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Small multidrug resistance (SMR) pumps represent a minimal
paradigm of proton-coupled membrane transport in bacteria,
yet no high-resolution structure of an SMR protein is available.
Here, atomic-resolution structures of the Escherichia coli efflux-
multidrug resistance E (EmrE) multidrug transporter in ligand-
bound form are refined using microsecond molecular dynamics
simulations biased using low-resolution data from X-ray crystal-
lography. The structures are compatible with existing mutagene-
sis data as well as NMR and biochemical experiments, including
pKas of the catalytic glutamate residues and the dissociation con-
stant (Kp) of the tetraphenylphosphonium™ cation. The refined
structures show the arrangement of residue side chains in the
EmrE active site occupied by two different ligands and in the
absence of a ligand, illustrating how EmrE can adopt structurally
diverse active site configurations. The structures also show a sta-
ble, well-packed binding interface between the helices H4 of the
two monomers, which is believed to be crucial for EmrE dimer-
ization. Guided by the atomic details of this interface, we design
proteolysis-resistant stapled peptides that bind to helix H4 of an
EmrE monomer. The peptides are expected to interfere with the
dimerization and thereby inhibit drug transport. Optimal posi-
tions of the peptide staple were determined using free-energy
simulations of peptide binding to monomeric EmrE. Three of
the four top-scoring peptides selected for experimental testing
resulted in significant inhibition of proton-driven ethidium efflux
in live cells without nonspecific toxicity. The approach described
here is expected to be of general use for the design of peptide
therapeutics.
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ultidrug resistance poses serious challenges for the treat-

ment of many infectious diseases (1). A common mech-
anism by which multidrug resistance arises in bacteria involves
active efflux of cytotoxic compounds by transmembrane pumps.
The small multidrug resistance (SMR) family of membrane-
bound transporters is ubiquitous in bacteria; they are present in
Mycobacterium tuberculosis, Pseudomonas aeruginosa, Bordetella
pertussis, Neissaria meningitis, Bacillus anthracis, and Staphy-
lococcus aureus, among others (2-4). SMR proteins use the
electrochemical potential of proton influx to pump toxic com-
pounds from the cytoplasm into the periplasmic space where, in
conjunction with the resistance/nodulation/cell division (RND)
superfamily of proteins, substrates are then fully extruded from
the cell (5). They confer resistance to a wide variety of qua-
ternary ammonium compounds (QACs) (6), some of which
are used as disinfectants in hospitals and in the food industry
(e.g., benzalkonium chloride), and also promote resistance to
antibiotics such as ampicillin, erythromycin, and tetracycline (7,
8). Although the efflux-multidrug resistance E (EmrE) trans-
porter from Escherichia coli has been the subject of experimental
studies (reviewed in ref. 9), atomic-level structural informa-
tion that is needed for the understanding of the drug-pumping
mechanism or rational design of inhibitors is not available.
Recent cryo-EM and X-ray studies of EmrE have produced
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only low-resolution structures (10-12). Here, we use microsec-
ond molecular dynamics (MD) simulations with restraints to
the low-resolution X-ray density map to obtain all-atom struc-
tures of EmrE in ligand-free and ligand-bound states embedded
in a lipid membrane. The structures are validated using avail-
able experimental data. We then use the refined structures and
extensive free-energy MD simulations for the rational design of
hydrocarbon-stapled peptides (13-15) that inhibit EmrE dimer-
ization by binding to a monomer. Several of these peptides were
synthesized and tested in live E. coli cells; they showed significant
efflux inhibition at concentrations that did not cause nonspecific
cytotoxicity. The drug design strategy used here could be applied
to other types of efflux-mediated drug resistance in bacteria as
well as to drug resistance in cancer.

Results

We begin with an analysis of the optimized structure and its use
in the modeling of other structures—that is, EmrE with bound
ethidium ligand, ligand-free EmrE, monomeric EmrE, as well as
structures of proposed stapled peptide inhibitors—and conclude
with the experimental testing of inhibitors in E. coli cells. Addi-
tional analysis, such as interpretation of mutagenesis data in light
of the structures, is given in SI Appendix, SI Text.

Overall Structure of the EmrE Dimer. The refined structure
is superposed onto the Protein Data Bank (PDB) C,-only
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Fig. 1. Refined structure of EmrE. (A and B) Side views showing monomer chains 1 (yellow) and 2 (blue), with helices H4 of both monomers drawn in
purple. (C) Side view showing the dimer interface and TPP inside the binding pocket; the orientation in C is obtained from those (A and B) by 90° and —90°
rotations, respectively, about the vertical axis using the right-hand rule. The refined structure in ribbon representation is superimposed on the C,-only PDB
structure, drawn as connected cylinders. (D) Side view showing the solvation environment of the dimer, with the lipids with any atom within 2.7 A of the
protein backbone outlined in dark blue and water oxygens within 5 A of a protein atom drawn as small green spheres. (E) RMSD between the evolving
simulation structure and the initial minimized structure. Only the helix backbones were used for the calculation. (F) RMSFs computed from MD with those
obtained from B-factors in the PDB; for each residue, the RMSF shown represents an average over the coordinates of the residue heavy atoms; a 3-point

smoothing filter was applied to the simulation and PDB data.

structure in Fig. 1 A-C. The main differences are in the loop
regions, with the positions of the helices in good correspon-
dence, consistent with the moderate root-mean-square distance
(RMSD) between the simulation and the initial structure used
for MD simulation shown in Fig. 1E. Further, root-mean-
square fluctuations (RMSFs) computed from the simulation
correlate with the data from B-factors with the Pearson coef-
ficient of ~0.7 (Fig. 1F). This value is comparable to those
obtained for MD simulation starting from complete all-atom
crystal structures (16). Furthermore, a strong correlation should
not be expected, because the MD simulations are of a dimer
in solution rather than in a crystal. The conformations of the
intrahelical loops are somewhat more extended in the refined
structure than in the PDB structure. This behavior is expected
because loops are generally more confined by crystal pack-
ing and because they have more charged residues (9), which
interact with the lipid head groups and water molecules. The
loops fluctuate more than the helices, as can be seen from
the RMSF and B-factor plot in Fig. 1F. The refined structure
has a similar degree of compactness as the crystal structure
(the radii of gyration of the X-ray and refined structures being
15.5 A and 159 A, respectively, when only the helices are
included), which underscores that the structure is stable in the
dimyristoylphosphatidylcholine (DMPC) bilayer. DMPC was
chosen to approximate the experimental conditions used to mea-
sure the affinity of EmrE for tetraphenylphosphonium (TPP),
which was done in DMPC:dihexanoyl phosphatidylcholine
(DHPC) isotropic bicelles (17).

Fig. 1D shows the lipids that have at least one atom within
2.7 A of the protein backbone. Most of these lipids have their
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tails running alongside the transmembrane helices, as expected
in view of their hydrophobicity. A notable lipid molecule is
marked with an asterisk in Fig. 1D near TPP. It has one aliphatic
chain protruding into the ligand binding site from the open
side of the dimer and interacting with TPP, as well as with the
residues Y40[2] and W63[1]. This lipid penetration formed spon-
taneously during the simulation, as the initial placement of all
lipid molecules was several angstroms away from the protein
structure (see Materials and Methods). To investigate whether
the lipid penetration into the binding site was a reproducible
event, we performed an additional 0.65 ps MD simulation in
which the above lipid molecule was deleted and the simula-
tion box re-equilibrated. Further, to investigate whether the
observed lipid penetration is dependent on the lipid composi-
tion, we transferred the EmrE dimer into a POPC:POPG (3:1)
membrane patch, re-equilibrated the simulation structure, and
performed a 0.7 us MD simulation. In both MD simulations,
a lipid molecule penetrated the binding site (see SI Appendix,
Fig. S1) in similar locations, suggesting that it contributes to
stabilizing the EmrE dimer structure. The closed side of EmrE
remained compact throughout the simulation, with no lipid
penetration.

EmrE Active Site. The TPP-bound EmrE is described first because
the position of TPP is identifiable from the electron density (ED)
of the C, structure used for the refinement (12). Because TPP
was bound to the dimer and biochemical studies indicate that
the addition of substrate to detergent-solubilized EmrE releases
about one proton per monomer (18), the active site glutamates
were modeled in the deprotonated state.
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Table 1. The standard free-energy of TPP binding to EmrE
AGS, AGS, Experimental values Ref.
—10.3+£0.7 —10.1 DDM micelles at 25°C, pH 7.0 17
—10.0 DMPC:DHPC 1:2 isotropic bicelles 17
at45°C, pH 7.0
—9.38 DDM micelles at 4°C, pH 7.0 18

Three experimental values are given (computed from Kps).

EmrE with TPP. To validate the binding pose and conformation of
TPP in the optimized structure, we computed the standard free
energy of TPP binding to EmrE (see Materials and Methods) and
compared the result with experimental measurements; excellent
agreement is observed (Table 1) (17, 18).

Fig. 24 illustrates the geometry of the active site with bound
TPP. It is known from biochemical studies that residues E14,
W63, and Y60 are important for substrate binding and transport,
while Y40 modifies substrate specificity (19, 20). The main dif-
ferences in the interactions between the two E14 residues and
nearby active site residues are summarized in Table 2. Both of
the E14 residue side chains interact with TPP, but the orientation
of the residues in the two monomers is somewhat different; both
carboxy oxygens of E14[1] are oriented toward TPP, compared
with only one of E14[2] (Fig. 24); here and in the following,
the monomer is indicated in square brackets. TPP is displaced
slightly toward the E14[2], with the distance between the TPP
phosphorous and the closest carboxy oxygen in E14 being 3.5 A
and 5 A for monomers 2 and 1, respectively. Consistent with the
asymmetric displacement of TPP toward E14[2], examination of
the MD trajectory revealed that a water molecule was present
between the phosphorous of TPP and the carboxyl of E14[1]
(Fig. 24) 77% of the time; about 200 distinct water molecules
occupied this position in a 500 ns trajectory segment, with the
average residence time of ~1 ns (see SI Appendix, SI Text and
SI Methods). Other persistent water-mediated interactions were
not observed. The conformations of both E14s are stabilized by
electrostatic interactions with the nitrogen on the W63 ring of the
corresponding monomer. Further, the position of E14[1] is stabi-
lized by a hydrogen bond with Y60[2] on the opposite monomer
[d(E140E, Y600H) ~3 A] and, to a lesser extent, by interac-
tions with Y40[1] in the same monomer [d(E140E, Y400H)
~5 A]. Further, Y60[2]HO interacts with W63[1]NE, and thus,
the residue triplet E14[1]/W63[1]/Y60[2] forms an H-bond net-
work on the left side of the active site (Fig. 24). The additional
stabilization of E14[1] compared with E14[2] appears to be due
in part to the asymmetric position of TPP in the binding pocket,
which does not allow Y60[1] to be sufficiently close to E14[2] to
form a hydrogen bond. Another cause for the asymmetry is the
binding pose of TPP, which does not have a plane of symmetry
that aligns with the dimer interface. The E14[2] carboxyl is in
closer contact with the W63 side chain nitrogen than the E14[1]
carboxyl by about 1 A. However, the E14[1] carboxyl, unlike the
E14[2] carboxyl, is able to transiently H-bond to Y60[2] on the
opposite monomer (see Table 2). The difference in the E14/Y60
interactions exists because the active site is closed on the side on
which Y60[2] is located, bringing Y60[2] into contact with E14[1],
but open on the side of Y60[1] (see Fig. 24).

EmrE with Ethidium. The asymmetry in the EmrE binding site
reflects its plasticity—that is, ability to bind a diverse set of
ligands through rearrangements in the active site geometry. To
illustrate this point concretely, we examined the active site geom-
etry of EmrE bound to ethidium. Ethidium binds to EmrE with
submicromolar affinity (12), although no structural details of the
binding pose are available. Starting from the equilibrated struc-
ture of EmrE with TPP, we replaced TPP with ethidium and
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performed a 0.5 ps of MD simulation. The simulation structure
was stable, with the backbone RMSD from the initial conforma-
tion of about 1.5 A. The insertion of ethidium was performed
using different ethidium orientations, all of which resulted in
essentially the same binding mode within several nanoseconds.
The final structure of the active site is shown in Fig. 2B. The
active site conformation is similar to that of EmrE with TPP,
with the most important difference involving the positions of
residues E14[1] and W63[1]. The differences can be explained
by the planar geometry of ethidium, with the exception of the
phenyl and methyl groups bound to the central aromatic ring,
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Fig. 2. Stereoviews of the active site conformations of EmrE. (A) With
ligand TPP. (B) With ligand ethidium. (C) Ligand-free. EmrE monomers 1 and
2 are shown in yellow and in blue, respectively. The active site is visual-
ized through the open side of EmrE; the closed side is thus farther from the
reader in the direction perpendicular to the page. In this, as in all stereo fig-
ures that follow, side-by-side wall-eyed arrangement is used. In A, the red
asterisk indicates the average position of a water molecule that mediates
the interaction between E14[1] and TPP.
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Table 2. Average distances (mean =+ SD in Angstroms) between
E14 carboxyls and three stabilizing atoms in the active site

EmrE-TPP apoEmrE
E14[1]CD/W63[1INE 43+14 53+ 1.1
E14[1]CD/Y40[1]OH 7.0+ 1.3 6.9+ 1.9
E14[1]CD/Y60[1]OH 45+ 1.2 53+ 1.3
E14[2]CD/W63[2]NE 354+03 43+ 1.2
E14[2]CD/Y40[2]0OH 6.4+04 6.2+ 0.8
E14[2]CD/Y60[1]0OH 7.44+1.0 10.1+ 1.5

Data are shown for two simulation ensembles, apoEmrE and EmrE with
TPP bound. The number in square brackets indicates the monomer, in
correspondence with Figs. 1 and 2.

whereas TPP is tetrahedral. Ethidium occupies less volume in the
active site cavity than TPP, providing space for W63 to rotate its
side chain closer to ethidium to increase nonpolar interactions.
The importance of W63 for the active site plasticity is further
discussed below in the context of ligand-free EmrE. Unlike in
the TPP-ligated case, we did not observe stable water-mediated
interactions between E14[2] and ethidium, possibly because the
positive charge is more localized in the case of TPP than ethid-
ium. To examine the possible origins of the lower binding affinity
of EmrE for ethidium versus TPP, we computed interaction ener-
gies between seven residues in the active site whose side chains
were found to be in the closest proximity to the ligand (see SI
Appendix, Fig. S4 and SI Text for details). For both ligands, the
dominant electrostatic and van der Waals (vdW) interactions
involved residues E14 and W63, respectively; TPP had stronger
electrostatic interactions with the E14s than did ethidium but
weaker interactions with the W63s than did ethidium. However,
increased vdW interactions with ethidium were insufficient to
offset the decreased electrostatic interactions, relative to TPP,
resulting in more favorable interaction energies between EmrE
and TPP. The energy analysis underscores that both electro-
static and vdW interactions are important to binding, with the
corresponding contributions dependent on the ligand and the
particular importance of residues E14 and W63.

EmrE in the Absence of Ligand. Because EmirE spends a part of its
transport cycle in ligand-free form, it is instructive to examine the
possible ligand-free structures in different protonation states of
the two E14s. For this analysis, we consider four simulations, ini-
tiated from the structure equilibrated in the presence of TPP, but
now with TPP deleted, with both E14 deprotonated, with both
E14 protonated, and with either E14[1] or E14[2] protonated.
After the TPP is removed without protonation of either E14,
EmrE undergoes a conformational change that corresponds to a
backbone RMSD of about 2 A from the structure equilibrated
with TPP. The simulation trajectory in the first ~600 ns shows
an increase in the separation between the dimers from ~16 A
to ~19 A, followed by a decrease to 15.5 A (see Fig. 34). An
examination of the active site residue motions suggests that the
initial separation phase is caused by the elimination of the posi-
tively charged TPP, which can no longer stabilize the negatively
charged E14 carboxyls (see Fig. 2). Because the active site con-
tains only a few water molecules (see Fig. 3B), the removal of
TPP creates a void that is partially filled by an inward rotation of
W63[2] ~10 ns into the simulation and by a subsequent inward
rotation of W63[1] ~200 ns into the simulation (see Fig. 3 B
and C). The repositioning of W63s is consistent with the active
site structure of EmrE bound to ethidium discussed above. The
aromatic side chains provide a low-dielectric environment, which
does not shield effectively the electrostatic repulsion between the
E14side chains, and the dimer separates slightly. Over the course
of the simulation, water molecules enter the active site from
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the open side of EmrE, hydrating the E14 carboxyls and provid-
ing dielectric screening (Fig. 3D). It is noteworthy that, despite
the increased number of water molecules in the active site, the
closed side of the active site remains essentially “water-proof,”
preventing the formation of a water channel or a proton wire
that could compromise the proton gradient present in an actual
E. coli cell. The reversal of the dimer separation occurs after
the ring of Y40[1] rotates away from the active site to interact
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Fig. 3. Evolution of EmrE dimer after removal of TPP. (A) Distance between
the centers-of-mass (COMs) of helices H1-H3 of EmrE monomers 1 and 2; the
legend entries indicate the protonation states of E14 residues in monomer
1/monomer 2, respectively. B-D correspond to the structure of the doubly
deprotonated EmrE near the beginning, middle, and end of the 900 ns MD
trajectory, respectively. Black spheres represent water oxygens within 5 A of
an E14 residue. The closed side of EmrE is at the top and away from the
reader in the direction perpendicular to the page.
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with residues Y40[2], F44[2], and E14[2] (see Fig. 3D). The
first interaction involves the hydroxyl of Y40[1] and the back-
bone carbonyl of Y40[2], the second mimics a m — 7 stacking
interaction between the corresponding aromatic rings, and the
third involves the Y40[1] hydroxyl and the E14 carboxyl. [We
use the term “mimic” to emphasize that in classical potential
functions such as the CHARMM forcefield, nonbonded inter-
actions are modeled as radial functions (i.e., Coulomb, van der
Waals) and do not include explicit representations for orbitals.]
The last interaction is transiently mediated by active site water
molecules, as the distance between the hydroxyl and carbonyl
oxygens is ~6.5 A. In contrast, in the three simulations involv-
ing a protonated E14, the dimers have moved closer together in
the first ~300 ns and without significant conformational changes,
as the hydrophobic residues Y60 and W63 in the active site move
closer together to strengthen their interactions (see SI Appendix,
Fig. S6).

The ligand-free simulations illustrate how the EmrE dimer can
retain stability over a broad range of pH, including basic con-
ditions under which both E14s are deprotonated. The fact that
the conformations protonated on E14 do not differ significantly
from the ligand-bound ones (SI Appendix, Fig. S6) rationalizes
the NMR observations that EmrE is capable of undergoing the
inward—-outward transition in the absence of ligand (21).

Finally, the EmrE dimer stability and active site plasticity
observed in the simulations is consistent with recent experimen-
tal evidence that, at low pH, EmrE can bind TPP and a proton
simultaneously (22).

pKa of Active Site Glutamates. pKa values of the active site gluta-
mates have been estimated to be in the range of 7.3-8.5 (18, 24);
both estimates provide a single effective pKa value. In recent
solution NMR experiments, Morrison et al. (25) studied the
pKas of the two E14 residues. Because the interpretation was
limited by a macroscopic model of deprotonation (26), it was not
possible to determine the pKa values of the individual E14s (dis-
cussed further in SI Appendix, SI Text). While Morrison et al.
(25) did not assign specific pKa values to the monomers, they
hypothesized on the basis of the asymmetry in the NMR spectra
and the low-resolution X-ray structure (12) that the E14s occupy
different environments but also protonate anticooperatively.
The asymmetry observed in the present structures (see Fig. 2
and Table 2) also indicates that the environments of the E14s
are somewhat different. This was proposed earlier by Lehner
et al. (27) on the basis of solid-state NMR experiments with
13C-labeled E14 residues; two distinct chemical shifts for the
E14 side chain atoms were observed, both in the ligand-free
and in the ethidium-bound dimer (27). Further, the E14 pKas
computed from the present MD simulation trajectories using
Poisson-Boltzmann (PB) theory (23) show that both pKas are
not very sensitive to the protonation state of the other glutamate
(see Table 3). The computed difference is 0.5-1.0 pKa units,
within the margin of error of the calculation of ~1 unit. This
finding should not seem surprising, given that the E14 carboxyls
are separated by ~7 A in ligand-free EmrE. If the active site cav-

Table 3. pKas of active site glutamates

Residue E14[2)° E14[2] " E14[1]° E14[1]!
E14[1] 11.38 10.45 n/a n/a
E14[2] n/a n/a 8.80 9.32

The values are computed using PB theory implemented in Adaptive
Poisson—-Boltzmann Solver (APBS) (23) (see Materials and Methods). For each
of the two glutamates, two pKa values are given, which correspond to
the protonation state of the other glutamate, as indicated by the residue
charge. The SE in the values is ~1 pKa per unit.
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ity in the absence of ligands is accessible to a sufficient number of
water molecules to hydrate the E14 side chains, as we observed in
the ligand-free EmrE simulations, the distance between the E14
is comparable to a typical Debye length of a charge in an aqueous
solution (28), beyond which electrostatic forces are effectively
screened by the medium. We caution, however, that continuum
electrostatics models of dielectric screening, such as PB theory,
have limited accuracy in partially hydrated environments, in
which the effect of individual discrete solvent molecules cannot
be captured by a continuum.

Monomeric EmrE with TPP. Because an objective of this study was
to design dimerization inhibitors, it is instructive to examine the
behavior of monomeric EmrE with TPP bound. To this end, we
deleted monomer 1 from the structure equilibrated with TPP,
performed an equilibration simulation that allowed the lipid
membrane to fill the space occupied by the deleted monomer,
and simulated the resulting structure for 1 pus. Monomer 2 under-
goes conformational changes in the first 100 ns (Fig. 4); there-
after, the backbone RMSD from the initial dimeric conformation
is at a plateau of ~4 A. The largest observed conformational
change involves an unkinking of helix H3 (Fig. 4), accompanied
by a displacement of TPP closer toward this helix, and farther
away from the catalytic residue E14. In the simulations with sta-
pled peptides, in which one of the monomers was replaced with
a stapled peptide (discussed below), we observed unkinking in
the majority of cases and displacements of TPP of similar mag-
nitudes but in various directions. The unkinking of H3 suggests
that the kinked helix in the dimer is stabilized by interactions with
the second monomer. Stabilizing interactions could be provided
by nonpolar residues such as 171 (Fig. 4). On the basis of changes
in NMR chemical shifts upon pH changes, Gayen et al. (29) pro-
posed an allosteric pathway that couples the protonation state of
Glu14 to large motions of H3 (figure 3c in ref. 29). In view of the
present simulations, this pathway could involve unkinking of H3.
The displacements of TPP observed in the monomeric and sta-
pled peptide simulations indicate that TPP is no longer bound
to a particular site on the monomer, and the variability of dis-
placements from the active site suggests that the binding is
substantially weaker than in dimeric EmrE. It is noteworthy that
the downward displacement of TPP is accompanied by an out-
ward rotation of W63, in accord with what was observed for
the dimer simulations of ligand-free EmrE (see Fig. 2 B and C
and SI Appendix, Fig. S6), suggesting that this is the preferred
conformation of W63 in the absence of other constraints.

Structure of H4 Dimerization Helices. In the low-resolution struc-
tures of EmrE, helix 4 does not form part of the binding pocket;
it is believed to serve as a dimerization motif (30, 31). The inter-
face between the H4s in the EmrE dimer was found to be very
stable in the present simulations (see Fig. 5). In particular, non-
polar residues 189, L93, 194, 1100, 1101, and L104 have their side
chains in close proximity to the partner helix (Fig. 54). The dis-
tance between the COMs of the two H4s is 10.3 & 0.24 A in
the final microsecond of the equilibration simulation, and the
average backbone RMSD with respect to the first structure in
the final microsecond is ~1.3 A. The low SD of the interhelix
distance suggests that the attractive interactions between the
two helices are strong enough to prevent significant distance
fluctuations as a result of thermal motion. The role of H4 as
dimerization motifs is further supported by our previous exper-
iments, in which structural peptide analogs of H4 were found
to inhibit the efflux activity of EmrE homolog Hsmr (32, 33),
and the fact that a truncated construct lacking H4 was prone to
aggregation (34).

To determine the strength of the interactions quantitatively,
we performed simulations using a modified system, in which
monomer 1 was deleted, except for H4. First, the system was
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Fig. 4. Monomeric EmrE. Shown is a stereoview of equilibrated EmrE
monomer bound to TPP (colors) overlaid on the conformation of the
monomer in the dimer (gray scale). Before deletion of monomer 1, the
closed side of the EmrE dimer was at the top.

simulated by MD for 1.4 us. The average RMSD of the backbone
atoms of H4 helices from the initial structure was 0.97 A,
indicating a stable interface. Next, we carried out a free-energy
simulation to determine the affinity between the H4 helix and
the monomer. The separation between the H4s in the modified
system was increased gradually from the initial value of ~10 A
by 12 A, and the forces required to achieve the separation were
integrated to compute the association Potential of Mean Force
(PMF), as described in SI Appendix, SI Methods. The PMF at the
final separation was 20 + 1 kcal/mol. Using the rigid rotor for-
mula for the rotational partition function of the free H4 helix
(35) and a standard concentration of 1M, we obtain standard
state corrections of —13.1 kcal/mol and —2.9 kcal/mol for the
two contributions, respectively (see SI Appendix, SI Methods).
The result is a standard binding free energy of ~4 kcal/mol
(Kp ~1 mM). However, the above estimate assumes (i) that the
free H4 peptide is in the lipid phase and (ii) that it explores all
possible orientations. If the peptide were transferred to aque-
ous solution, the free-energy contribution from the PMF would
most likely increase because of its hydrophobic residue con-
tent. Further, if not all peptide orientations in the medium were
equally likely, as would be the case for a nonisotropic medium
such as a membrane, the rotational free-energy correction would
be smaller in magnitude. Both of these factors would increase
the binding free energy. Overall, the calculated free energy and
dimer structures are consistent with the identification of H4 as
the dimerization element.

Design of Stapled Peptide Inhibitors. The starting structure for the
inhibitor design was obtained by deleting one EmrE monomer,
except for the H4 helix involved in the dimerization (see SI
Appendix, SI Methods for full details). The ,i+7 hydrocar-
bon staple was chosen for incorporation into the peptide-based
inhibitors. The purpose of the staple is to shield a portion of
the peptide backbone from protease degradation and to increase
favorable hydrophobic contacts with lipids in the bilayer and,
possibly, with EmrE helix H4 (13-15, 36).

The close packing of the EmrE dimerization interface (Fig.
5) suggested that it has been optimized by natural selection.
Therefore, we did not consider inhibitor peptides with sequences
different from wild-type H4 and instead focused on optimizing
the location of the staples. Following Verdine and Hilinski (13)
and Guo et al. (38), proteolysis-resistant peptides were designed
by replacing selected residue side chains by all-hydrocarbon sta-
ples (see Fig. 64). Twelve stapled peptides were considered,
in which the N-terminal position of the staple was one of the
residues in the H4 sequence 3°PAIIGMMLICAG®” and the
C-terminal position of the staple was placed seven residues
downstream in the sequence, corresponding to two turns of
the helix.

The 12 EmrE-peptide complexes were simulated by MD for
100 ns each, and interaction energies were computed between

Ovchinnikov et al.

the peptides and EmrE using a Generalized Born membrane
model (37). For validation, free energies of interaction were
computed by reversibly separating the stapled peptides from the
EmrE monomer in an explicit lipid environment, as described
above and in Materials and Methods. The simulation results are
summarized in Fig. 6 B and C, which shows that staple place-
ment has a significant effect on the predicted binding affinity.
With the exception of the peptide stapled at M92, peptides with
the highest computed affinity for the EmrE monomer correspond
to staple locations near the N terminus of the helix and low-
affinity peptides tend to have staples near the C terminus. The
binding free energy was not computed for staple G90 because it
spontaneously dissociated from the monomer. The binding inter-
faces between EmrE and four representative stapled peptides
are discussed in SI Appendix, SI Text and shown in SI Appendix,
Fig. S9.

Guided by the computational predictions, we selected four
peptides with the highest computed affinity for EmrE, with sta-
ples at positions 87 to 89 and 92 for experimental synthesis and
testing. The staple locations for these peptides are shown in
Table 4, and the coordinates of all staples in complex with EmrE
are given in a public dataset available at dx.doi.org/10.17632/
3pvzdhytfd.2.

Although the hydrophobicity imparted by the staple increases
peptide solubility in the lipid membrane, it made peptide syn-
thesis, purification, and handling more challenging. To mitigate
these challenges, we added solubility tags to the N and C' termini
of all peptides and substituted the native cysteine (C95) in EmrE
H4 with serine (see Table 4). The C95S substitution was intended
to preserve the steric volume of the side chain, while eliminating
the possibility of disulfide bond formation between peptides and
increasing peptide solubility for in vitro handling and addition
to cells. Lysine residues were added to the C' terminus of each
peptide to promote ease of handling and to aid in targeting the
peptides to the anionic bacterial membrane (32, 40). N-terminal
acetylation removes a positive charge, while the addition of the
peptoid sarcosine (N-methyl glycine)-containing tag directs this
terminus of the peptide to insert into the membrane (32, 33).

Peptide Helicity in Membrane Mimetics. First, peptide structure in
anionic detergent micelles was assessed using circular dichroism

Fig. 5. Helices H4. (A) Side view and (B) top view show the close packing of
hydrophobic side chains. In A, side chains of hydrophobic residues that are
in contact with the opposite H4 helix (and residue C95, which faces the lipid)
are drawn in thick lines; the remaining residues are drawn in thin lines. In B,
side chains are drawn as black lines, and side chain atoms are also drawn as a
transparent surface formed by the union of spheres with the corresponding
vdW radii. Hydrogen atoms are not shown.
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Fig. 6. Design of stapled peptides. (A) Illustration of a hydrocarbon staple (Top); a stable EmrE-stapled peptide complex stapled at positions M92-1L99
(Bottom). (B) Profiles of the free energy as a function of monomer—peptide displacement. (C) Monomer—peptide interaction of vdW energy (blue) computed
using the Generalized Born membrane model (37) and monomer-peptide interaction of free energy (red); the correlation coefficient between the interaction

energy and the free energy is 0.74.

(CD) spectroscopy. All peptides had very similar CD spectra
and displayed high « helicity (Fig. 74). To investigate the pep-
tide secondary structure in a more realistic bacterial membrane
mimetic, CD spectra were also collected in anionic lipid bilayers
(POPC:POPG, 3:1 M ratio). All four peptides adopted a-helical
structures in the bilayer but with wide variations in the degree
of helicity (Fig. 7B). Peptide 188-C95 showed the least helical
structure of the four peptides, and peptides 189-A96 and M92-
L99 showed moderate helicity ranging between I88-C95 and
A87-194.

Peptide Inhibition of Ethidium Efflux. To quantify the inhibitory
activity of the designed peptides, E. coli cells were initially
treated with the ionophore carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) to dissipate the proton gradient and subse-

quently loaded with the fluorescent toxin EtBr; ethidium efflux
was then monitored over time by fluorescence spectroscopy (see
Materials and Methods) in the presence and in the absence of the
peptides.

Upon removal of the ionophore, a period is needed to re-
establish the proton gradient across the cell membrane, during
which EmrE lacks the energy to pump out ethidium and ethid-
ium fluorescence is at an initial plateau (Fig. 7C). As EmrE
begins to expel ethidium from the cells, fluorescence decays
to a final equilibrium plateau, at which point efflux of ethid-
ium by EmrE is exactly balanced by passive influx from the
extracellular medium. Inhibition of EmrE dimerization results
in a higher level of final fluorescence plateau, due to a reduc-
tion in the availability of functional EmrE and, therefore, in
ethidium efflux.

Table 4. EmrE inhibitor peptides designed on the basis of the H4 a-helix

Peptide Sequence & Staple Structure* FE Hydrophobicity
ﬁ N
A87-194 Ac-A - Sarz - 84p1p. X(Iil GMM L CAGVLIINLLS'9°—KKK - NH, 22.0 1.27
o\ﬁ ' ’
188-C95 AcA - Sarg - 84DLpPA_ X(I G-MML-L AGVLIINLLS'%°~KKK - NHy 22.8 1.41
(jﬁ ' )
189-A96 Ac-A - Sarz - g“DLPAI;Ns%T G-M-ML-1-C 3 _ GVLINLLS'**~KKKNHy 239 1.27
H o " g
;ﬁ N
M92-L99 Ac-A - Sarg - 84DLPAIIGI\4\N3.\(L’I’Q A,G,V‘N IINLLSIOS*KKKKK'NHQ 21.0 1.11
[
e H o

The staple structures are adapted from Guo et al. (38). The free energy of separation from EmrE (FE) is expressed in kcal/mol

and has an SE of ~1 kcal/mol.

*Peptide sequences are shown with attached sarcosine (Sar) and lysine (K) tags. Ac and NH, denote acetylation and amidation
of N and C termini, respectively. Alanine-sarcosine and lysine tags were present in experiments only; acetylated and amidated
termini were used both in experiment and in simulation. In the experiments, the wild-type C95 in peptides A87-194, 189-A96, and
M92-199 was replaced with a serine (underlined symbol) to prevent disulfide cross-linking.

fCore peptide hydrophobicity was calculated by the Liu-Deber hydrophobicity scale (39) for each residue and averaged over the

sequence (tags and staples were excluded).
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Experimental tests of inhibitors. (A and B) CD spectra of hydrocarbon-stapled EmrE TM4 peptides in bacterial membrane mimetics: (A) 20 uM

peptides in buffer (10 mM Tris HCl, 10 mM Nacl, pH 7.4) and 140 mM SDS; (B) 20 M peptides in 2.5 mM POPC:POPG (3:1 M ratio). Spectra shown represent
the average of three independent samples. (C) Inhibition of ethidium efflux by stapled peptides. E. coli cells were grown in minimal media and incubated
with the ionophore CCCP, EtBr, and either DMSO or peptide (4 uM) in DMSO. Cells were placed in fresh media (lacking CCCP) to observe fluorescence
decay of ethidium as it is pumped from the cells. Fluorescence intensity is normalized to the initial value. Spectra shown represent the average of three
independent experiments; dashed lines represent computed fits to the exponential decay model with initial plateau (see Materials and Methods). (D) Cell
toxicity assay. E. coli cells were grown in minimal media in the presence or absence of peptide (4 1M). ODgoo was measured over 1 h in 15-min intervals. All
time points are normalized to the starting time point and cell growth in the absence of peptide. S-CAP-2G is included as a positive control for cell toxicity
[sequence: KKKKKK-AGFAAWAAFGA-NH,; hydrocarbon-stapled positions indicated by A; the shorter i, i + 4 hydrocarbon staple was used (41)]. Each curve
represents the average of two independent experiments. Error is indicated as SEM.

In the absence of peptide, E. coli cells remove ~90% of the
intracellular ethidium within ~30 min (Fig. 7C and Table 5).
In contrast, cells treated with peptide show varying differences
in the amount of ethidium remaining within the cells as well as
rate of efflux activity. Addition of peptides M92-L99 or A87-194
results in markedly elevated final fluorescence intensity, relative

to that in the absence of peptide (0.72 and 0.64 vs. 0.13; levels
normalized to the initial intensity). This corresponds to a ~5-
fold increase in the intracellular ethidium or to the retention of
60% to 68% of the ethidium expelled in the peptide-free exper-
iment (Fig. 7C). Peptide 189-A96 has a smaller but significant
effect compared with A87-194 and M92-L99, resulting in more

Table 5. Ethidium fluorescence plateau and efflux rates (see Materials and Methods)

Peptide Ft oo /Fo* EmrE efflux rate, s='1 Rel. EmrE efflux rate, %*  Inhibition, %%
No peptide  0.16 (£0.02)  2.47 x 1073 (£7.3 x 107°) 100.0 0
A87-194 0.67 (£0.05)  1.03 x 10~3 (+8.3 x 10~°) 42 58
188-C95 0.16 (£0.04) 2.66 x 103 (£1.2 x 10~%) 108 0
189-A96 0.38 (+0.05)  1.98 x 10~3 (+1.0 x 10~°) 80 20
M92-L99 0.77 (£0.07)  0.60 x 103 (+5.0 x 10~>) 24 76

*Final normalized ethidium fluorescence plateau.

TEtBr efflux rates are corrected for the passive background influx of ethidium from the extracellular medium

(see Materials and Methods).
¥Relative to cells without peptide.

§Computed as 100% — EmrE efflux rate (%). Parentheses report 95% confidence limits.
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than doubling of the intracellular ethidium (0.35 vs. 0.13), corre-
sponding to the retention of 26% of the ethidium expelled in the
peptide-free assay. Finally, addition of peptide I88-C95 does not
lead to inhibition of ethidium efflux.

Variations in inhibitory action likely arise from the varying sol-
ubility of the highly hydrophobic peptides. Although the stapled
EmrE peptides only differ in the positioning of the hydrocarbon
staple, each staple replaces a different amino acid pair along the
TM4 sequence with a nonpolar hydrocarbon link, which implies
that the peptides have different hydrophobicities (Table 4).
The replacement of C95 (S95 in the other three peptides)
with the hydrophobic staple precursor amino acid renders I188-
C95 the most hydrophobic peptide (Table 4). This heightened
hydrophobicity makes I88-C95 more susceptible to aggregation,
a feature that is consistent with a decreased helical struc-
ture in the presence of anionic lipid bilayers (Fig. 7B). Thus,
the I88-C95 peptide may not insert as stably into lipid bilay-
ers as the other peptides, resulting in diminished ability to
disrupt intramembrane protein—protein interactions within the
target protein.

Peptides Show Minimal Intrinsic Toxicity to Cells. The four syn-
thetic peptides were tested for nonspecific cytotoxicity against
E. coli cells in the absence of toxins EtBr and CCCP. The sta-
pled selective cationic antimicrobial peptide (SCAP)2G, used as
a positive control for toxicity, showed a ~40% decrease in cell
growth, compared with cells treated with DMSO alone (Fig. 7D).
In contrast, cells treated with 4 pM peptide showed minimal
decreases in cell growth after 60 min (Fig. 7D). This demon-
strates that, at the tested concentration, the stapled peptides
have minimal intrinsic cytotoxicity against E. coli and therefore
that the efflux inhibition observed above is not due to nonspecific
toxicity.

Concluding Discussion

Starting from a low-resolution C,-only X-ray crystal structure
of the EmrE transporter (12), we used MD simulations biased
to the corresponding X-ray ED map to obtain an atomistically
detailed structure. The modeled structure was stable for more
than 1 ps of MD simulation in the lipid membrane and was
validated against experimental data using free-energy simula-
tions. Using the refined structure, we created and evaluated
models of stapled peptides, designed to inhibit EmrE dimer-
ization, as a strategy for interfering with drug resistance. The
four best models proposed on the basis of the simulations were
synthesized and tested experimentally for efflux inhibition in
live E. coli cells. Three of the four peptides caused significant
inhibition, with two- to fivefold higher intracellular ethidium
accumulation relative to a control without peptide (Fig. 7C).
Because these peptides did not cause nonspecific cytotoxic-
ity at the concentrations tested, they are promising candidates
for therapeutic development. MD simulations have been used
previously to fit structures into EDs obtained from cryo-EM
and X-ray diffraction (42-45), and the use of peptides to dis-
rupt protein—protein interactions is known (14, 46-48). The
strategy described here successfully combines structure optimiza-
tion by state-of-the-art simulations with rational structure-based
design.

The structures obtained here can be used as a starting point
for refining homology models of SMR proteins in other organ-
isms (e.g. M. tuberculosis, Klebsiella pneumoniae, S. aureus) to
which EmrE has a high degree of sequence homology (49). In
light of recent evidence suggesting that EmrE can also form par-
allel dimers (50), it could be instructive to search for a stable
structure of the parallel dimer using the present methods, pos-
sibly starting from the model of Gottschalk et al. (51), and the
monomeric structure obtained here.

E7940 | www.pnas.org/cgi/doi/10.1073/pnas.1802177115

The strategy of disrupting subunit interactions within EmrE
is applicable to other multidomain membrane proteins of thera-
peutic significance, such as G protein-coupled receptors involved
in cell signaling, ion channels essential for viral replication (52),
or ABC cassette proteins involved in drug-resistant cancers
(53), especially for cases in which small-molecule drugs are not
available.

Finally, the refined structure of EmrE presented here is
expected to be of broad interest, because SMR pumps are
believed to be the ancestors of most membrane transporters
and could in fact be the minimal biological paradigm for the
conversion of electrochemical gradients into motion.

Materials and Methods

Computer Modeling of Initial Structure. C,-only structure of EmrE (3B5D)
was obtained from the PDB. The protein backbone was generated using
CHARMM (54). Several different algorithms were used to construct side-
chain conformations for subsequent refinements (see S/ Appendix, S| Meth-
ods). The models were energy-minimized using the implicit membrane
model 1 (IMM1) (55) and used to start MD simulations.

MD Simulations. To improve the starting structures for the explicit-solvent
simulations, an intermediate refinement step was added. The ED map
corresponding to the 3B5D X-ray crystal structure was obtained from
Geoffrey Chang, Department of Pharmacology, University of California,
San Diego. Restraints to a smoothed ED were incorporated into MD
simulations using the enhanced sampling method self-guided Langevin
dynamics (43). These calculations were performed in IMM1 implicit sol-
vent (55) with CHARMM. For explicit solvent MD, patches of DMPC lipid
bilayers were obtained from www.charmm-gui.org (56), and the pro-
tein structures were inserted into the membrane by deleting the lipids
that overlapped with the protein. Structures were immersed in TIP3P
water and equilibrated for 100 ns at standard pressure and tempera-
ture with weak harmonic restraints applied to the C, carbons of EmrE,
using the program ACEMD (57). Detailed parameters of the various MD
simulations performed after this stage are given in S/ Appendix, SI Meth-
ods. Simulation parameters and coordinates are available in an online
dataset (58).

pKa Shift Calculations. To compute the pKa of active-site residues E14 in
ligand-free EmrE, we used PB solvation theory, as implemented in the pro-
gram Adaptive Poisson-Boltzmann Solver (APBS) (23). To account for the
conformation flexibility of EmrE, structures were taken from the equilibrium
MD trajectories of EmrE without ligand, in 20 ns increments.

Peptide Synthesis. Peptides were synthesized on an automated PS3 pep-
tide synthesizer (Protein Technologies Inc.) using standard solid-state N-(9-
fluorenyl)methoxycarbonyl (Fmoc) and 1-[Bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU)
(Novabiochem) chemistry on a low-load PAL-PEG resin (Applied Biosystems)
that produced an amidated C terminus after cleavage. The incorporation
of staple precursor amino acids, (S)-N-Fmoc-2-(4'-pentenyl)alanine (Fmoc-
S5Ala-OH) and (R)-N-Fmoc-2-(7’-octenyl) alanine (Okeanos Technology Co.),
was performed as previously described (33).

Growth Inhibition Assay. E. coli K12 cells were grown overnight to saturation
in LB (Luria broth). Cells were harvested and resuspended in fresh media to
a final ODggo of 0.1. Cells were then grown in the presence of DMSO alone
or in DMSO-solubilized peptide (4 uM) over 1 h, while ODggp wWas recorded
in 15-min intervals. E. coli growth curves were normalized to the starting
ODgoo-

Ethidium Efflux Assay. EtBr efflux assays were performed as described pre-
viously (5, 32). Complete method details are given in S/ Appendix, S/
Methods.
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