NCBI assembled K. prneumoniae genomes (Table S3), using the AcrB
sequence of the well-characterized clinical isolate KPNIH1 [25] as a baseline. This

analysis revealed that AcrB is highly conserved among sequenced K. pneumoniae isolates.
Significantly, 374 of the sequences showed higher than 95% similarity and 121 of them
were identical to AcrB in KPNIH1. Within the 374 high similarity sequences, we focused
on amino acids variations occurring with a frequency of over 2 % (Table 1). These sequence
variations were evenly distributed in the binding pocket domain, transmembrane domain and
TolC docking domain.

3.2 The L118M mutation enhances AcrB stability in molecular dynamics simulations

Since these variations were observed in clinical isolates, we hypothesized that at least
some of them might have evolved to enhance AcrB drug efflux capabilities. A preliminary
screen for growth in 5 pg/mL tetracycline (0.5 x MIC) indeed suggested that overexpression
of any of the six variants conferred a moderate increase in growth yield during drug
treatment (Fig. S2). We chose to focus on two variants (L118M and S966A) for further
molecular characterization. To predict how these variants affected AcrB protein dynamics,
we conducted MD of AcrB (from KPNIH1, henceforth “wild type”), AcrBS966A and
AcrBL118M (100 ns timeframe). The backbone RMSD value exhibited in each MD run
reached a plateau after 5 ns (Fig. 1A). From 10 ns to the end of the simulation, AcrBL-118M
exhibited lower RMSD values than wild-type AcrB, suggesting this variant enhanced the
stability of AcrB, while RMSD of S966A showed no significant change compared to

wild type AcrB. Total relative RMSF values (RMSF of AcrB minus RMSF of variants,
Fig. 1B) revealed significantly increased rigidity of the DN (near Leu 230), TN7-la (near
Ser 530) and DC (near Ser 800) subdomains for both variants. Since the DN and DC
subdomains mediate docking with the periplasmic domain of AcrAB-TolC, the increased
rigidity may indicate a more stable connection with other components of the assembled
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pump. In contrast, the RMSFs of residues that formed the binding pocket (e.g. Ser 128 to
Ser 134, GIn 176 to Ala 180, Glu 273 to Val 277 and Met 660 to Thr 674) of both L118M
and S966A were increased compared to the control. Since the flexible conformation of the
binding pocket helps AcrB in accommodating substrates of very different properties [17],
the increased RMSF of these residues may indicate their enhanced ability to bind and export
substrates.

3.3 Enlarged proximal pocket of S966A

Except for flexibility, the volume of the drug binding pocket and its interaction with water
are also important for drug export efficiency [17]. Therefore, the size of the drug binding
pocket in each molecule was calculated (Fig. 2). On average, no significant changes of
postulated gate and external cleft were observed in AcrB-118M and AcrBS966A compared to
the control (Fig. 2A and 2B). Strikingly, however, AcrBS966A displayed enlarged volumes
of the proximal pockets of all the three protomers (Fig. 2C and 2D), while AcrB-118M

was similar to wild-type AcrB. We also calculated the number of water molecules that
formed hydrogen bonds with key residues (Table 2). The results indicated that the proximal
pockets of both AcrBL118M and AcrBS96A interacted more strongly with water than that of
wild-type AcrB, while the distal pockets of the variants showed slightly reduced interactions
with water even though the volume of one protomer of AcrBS966A was enlarged. The
proximal pockets are suggested for accommodation of small molecule drugs while the distal
pockets are responsible for larger compounds [26, 27]. Thus, the enlarged proximal volume
of AcrBS986A and the stronger interaction with water for both of AcrBL118M and AcrBS966A
may indicate their higher export efficiency.

3.4 AcrB variants exhibit conformational differences to wild type in the central helix and
aromatic-rich residues

In addition to a change in drug binding pocket volume, extrusion is also a crucial process
for drug export. Active drug extrusion co-incides with structural re-arrangements, e.g. an
inclined central helix. We thus also computed the dihedral angle of the three central helices
in our MD simulations (Fig. 3). For wild-type AcrB, most dihedral angles of protomer A and
B were less than 80 °, while the central helix of protomer C (blue) was distributed over 80
° throughout the simulation. In contrast, most of the dihedrals of protomer A and protomer
B in AcrBL-118M were larger than 80 °, while protomer C displayed an inclined central
helix from 60 ns to the end. For AcrBS966A the dihedrals of protomers were concentrated
in over 80°. The upright central helix suggested the protomer has a vacant binding site,
which is waiting for the next substrate binding event [16]. Thus, the increased dihedrals of
AcrBL118M and AcrBS966A may indicate their increased capacity for accessing antibiotics.

Except for the different conformations of the central helix, the conformations of aromatic
amino acid-rich residues in the binding pocket also play crucial roles in drug accessing
ability [16]. Thus, the area of the triangle formed by Phe 178, Phe 613 and Phe 615 in each
protomer was calculated based on Heron’s formula (Fig. 4 and Fig. S5). The triangle areas
of AcrBS986A were significantly enlarged compared to those of wild-type AcrB. However,
the areas of AcrBL118M were slightly decreased. Since the expanded distance of aromatic
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rings is favorable for hydrophobic interaction with substrates [16], the enlarged Phe triangle
area of AcrBS986A potentially indicates increased AcrB-antibiotic interactions.

3.5 L118M and S996A modulate susceptibility to tetracycline and cefoxitin

Lastly, we sought to characterize in more detail the impact of L118M and S966A on K.
pneumoniae drug resistance. To this end, we measured the susceptibility of a K. pneumoniae
acrB:Tn mutant overexpressing AcrB, AcrBL118M and AcrBS966A to multiple antibiotics
(Fig. 5). Intriguingly, MICs of the first line antibiotics tetracycline, rifampicin, ciprofloxacin,
azithromycin and cefoxitin against different recombinant strains were unchanged in the
variants, suggesting they do not confer full clinical resistance under these conditions (Table
S4). However, we also turned to a growth-based assay, similar to our preliminary screen
(Fig. S3). Strikingly, in the presence of a tetracycline concentration (10 p g/ml) around

the MIC, cells overexpressing acrB596A and acrB-118M displayed substantially higher

cell growth than cells carrying empty plasmid (negative control) or those overexpressing
wild-type acrB (Fig. 5A). At 0.5 x MIC, both the S966A and L118M mutant conferred a
moderate, but reproducible growth advantage compared to the other strains, while growth
rate was the same for all in the absence of antibiotic (Fig. 5A).

Next, we turned to killing experiments to test whether increased efflux pump activity may
result in reduced killing. Indeed, efflux pumps have previously been implicated in antibiotic
tolerance and persistence, i.e. the ability to survive for extended time periods in the presence
of ordinarily bactericidal antibiotics [28, 29]. Strikingly, overexpressing AcrBS966A and
AcrBL118M regylted in a 10- to 100fold increase in survival after 24 h of exposure to

high concentration of cefoxitin (400 ug/ml, 2 x MIC), but not azithromycin, tetracycline,
rifampicin and ciprofloxacin, compared to a strain overexpressing either no efflux pump

or wild-type AcrB (Fig. 5B and Fig. S4). In total, our data indicate that the L118M and
S966A variants can confer enhanced resistance against two antibiotics, suggesting that their
prevalence in clinical isolates may pose a potential risk for the emergence of increased
antibiotic resistance in K. pneumoniae.

4. Discussion

Drug export by efflux pumps is a crucial means for K. pneumoniae to survive antibiotic
exposure. Indeed, we found that more than 95% of sequenced K. pneumoniae isolates

have ten or more AcrB paralogs (Fig. S6). The widely distributed AcrB homologs make

K. pneumoniae a “super bacterium” to resist clinical treatment [30]. While increases in
efflux-mediated antibiotic resistance are typically associated with upregulation of efflux
pumps as well as with the accumulation of efflux pump paralogs in clinical isolates [31, 32],
naturally occurring sequence variations can also result in an increase in the efflux efficiency
of specific pumps [19]. Such variants may then be inadvertently selected for during clinical
antibiotic therapy. It is thus important to test these variants for their drug export capabilities
to aid in efforts to predict the emergence of multidrug-resistant K. pneumoniae. Here, we
have characterized two such AcrB variants that are prevalent in clinical isolates of K.
pneumoniae.
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Most research on AcrB or its paralogs has focused on how engineered mutations in the
proton relay network of the TM subdomain inactivate the exporter as a means to understand
drug efflux function [20, 33]. In contrast, only a few studies have reported on naturally
occurring mutations in AcrB that confer increased antibiotic resistance [19]. In £E. cofj,

the AcrBG288D mutation confers ciprofloxacin resistance by increased efflux, likely via an
enlarged distal pocket [19]. Interestingly, however, this amino acid substitution created a
trade-off where it resulted in increased susceptibility to other drugs, indicating that G288D
altered substrate specificity based on the substrate binding sites. A recent study indicated
that this mutation results in a subtle expansion of the distal pocket, which could account

for the changes in substrate transport; however, the significance of this substitution requires
further investigation [34]. Similarly, a naturally occurring Q733R substitution in AcrB from
Salmonella was reported to have little effect on antimicrobial resistance [35]. In contrast, our
work reports naturally occurring variants of AcrB from K. pneumoniae that confer increased
multidrug resistance (albeit with moderate effectiveness), raising the alarming possibility
that enhanced efflux pump mutants may emerge as a clinical threat under selective pressure
of antibiotic therapy in the future.

Our MD analyses revealed possible reasons for the variants’ increased drug export
capabilities. The proximal and distal pockets are suggested to mediate interactions with
different efflux substrates [17]. Tetracycline and cefoxitin likely interact with the proximal
pocket due to their low molecular weight and molecular surfaces (Table S5) [27]. Thus, the
significantly enlarged proximal pocket might be the reason for tetracycline and cefoxitin
resistance of AcrBS96A, Moreover, as the drug binding pocket was enlarged, the increased
triangle area formed by three crucial aromatic residues (Phe 178, Phe 613 and Phe

615) suggested a higher ability for accommodation of substrates by aromatic-aromatic
interactions [16]. A common method for uncovering specificities of efflux pumps toward
antibiotics is molecular docking, in which the efflux pump is set as a rigid conformation for
acceptance of ligands [36]. However, the export of antibiotics by efflux pump is a multi-step
process, and antibiotics may interact with different regions during different phases. In
contrast, MD simulations of efflux pump provided a wealth of information on the detailed
trajectory of the important domains such as binding pocket and entrance cleft, and our
results of wet-experiments indicated they were in accordance with their efficiencies in drug
export. Thus, our data also provided a unique view in predicting the efficiency of this
process with MD simulations.

Interestingly, both AcrBL118M and AcrBS966A displayed increased resistance in low
concentration of tetracycline, but altered folerance to a high concentration of cefoxitin.
Likely, this reflects different survival mechanisms in the presence of these antibiotics, e.g.,
a role for persisters (that may rely on AcrAB for their survival [39, 40]) in tolerance to the
bactericidal cefoxitin [37]. Drastically increased survival in cefoxitin vs. the narrow range
of tetracycline concentrations around the MIC where we observed a fitness advantage of the
variants suggests that cefoxitin might be a better substrate for the variants than tetracycline.
This is in line with recent research showing that a mutation of AcrB dose not affect £. colr’s
survival in tetracycline [38, 39].
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In summary, our work demonstrates that the naturally occurring AcrB-118M and AcrBS966A
increase resistance/tolerance to tetracycline and cefoxitin, posing a potential risk in clinical
settings. While the effects of these variants appear to be limited, and possibly by themselves
not broadly clinically relevant (unchanged MIC), such small differences could result in

just enough of a growth advantage during clinical therapy that the emergence of more
robustly resistant variants might ultimately be favored. More broadly, our analyses support
the underappreciated notion that antibiotic selection might create efflux pumps with higher
efficiency, as demonstrated previously [41, 42]. Our study thus underscores the value of
analyzing variations in sequenced genomes alongside functional characterization to get a
more comprehensive understanding of how sequence variations in multidrug efflux pumps
can increase resistance to clinically-relevant antibiotics. These data will ultimately promote
a more complete prediction of the emergence of novel mechanisms of antibiotic resistance.
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Fig. 1. MD analysis reveals that L118M confers increased stability of AcrB, while both variants
exhibit increased flexibility of binding pockets.

(A) The AcrBL118M yariant exhibits decreased RMSD values at extended simulation times.
Values were derived from 100 ns molecular dynamics simulations. (B) AcrB-118M and
AcrBS986A exhibit enhanced rigidity of periplasm docking domains, while the flexibilities of
drug binding pockets were increased. RMSF values were calculated from the average RMSF
of their constituting atoms. Relative RMSF value means RMSF of AcrB minus RMSF of
variants at each residue.

Res Microbiol. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lietal.

Page 13
A Postulated Gate B 12 External Cleft
| [ [ [ V] Protomer A
20 I : { I Protomer B
I | | | |
10
15 % I : f I L % !
2 \ z L |
Y § l l P L |
e [ | g .l §: | |
8 104 I I k N | |
° | | ! 2 1 l I
(=] { 1 |
L SRR
| |
. 6+
: | | l |
| | | |
AcrB AcrB-11eM AcrBseeea AcrB AcrB-11&m AcrBsoeea
C i Troximal Poclﬁet[ D &5D : Distal Pocket]
T T | | L
4000 - ‘ t t | | 80007, | |
‘ | | | |
3500 - | | 4900 I I )
= | | &
< | | < 4000 | |
o 3000 - P l | I
g I | | £
5 7 | 8. 3 a0 | |
gws LB ! 3 ¥ |
{ | | 3000 - ! | |
2000 | | | |
| | 2500 - | |
1500 | | | |
AcrB AcrB-11em AcrBsosea AcrB AcrB-11em AcrBsossa

Fig. 2. AcrBS966A exhibits enlarged proximal pockets and distal pockets.
The distributions of distance of postulated gate (A) and external cleft (B) in each protomer

during 100s MD simulations displayed no difference for wild-type AcrB, AcrB-118M
and AcrBS966A_ The volumes of three proximal pockets (C) and one distal pocket (D)
of AcrBS966A were significantly enlarged compared to wild-type AcrB, while those of
AcrBL-118M showed no difference.
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Fig. 3. L118M and S966A confer increased and balanced distributed dihedral angles of the
central helix.

Central helix dihedral angle distributions during 100 ns MD simulations for AcrB,
AcrBL118M and AcrBS96A, The angle between the central helix of each protomer and the
bottom surface was calculated and plotted as scatter.
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Fig. 4. S966A and L118M have opposing effects on a key Phe triangle that mediates AcrB-
antibiotic interactions.

The triangle areas formed by Phe 178, Phe 613 and Phe 615 of each protomer were
calculated (Details in Fig. S5) by Heron’s formula during the 100 ns simulations. Prot A,
Prot B and Prot C indicate protomer A, protomer B and protomer C in each AcrB molecule.
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Fig. 5. AcrB-118M and AcrBS966A confer enhanced tetracycline and cefoxitin resistance.
(A) Overnight cultures of KPNIH1 acrB::Tn carrying either empty plasmid or inducible

copies of wild type AcrB or variants were diluted 100-fold into fresh growth medium
containing inducer and increasing concentrations of tetracycline. Growth was monitored
via ODgqg readings in 200 pL volume in a bioscreen plate reader. Shown are mean values
of 3 technical replicates (representative of two biological replicates with similar results),
error bars represent standard error. (B) Overnight cultures of KPNIH1 acrB::Tn carrying
either empty plasmid or inducible copies of wild type AcrB, AcrBL-118M and AcrBS966A
were diluted 10-fold into fresh growth medium containing inducer and antibiotics. After
incubation at 30 °C for 24 h, viable cell counts were determined by 10-fold serial dilution
of cells in LB agar and spot-plating 10 uL of each on plates. Shown are plates from
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one representative experiment and mean survival data from 3 independent replicates (**,
F£<0.01). Error bars represent standard error.
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Variant distribution of AcrB among K. pneumoniae isolates

Mutations Amount Frequency Location
E639K 128 34.2% PC1
H558P 250 66.8% T™7
S966A 18 4.8% T™M4
L118M 18 4.8% PN1
R806H 15 4.0% DC
D242E 10 2.7% DN
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Table 2.

Average numbers of water molecule that formed hydrogen bonds with key residues during simulations. P(A):
protomer A; P(B): protomer B; P(C): protomer C.

Proximal Pocket Distal Pocket External Cleft Postulated Gate
P(A) P(B) P(C) P(A) P®B) PC) PA) PB) PEC) PA) PB) PO
AcrB 149 148 146 157 162 165 20 2.0 17 2.0 2.0 2.0
AcrB-118M 149 150 149 156 159 155 20 2.0 2.0 19 2.0 1.9

AcrBS%6A 148 151 149 157 159 159 20 2.0 2.0 1.8 1.9 1.9
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