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Abstract

Multidrug efflux pumps of pathogenic, Gram-negative bacteria comprise an innate resistance
mechanism and are key contributors to the emerging global pandemic of antibiotic resistance.
Several increasingly detailed cryo-electron microscopy maps have been resolved of an entire
efflux pump complex, AcrAB-TolC, resulting in atomistic structural models. Using a recent
model, we have carried out nearly 40 x5 of molecular dynamics simulations to study one of the
key components of the protein complex, AcrA, the membrane fusion protein that connects the
inner-membrane-bound AcrB to the outer-membrane-bound TolC. We determined a three-
dimensional potential of mean force (PMF) for AcrA, which displays two main conformational
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basins representing assembly-competent and incompetent states. Corresponding experiments show
that stabilizing mutations at an inter-domain interface shift the dynamic equilibrium between these
states to the incompetent one, disrupting pump assembly and function and re-sensitizing bacteria
to existing antibiotics. Modulation of AcrA dynamics through pharmacological intervention
therefore presents a promising route for the development of new antibiotics.

Graphical Abstract
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The development of antibiotic resistance in pathogenic bacteria is quickly becoming one of
the most dangerous global pandemics that has been observed in recent times, responsible for
approximately two million illnesses and over 23,000 deaths annually in the Unites States
alone according to a recent report from the CDC (https://www.cdc.gov/drugresistance/
about.html). Some strains of Pseudomonas aeruginosa are now resistant to all classes of
antibiotics, and Escherichia coliis not far behind, with some strains resistant to at least six
classes of antibiotics.!

One of the primary sources of this resistance is the recognition and expulsion of
antimicrobial drugs from the cell via large, cellular-envelope-spanning multidrug efflux
pumps.1-3 The major multidrug efflux pump in £. coliis the tripartite AcrAB-TolC complex.
4 Structural studies show this complex is composed of three main components, AcrB, AcrA,
and TolC, in a 3:6:3 ratio.>"7 Substrate recognition and energy transduction are performed by
the AcrB trimer at the inner membrane,: while the TolC trimer forms a pore in the outer
membrane. The membrane fusion protein (MFP), AcrA, which assembles as a trimer of
dimers, completes pump assembly by binding together the inner and outer membrane
components (Fig. 1A). So-called efflux pump inhibitors (EPIs) are emerging alternative
therapeutics that have the potential to revive activities of existing antibiotics and to control
the spread of antibiotic resistance.1% While earlier work focused on inhibiting the transport
activity of AcrB,10.11 newer studies by us have begun focusing on the MFP, AcrA, in an
effort to diversify the pool of potential drugs.12-14 AcrA has four main structural
components: the a-hairpin, lipoyl, g-barrel, and membrane proximal (MP) domains (Fig.
1B).8 The hairpin domain interacts with the outer membrane channel, TolC, while the other
domains interact with AcrB.15-18

Analysis of early crystallographic structures led to the suggestion that flexible hinges in
AcrA may play a role in the pump assembly and function.1® In MD of a free AcrA
monomer, while the two central domains, the lipoyl and S-barrel domains, are rigid, the two
terminal domains, the hairpin and MP domains, are quite flexible.20 In this work, we resolve
how this flexibility affects binding to AcrB by combining mutagenesis and functional
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experiments with MD. MD-based free-energy calculations were used to determine multiple
potentials of mean force (PMFs) for the free and bound AcrA monomer. Two main
conformations, cisand trans, of free AcrA are identified from the PMFs, and mutations that
shift the population into one of them compromises both the assembly and function of the
efflux pump in £. coli. Differences in the AcrA free-energy landscapes for the two unique
AcrB binding sites suggest distinct roles for each copy of AcrA.

Conformational dynamics of a free AcrA monomer

Using self-learning umbrella sampling (SLUS, see Methods), we explored the
conformational space of a free AcrA monomer in solution using the three angles, 6, ¢, and
v, first defined in Wang et al.2% and shown in Fig. 1B. A 3D PMF was then calculated using
replica-exchange umbrella sampling (REUS, see Methods) with 1573 windows. In total,
26.7 s of simulation time was used to calculate the full conformational free energy
landscape of AcrA. The 3D PMF, as well as corresponding 2D and 1D PMFs calculated by
integration of the 3D PMF along subsets of the three angles (see Methods), is shown in
Figure 2.

As predicted from previous simulation studies, free AcrA is quite flexible in the absence of
AcrB and TolC, exploring a wide range of orientations of its four structural components. Our
results reveal two main conformational basins: a c/s-like conformation where the MP and a-
helical domains point in the same direction direction and a #rans-like conformation where
they point in opposite directions (Fig. 2B). A small energy barrier (~1-2 kcal/mol) near ¢ =
150° separates the two conformations. The high-¢, trans-like conformational basin is ~1
kcal/mol deeper than the low-g¢, cis-like conformation, but is also narrower along ¢ by ~45°.
Conversely, the trans conformation exhibits a larger range in y, extending 20° lower than the
cis conformation. The two conformations are roughly equivalent in free energy, with

DG js—strans= Gans— Gpis = —0.21 £ 0.18 kcal/mol, or about a 40/60 c/s/trans equilibrium
ratio. Cryo-EM structures of the full AcrAB-TolC complex’-23 show AcrA to be in the trans
conformational basin in the assembled pump (¢ > 150°; see Table 1 and Fig. 1A).

Conformation-dependent intramolecular interactions in AcrA

Our REUS simulations show that free AcrA monomers primarily exist in one of two states,
either a ¢/s- or trans-like conformation, in roughly equal proportions, with only a small
energy barrier separating them. In the ¢is conformation (¢ < 150°), the a-helix of the g
barrel domain forms contacts with two main regions of the MP domain: (1) the S-hairpin
consisting of residues 339 to 350 and (2) the connector strands between the MP and B-barrel
domains consisting of residues 48 to 53 and 299 to 307 (see Fig. 3A and B). As the protein
transitions to larger ¢ dihedral angles, the contacts between these two domains are lost, with
the MP and a-hairpin domains pointing in opposite directions (i.e., frans, see Figs. 2B and
3A).

To augment our REUS simulations, we ran an additional 1.5-4s of equilibrium simulations
of free AcrA, which explore both the cisand frans ensembles, revealing an additional cis-
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like conformational basin for ¢ > 240° that was not observed in our REUS simulations,
which was stable for up to 200 ns (see Supplemental Fig. S3). Therefore, cis-like
conformations are more prevalent than our REUS simulations indicate. The free energy
barrier between the two previously defined conformational basins and this second ¢/s
conformation is likely too large to be explored by the self-learning umbrella sampling
algorithm, which is limited by a 3 kcal/mol free energy cutoff, i.e., the algorithm terminates
if it cannot spawn any more windows that are below 3 kcal/mol. The equilibrium simulations
also reveal that the primary pathway between c¢/s conformations is via the trans
conformation, with very few direct cis<>cistransitions, likely due to steric hindrance from
the a-helix of the g-barrel domain (Supplemental Fig. S3). Both the REUS and equilibrium
simulations reveal that contacts between the a-helix of the S-barrel domain and a S-hairpin
in the MP domain define both ¢/s conformations (see Fig. 3C and E). Additional contacts
with the MP—g-barrel connector strands are also present primarily in the low-¢ cis
conformation (see Fig. 3C and F). For bound conformations of AcrA from the available
cryo-EM structures of the full AcrAB-TolC complex,’23 at most a single inter-domain
contact is present when AcrA is bound to site 2 on AcrB, with no contacts present when
bound to site 1, consistent with their #rans-like conformations (see Table 1). Disrupting or
enhancing MP-g-barrel interfacial interactions provides an avenue for assessing the
importance of the c/isand trans states to pump assembly and function.

Locking AcrA into the cis conformation compromises the function of the AcrAB-TolC

pump

Site-directed mutagenesis was used to introduce substitutions in positions identified as
involved in conformational transitions of AcrA (see Table S1 in the Sl), in which the only
native cysteine is lipid-modified and anchored into the inner membrane.8 AcrA variants
containing Cys pairs positioned strategically at the MP and S-barrel interface were
constructed to trap AcrA in the ¢/s conformation. Blocking AcrA from accessing the trans,
i.e., bound, conformation should hinder pump assembly. Three residue pairs were chosen
that showed a high propensity for forming inter-domain contacts in the ¢is conformation,
Leu50-Arg225, 1le52-Arg225, and 11e52C-Glu229, as well as two residue pairs that did not
not form inter-domain contacts, Leu50-Asn232 and lle52-Leu226. Additionally, residues
Leu50, 11e52, Arg225, Leu226, Glu229, and Asn232 were substituted with cysteine one-by-
one. The mutated acrA variants were co-expressed with acrB under the native promoter from
plasmids in £. coli AAcrAB(Pore) cells. These cells lack the native acrAB operon and have
controllable permeability of the outer membrane. The expression of the Pore increases the
influx of antibiotics across the outer membrane and reduces the masking effect of the
permeation in activities of antibiotics.24 All AcrA variants were produced at the levels
comparable to the wild type protein and all AcrA variants with single substitutions
complemented the antibiotic susceptible phenotype of £. coli AAcrAB(Pore) cells in the
cells with the intact outer membrane barrier (see “No Pore” in Table 2). On the other hand,
most of these AcrA mutants demonstrated reduced activities in the cells with increased
influx of antibiotics across the outer membrane (see “Pore” in Table 2), the result confirming
the importance of the MP domain and its interface with the g-barrel domain for AcrA-
dependent antibiotic efflux, as seen in simulations.
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The five AcrA mutants possessing the Cys-Cys pairs differed significantly in their
functionalities. Three mutants, L50C-R225C, 152C-R225C, and 152C-E229C, completely
lost their functions and could not complement the hypersusceptibility phenotype of
AAcrAB(Pore) cells whether the expression of the Pore was induced or not. Furthermore, in
the hyperporinated cells, the expression of these constructs further compromised the
susceptibility of cells to novobiocin and erythromycin, suggesting that these AcrA variants
make cells leaky to these antibiotics. Two AcrA variants, L50C-N232C and 152C-L226C,
retained partial functionality with the 152C-L226C variant nearly as functional as the WT
AcrA. Leu226 and Asn232 were not observed in our simulations to make contacts with the
MP—g-barrel connector strands, which contain residues Leu50 and 11e52, (see Table S1).
Therefore, the L50-N232C and 152C-L.226C variants are far less likely to form a Cys-Cys
disulfide bond and should be more flexible than the L50C-R225C, 152C-R225C, and 152C-
E229C variants. The retention of partial functionality is consistent with the importance of
the accessibility of the #rans conformation to efflux activity.

To confirm that the observed phenotypes of the Cys-Cys AcrA variants reflect the changes in
efflux activities of the pump, we next analyzed the kinetics of intracellular accumulation of a
lipophilic fluorescent probe, N-phenylnaphthylamine (NPN), a known substrate of AcrAB-
TolC pump.26 For this purpose, AAcrAB(Pore) cells with the WT and Cys-Cys AcrA
variants were incubated with increasing concentrations of NPN. The fluorescence of NPN is
significantly enhanced when the probe binds to membranes, reflecting the changes in the
periplasmic concentration of the probe. The differences in the pump activities were
compared based on the steady-state accumulation levels with the lowest levels corresponding
to the most active efflux of the probe from the WT cells. In agreement with the results of
functional complementation (see Table 2), the AcrA variants containing Cys pairs were
deficient in the efflux of NPN, with 152C-R225C being the most affected variant (see Fig.
4).

Locking AcrA into the cis conformation compromises the stability and assembly of the
AcrAB-TolC pump

In vivo proteolysis is a sensitive tool to monitor the assembly of AcrAB-TolC complex.27:28
Only if the complex is properly assembled is the T47-R315 fragment of AcrA stabilized and
detectable by immunoblotting of cell extracts with anti-AcrA antibody.27-28 In these
experiments, trypsin or other proteases are delivered into the periplasm by a mild osmotic
shock and proteins are digested in the native environment. If the ¢/s conformation of AcrA is
stabilized by AcrA mutants with Cys-Cys pairs, the L50C-R225C, 152C-R225C, and 152C-
E229C mutations, which have the strongest impact on the activity of the pump, would be
expected to disrupt the formation of the complex. In contrast, the functional AcrA variants
L50C-N232C and L52C-L226C are expected to assemble a complex similar to that with the
WT AcrA.

We found that only the L50C-N232C and L52C-L226C variants, which are partially active
in efflux (see Table 2), are assembled into the complex with AcrB and TolC, as seen from
the accumulation of the characteristic Q29-K374 and T47-R315 tryptic fragments (see Fig.
5). In contrast, AcrA variants that are unable to complement the antibiotic-hypersusceptible
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phenotype of AAcrAB(Pore) cells also fail to assemble the complex and protect the T47-
R315 fragment from the tryptic digest (see Fig. 5). These results demonstrate the importance
of the AcrA conformation in the assembly of the complex with AcrB and TolC.

Conformational selection governs binding of AcrA to one of two binding sites on AcrB

We also used MD to quantify the flexibility of AcrA after binding to AcrB. Starting from the
AcrAB-TolC structure from Ref,23 we built a system with the AcrB trimer embedded in a
symmetric lipid bilayer representative of the £, co/i inner membrane,22-30 and with one copy
of AcrA in either binding site 1 or 2 (see Fig. 1A). The AcrA MP domain was lipidated at its
N-terminus, with its three acyl chains also embedded in the bilayer (see Methods). Because
binding to AcrB restricts the motion of AcrA, particularly along the y direction, only the 8
and ¢ angles were biased for the bound states.

REUS combined with the self-learning algorithm were used to determine PMFs for AcrA
bound to site 1 and to site 2, requiring a total simulation time of 4.6 /5 and 7.0 s,
respectively. The 2D PMFs for sites 1 and 2, as well as the 8-¢ PMF of free AcrA, are
plotted in Fig. 6. For both binding sites, we see a shift in the free energy minima from the
free AcrA system towards the previously described transition region between the c/sand
trans states near ¢ = 150°. There is also a distinct difference in the free energy landscapes
between the two sites: site 2 is more flexible than site 1. While site 1 has one main
conformational basin with a range of ~90°-220° along ¢ (PMF < 3 kcal/mol), site 2 has two
large basins that cover the entire range of ¢. Site 1 reduces the conformational space of
AcrA relative to the unbound state, indicative of conformational selection as the primary
binding mechanism in this site.3! Interestingly, the cryo-EM conformations are not located
at the bound state minima. This could be due to either the lack of additional copies of AcrA
(we only have one copy in our systems), or the lack of the outer-membrane channel, TolC.

Discussion

We have provided a link between the intrinsic conformational landscape of the membrane
fusion protein AcrA of the tripartite AcrAB-TolC efflux pump and pump assembly and
function. MD simulations show that free AcrA is very flexible, with its membrane proximal
(MP) domain exhibiting the widest range of motion of all of its four structural domains.
AcrA exists in two main conformations that are separated by a small energy barrier. The first
is a ¢fs conformation, in which the MP domain is in contact with the a-helix of the g-barrel
domain at the interfacial site. The second is a frans conformation, in which contacts at the
interfacial site are broken and the MP domain is pulled away from the g-barrel domain,
pointing in the opposite direction of the a-hairpin domain; this conformation most closely
resembles the bound conformations of AcrA observed in cryo-EM structures of the full
efflux pump complex.”-23 Bacterial expression, fluorescent N-phenylnaphthylamine
accumulation, and trypsin digestion assays for Cys-Cys mutations at the interfacial site of
AcrA that lock it into the ¢/s conformation reveal the critical role of AcrA’s conformation in
AcrAB-TolC pump stability, assembly, and function.

The conformational landscape of AcrA changes in a binding-site specific manner when
bound to AcrB. While one binding site exhibits a flexibility that is similar to that of the free
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AcrA monomer, the other site shows a sharp reduction in the accessible conformations,
indicative of a conformational selection binding mechanism.3! The difference in the
conformational landscapes between the two binding sites also suggests that the two copies of
AcrA may play different roles in pump assembly and/or function. Efflux pumps with
heterodimeric MFPs, such as the TriABC-OpmH triclosan pump in 2 aeruginosa, utilize the
two components at different steps of assembly, with one responsible for stimulating
transport activity at the inner membrane and the other for stabilizing pore formation at the
outer membrane.32:33 The reduction in flexibility of AcrA in binding site 1 suggests its role
may be for stabilizing the interactions with TolC, while the second site stimulates transport
with AcrB. Additionally, although a 3:6:3 AcrB:AcrA:TolC stoichiometric ratio was
observed in cryo-EM structures of the full pump complex,”23 a 3:3:3 ratio was previously
suggested to be sufficient for efflux,3* with site 1, which resides between two AcrB
protomers and stiffens AcrA, being the likely primary binding mode.34:35

Previous small-molecule inhibitors of AcrA designed by us were found to target the
interface between the lipoyl and B-barrel domains of AcrA.12-14 The results presented here
now point to the interface between the S-barrel and MP domains as a potentially fruitful
region to target. Specifically, we found that pump assembly can be abrogated by restricting
AcrA to its c/s conformation, in which a number of inter-domain contacts are formed (Fig.
3B). Small molecules that bind here and strengthen these contacts are likely to be potent
efflux inhibitors, which could be used in combination with other antibiotics, even in
otherwise resistant strains. Future work will be to explore this possibility as well as
determine if other pumps assemble according to the same principles laid out here.

Self learning adaptive umbrella sampling (SLUS) of free AcrA monomer

We used the model of free AcrA developed by Wang and coworkers as a starting
conformation.2% This model is composed of the crystal structure for the a-hairpin, lipoyl,
and g-barrel domains (PDB code: 2F1M), and a homology model of the membrane proximal
(MP) domain based on the structure for MexA (PDB code: 2V4D) (see Fig. 1). The protein
was solvated in water box of size 201 x 81 x 24 A3 with 62,402 TIP3P water molecules,38
and neutralized with 0.15 M NaCl, for a total system size of 192,773 atoms. A harmonic
restraint was added to align the lipoyl-B-barrel vector along the x-axis.

All simulations were performed using NAMD 2.10-1237 with the CHARMM36m protein
force field.38 The temperature was fixed at 300 K using Langevin dynamics; the pressure
was kept constant at 1 atm using the Langevin piston method.3° The equations of motion
were integrated using the RESPA multiple time-step algorithm with a time step of 2 fs used
for all bonded interactions, 2 fs for short-range non-bonded interactions, and 4 fs for long-
range electrostatic interactions. Long-range electrostatic interactions were calculated using
the particle-mesh Ewald method with a real-space cutoff of 12 A.40 Short-range non-bonded
Lennard-Jones interactions were cutoff at 12 A with a potential switching function
beginning at 10 A bringing the potential energy smoothly to zero at the cut off distance.
Bonds involving hydrogen atoms were constrained to their equilibrium length, employing
the SETTLE algorithm*! for water molecules and the SHAKE algorithm for all others.*2
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We ran the self-learning adaptive biasing procedure®3 starting from a set of 27 initial
windows centered around (6,4, w) = (120°,115°,155°) generated from a 1-ns equilibrium
simulation. For our collective variables, we use the three angles previously defined by Wang
et al.,20 namely the angles the two terminal domains make with the two central domains (&
for the a-hairpin domain and y for the MP domain) and the dihedral angle between these
domains about the central axis (¢; see Fig. 1). Umbrella sampling (US) simulations were
centered on a 5° x 5° x 5° grid with a 0.2 kcal/mol force constant for all three angles. Each
window was simulated for 2 ns, and PMFs were generated using the weighted histogram
analysis method.** A modified version of the WHAM code from Alan Grossfield® that
utilized the method of direct inversion in the iterative subspace (DI1S)*® was used to
generate 3D PMFs.

The self-learning algorithm proceeds by first generating a PMF from the initial set of US
simulations. For any windows that are below a chosen free energy cutoff — 3 kcal/mol in this
study — new neighboring windows are spawned on the collective variable grid. Additional
US simulations are performed for the newly created set of windows, with initial starting
structures extracted from the previous set of US simulations. The PMF is then recalculated
by combining all US simulations. This procedure is iterated until no new windows can be
generated for the given free energy cutoff. Initially, the procedure halted near ¢ = 150° after
18 iterations resulting in a total of 743 windows, upon which we then ran 3 ns/window of
replica exchange umbrella sampling (REUS)*’ on all windows. After the REUS simulations,
the SLUS procedure was then allowed to proceed up to ¢ = 240°, generating an additional
830 windows after another 17 iterations, for a total of 1573 windows and 35 iterations. The
self-learning scheme extends the range of sampled conformations over previously reported
short (20 ns) simulations of free AcrA monomers, which only covered ranges of 25°, 180°,
and 60° for 6, ¢, and v, respectively,20 to 45°, 210°, and 60°, respectively. We then ran a
final REUS simulation on all 1573 windows for 15-ns/window, and generated a final 3D
PMF. Total simulation time was 26.7 us. Simulations were run on the petascale machine
Titan at Oak Ridge National Lab.

SLUS of AcrB-bound AcrA

The AcrB trimer and one copy of bound AcrA were extracted from the cryo-EM structure of
Jeong et al.23 We built two systems, one with a single copy of AcrA in binding site 1, and
another with a single copy in binding site 2. All other binding sites were left unoccupied.
The AcrB trimer was embedded within a symmetric bilayer composed of 924 total lipid
molecules, with the following lipid composition: 409 PMPE, 110 POPE, 110 QMPE, 84
PMPG, 82 PYPG, 74 YOPE, and 54 PVVCL2 lipids. AcrA was tri-acylated at Cys25 (its N-
terminus), which is known to be necessary for high-affinity binding to AcrB.8 Each system
was then solvated in a water box of size 190 x 190 x 256 A3 with ~243,000 TIP3P water
molecules,38 and neutralized with 0.15 M NaCl, for a total system size of ~903,000 atoms.
Membrane simulations used the CHARMM36 lipid force field.4?

For each system, we ran a 1-ns equilibrium simulation to seed our SLUS procedure. From
this 1-ns simulation, we also extracted a set of contacts between AcrA and the AcrB trimer.
We tracked when a residue on AcrA came within 5 A of a residue on the copies of AcrB. For
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all such residue pairs, we measured the mean and standard deviation of their separation
distance. For our system, AcrA is in contact with two of the copies of AcrB, so we picked
the five residue pairs between AcrA and both of these copies of AcrB with the lowest
standard deviation and restrained them to their mean distance with a 2.5 kcal/mol-A2 force
constant. With these restraints, the y angle between the MP and gB-barrel domains is severely
restricted. Therefore, for our US simulations, we only biased the &and ¢ angles.

The SLUS procedure proceeded similarly to the free AcrA system. US simulations of 2 ns/
window were performed on a 5° x 5° grid, with a 0.2 kcal/mol force constant for both
angles. For the SLUS procedure, a 3 kcal/mol free energy cutoff was also used. For site 1,
we started with 6 initial windows, and after 25 iterations, the SLUS procedure produced a
total of 269 windows, covering a range of 90° < ¢ < 300°. High energetic barriers,
particularly near ¢ > 240°, prevented the self-learning algorithm from exploring the entire
conformational range of AcrA in this binding site. For site 2, we started with 28 initial
windows, and after 47 iterations, the SLUS procedure produced a total of 411 windows,
covering almost the entire 360°-range of ¢. For this binding site, energetic barriers were
lower than the 3 kcal/mol cutoff, which allowed the self-learning algorithm to explore the
entire conformational space. For both sites, the SLUS procedure was followed by REUS
simulations of 15 ns/window, for a total simulation time of 4.6 45 and 7.0 /s for site 1 and
site 2, respectively. 2D PMFs were generated using WHAM.4°

Mutagenesis of AcrA and complementation assays

E. coli AAcrAB(Pore) strain used in this study is the derivative of BW25113. A mini-Tn7T-
based protocol was used to insert the Pore (uAAC/A4L) into the E. coli chromosome using
the pUC18T-R6K-mini-Tn7T suicide delivery vector along with the pTNS3 helper plasmid.
The insertions were confirmed by PCR and vancomycin disc susceptibility assay.2* All
substitutions in the acrA gene were constructed by QuickChange Lightning Site-Directed
Mutagenesis kit (Agilent) using p151AcrABHIS as the template.#8 Introduced mutations and
the lack of undesired mutations were verified by DNA sequencing (Oklahoma Medical
Research Foundation).

Susceptibilities of £. coli cells were determined by a twofold broth dilution method.0 Cells
were grown in Luria-Bertani (LB) broth (tryptone, 10 g/liter; yeast extract, 5 g/liter; NaCl, 5
g/liter) at 37°C with shaking at 200 rpm. To induce expression of the Pore, when the cells
reached an optical density at 600 nm (ODgqq) of 0.3-0.4, L-arabinose (final concentration of
0.1%) was added and the cells were further incubated for 2-3 hours until the ODgg reached
1.0. The MICs were measured in 96-well microtiter plates. Exponentially growing cells were
inoculated into wells containing LB medium in the presence of novobiocin, erythromycin,
and SDS at a constant concentration of inducer. Cell growth after incubation at 37°C for 18
and 24 h was determined visually or using a Spark 10M microplate reader (TECAN).

The NPN uptake assay was performed in a temperature-controlled microplate reader (Tecan
Spark 10M multimode microplate reader equipped with a sample injector) in fluorescence
mode.25:26:51 Cells from frozen stocks were inoculated into LB medium and incubated for
16 h at 37°C. Cells were then subcultured into a fresh 30-ml volume of LB medium and
grown at 37°C to an optical density at 600 nm (ODgqg) of 0.3. The cells were then induced
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with 0.1% arabinose and grown to an ODggq of 1.0, collected by centrifugation at 4,000 rpm
for 20 min at room temperature, and washed in 25 ml HEPES-KOH buffer (50 mM; pH 7.0)
containing 1 mM magnesium sulfate and 0.4 mM glucose (HMG buffer). The cells in HMG
buffer were adjusted to an OD of ~1.0 and kept at room temperature during the experiment.
Fluorescence intensities from NPN uptake experiments were plotted against time in
Microsoft Excel and normalized to the emission before cells were added. The data were
imported into MatLab (MathWorks, Inc.) to be fitted to a simple exponential equation in the
form of F= Ay + Ay[1 — exp(-kD)], where A; represents the amplitude of the initial fast
increase of NPN fluorescence, and A, and k are the amplitude and rate, respectively, that are
associated with the subsequent slower uptake.>!

Previously, the reducing agent dithiothreitol was used to evaluate the negative impact of
disulfide bonding in AcrB for the activity of the pump.52 We found however, that
dithiothreitol stimulates the efflux activity of the pump even assembled with WT AcrA.
Also, agar disc susceptibility assays24 were used to determine whether external dithiothreitol
could restore the activity of AcrA variants. No differences in susceptibilities to novobiocin,
erythromycin, or SDS were found in the absence and presence of 5 mM dithiothreitol.

Protein expression and in vivo partial proteolysis

For protein expression, whole £. coli cells were sonicated, membrane fractions isolated by
ultracentrifugation, boiled in the reducing SDS-sample buffer and analyzed by SDS-PAGE
followed by immunoblotting with primary polyclonal anti-AcrA (1:60,000 dilution) and
anti-AcrB (1:4,000 dilution) antibodies8 followed by a secondary alkaline phosphatase-
conjugated anti-rabbit immunoglobulin antibody (Sigma). 5-bromo-4-chloro-3-
indolylphosphate (BCIP) and nitroblue tetrazolium (NBT) were used to visualize the bands.
In vitro proteolysis experiments were carried out as described before.12 Briefly, for each
reaction, 1.8 x 108 cells were washed and resuspended in buffer containing 20 mM Tris-HClI
(pH 7.5), 5 mM EDTA and 20% sucrose. Trypsin was added to reactions to the final
concentrations of 0.0, 0.1, 1.0 and 10.0 gg/ml. After incubation for 1 h at 37°C, proteolysis
was terminated by boiling in SDS-sample buffer; total proteins were separated by 12% SDS-
PAGE and probed with polyclonal anti-AcrA antibodies as described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
The AcrAB-TolC efflux pump complex. (A) Cryo-EM structure of the full AcrAB-TolC

efflux pump complex (PDB 5066).” Entire structure shown in cartoon representation. One
copy of the inner membrane transporter, AcrB, is colored blue, and one copy of the outer
membrane channel, TolC, is colored red. Two copies of the membrane fusion protein, AcrA,
in binding sites 1 and 2 are shown in green and yellow, respectively. All other copies of
AcrA, AcrB, and TolC are colored gray. The approximate positions of the outer membrane
(OM), peptidoglycan cell wall (PG), and inner membrane (IM) are indicated. The placement
of TolC in the OM is supported by previous simulation studies.?122 (B) Structural domains
of AcrA shown in a cartoon representation, with the four domains colored and labeled. The
three angles, 6, ¢, and , previously defined in Ref.20 are also labeled. (Left) Side view. &is
the angle between the a-hairpin, lipoyl, and g-barrel domains. v is the angle between the
lipoyl, B-barrel, and membrane proximal (MP) domains. (Right) Front view. ¢ is the dihedral
angle between the a-hairpin and MP domains along the axis defined by the lipoyl and g
barrel domains.
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Figure 2:

Multidimensional PMFs of free AcrA monomer in water. (A) Free energy landscape (PMF)
of free AcrA in water along the 6, ¢, and y angles. Isosurfaces are drawn in transparent
colors, with their values labeled in the legend. The 3D PMF was calculated using replica-
exchange umbrella sampling (REUS) with a total of 1573 windows simulated for 15 ns/
window. Two free energy basins — cisand trans conformations — are separated by a small
energy barrier. (B) Cartoon representations of the two conformations of AcrA, with side and
front facing views. (C) 2D PMFs calculated by integrating out each angle of the 3D PMF.
(D) 1D PMFs calculated by integrating a smoothed 3D PMF (see Fig. S1A). Block
averaging of 5 ns/window blocks was used to calculate standard deviations for 1D PMFs,

which are shown in gray. Individual 5 ns/window block PMFs are shown in Fig. S1B.
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Interactions between S-barrel and MP domains distinguish the two main basins of the
conformational landscape of free AcrA monomers. (A) Snapshots from a single equilibrium
simulation of free AcrA starting from the c¢/s conformation. Protein backbone is shown in
cartoon representation, with MP domain colored reddish-orange, S-barrel domain colored
yellowish-orange, and lipoyl domain colored green. Contact residues on the MP domain and
the a-helix of the S-barrel domain are shown in licorice representation with hydrogen atoms
omitted, colored by residue type: (blue) positively charged, (red) negatively charged, (green)
polar, and (white) hydrophobic. Two residues are in contact if their side chains are within 5
A. (B) Close up of the interfacial site between the S-barrel domain and the MP domain.
Helical residues 220 to 232 are colored yellow, MP g-hairpin residues 339 to 350 are
colored magenta, and connector residues 48 to 53 and 299 to 307 are colored light blue.
Important contact residues are labeled. (C) Distribution of the number of MP domain
contacts with the g-barrel helix over the dihedral angle, ¢, for (top) the entire MP domain,
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(center) the B-hairpin, and (bottom) the connector calculated from six 250-ns equilibrium
simulations. (D)-(F) Number of MP domain contacts with the s-barrel helix calculated from
our REUS simulations for (D) the entire MP domain, (E) the S-hairpin, and (F) the
connector. For (D)-(F), isosurfaces are drawn in transparent colors, with their values labeled
in the legends.
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Figure 4: Expression and function of AcrA variantsintegrated into the chromosome of E. coli
AAcrAB(Pore) cells.

(A) Immunablotting of whole cell extracts of AAcrAB(Pore) cells producing the indicated
AcrA variants with anti-AcrA (top panel) and anti-AcrB (bottom panel) antibodies. (B)
Concentration dependence curves of the intracellular accumulation of the fluorescent probe
NPN in AAcrAB(Pore) cells producing the indicated AcrA variants. Cells were incubated
with increasing concentrations of NPN and the changes in fluorescence intensities monitored
as a function of time. The collected kinetic data were converted into concentrations and
fitted into an exponential uptake model to extract the steady-state intracellular

ACS Infect Dis. Author manuscript; available in PMC 2020 November 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hazel et al.

Page 19

concentrations of NPN.25 The calculated intracellular concentrations ([NPN]in) are plotted
as a function of the external concentration of NPN ([NPN]Jout). The averages of two
experiments are shown.
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L50C-N232C 1562C-L226C L50C-R225C 152C-E229C 152C-R225C

Q29-K374Y

T47-R315>

Figure 5: Trypsin digestion patterns of whole E. coli AAcrAB(Pore) cells producing the indicated
AcrA variants.

For each reaction, 1.8 x 108 cells producing the wild type AcrA from the chromosome (WT)
or the plasmid (WT(plasmid)) and the plasmid-borne AcrA with indicated double cysteine
substitutions were treated with trypsin at the final concentrations of 0.0, 0.1, 1.0 and 10.0
Lg/ml. Total proteins were separated by 12% SDS-PAGE and probed with polyclonal anti-
AcrA antibodies. The major proteolytic fragments of AcrA assembled into the complex,
Q29-K374 and T47-R315, are indicated by arrows.
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Figure 6: 2D PMFs of free and AcrB-bound AcrA.

The free AcrA PMF is a 2D projection of the full 3D PMF. Cryo-EM coordinates from
Refs23 and” are also plotted with an “X” or an “O” for AcrA bound in site 1 or site 2,

respectively.
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Table 1:
Conformations of AcrA within the full AcrAB-TolC efflux pump complex.

Three AcrAB-TolC structures were examined: one with an open conformation of the outer membrane channel,

TolC,23 and two with a closed conformation of TolC.’ Each structure has three copies of AcrA in each of two
distinct binding sites on the AcrB trimer, labeled site 1 and site 2, for a total of nine copies per site. Averages
and standard deviations for each site are tabulated below.

o() #() ¥()
Sitel | 124.4+4.3 | 181.7+80 | 160.7+ 1.1
Site2 | 1190.6+1.5 | 179.5+8.9 | 168.7 +2.4
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Antibiotic susceptibilities of E. coli AAcrAB(Pore) cells carrying the plasmid-borne and

Hazel et al.
Table 2:
chromosomally produced AcrAB pump with indicated AcrA variants.
No Pore Pore

NOV ERY SDS NOV ERY SDS
puC18 1-2 1 16-32  05-1 0.25-05 16
wT 128-256 16 ~ >1000 48 12 128-256
L50C R225C 2 1 16 <025 <0.064 8
L50C N232C  32-64  8-16 64-128 051 0.25 16
I52C R225C  2-4 2 32 <05  0.125 16
I52C L226C  64-128 16  256-512 2-4  05-1 128
I52C E229C 2 -2 1632 05 <0125 816
L50C 128 16 >1000 24 02505 32-64
152C 64-128 16 21000 1-4  0.25-05 16-32
L226C 128 16 >1000 4 0.25-0.5 64
E229C 128 8 21000 2-4 02505 32-64
N232C 128 16 >1000 4 05-1 64
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