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High-pH structure of EmrE reveals the mechanism
of proton-coupled substrate transport

Alexander A. Shcherbakov® !, Peyton J. Spreacker® 2, Aurelio J. Dregni® ',

Katherine A. Henzler-Wildman® 2 & Mei Hong® '™

The homo-dimeric bacterial membrane protein EmrE effluxes polyaromatic cationic sub-
strates in a proton-coupled manner to cause multidrug resistance. We recently determined
the structure of substrate-bound EmrE in phospholipid bilayers by measuring hundreds of
protein-ligand HN-F distances for a fluorinated substrate, 4-fluoro-tetraphenylphosphonium
(F4-TPPT), using solid-state NMR. This structure was solved at low pH where one of the two
proton-binding Glu14 residues is protonated. Here, to understand how substrate transport
depends on pH, we determine the structure of the EmrE-TPP complex at high pH, where both
Glul14 residues are deprotonated. The high-pH complex exhibits an elongated and hydrated
binding pocket in which the substrate is similarly exposed to the two sides of the membrane.
In contrast, the low-pH complex asymmetrically exposes the substrate to one side of the
membrane. These pH-dependent EmrE conformations provide detailed insights into the
alternating-access model, and suggest that the high-pH conformation may facilitate proton
binding in the presence of the substrate, thus accelerating the conformational change of EmrE
to export the substrate.
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ARTICLE

ultidrug resistance (MDR) is a major public health

concern that can undermine years of drug development

efforts and result in epidemics of drug-resistant
infections!. One of the mechanisms by which cells can become
resistant to therapeutics is via expression of transmembrane (TM)
efflux pump proteins in the small multidrug resistance (SMR)
family. These SMR transporters remove cytotoxins from the
cytoplasm by coupling the uphill efflux process to the downhill
influx of protons across the cytoplasmic membrane (Fig. 1a)%.
Unlike selective active transport proteins that recognize and
transport a single substrate, the SMR proteins efflux a variety of
cytotoxic compounds with different shapes, sizes, and chemical
properties®. The relatively small size of these transporters was
originally thought to provide a minimal model system for studying
secondary active transport®. However, due to the sensitivity of
these proteins to their environment, their conformational plasti-
city, and lack of extracellular domains, high-resolution structural
information had been limited for many years®-10. The best studied
SMR transporter, EmrE, is involved in pH and osmotic stress
responses, biofilm formation, and resistance to a variety of poly-
aromatic cations'!~14. Biochemical and biophysical data have
shown that the transport process of EmrE is highly complex. For
example, in addition to acting as a proton-coupled antiporter,
EmrE can also function as a proton-coupled symporter or
uncoupled uniporter under different conditions!>~1°. Elucidating
the mechanism of membrane transport by EmrE requires atomic-
resolution structural information for multiple states of the protein,
as well as dynamics information about the protein and the ligands
throughout the transport cycle.

The 110-residue EmrE forms an antiparallel, asymmetric homo-
dimer. Early electron microscopy (EM) data established that EmrE
did not possess two-fold symmetry>20. A subsequent 3.8 A crystal
structure showed that the two subunits are oriented in an antiparallel
fashion, indicating that the protein has dual membrane topology.
This antiparallel conformation was later confirmed by NMR and
single-molecule FRET data?!, mutagenesis?>~24, EPR data2>26, and
studies of homologous proteins!®?”. Solution and solid-state NMR
(ssNMR) data showed that the two subunits of the dimer are con-
formationally asymmetric, exhibiting two sets of chemical shifts, and
the TM helices undergo major reorientations as they exchange
between the inward- and outward-facing states®!1021:28.29, Cross-
linking the antiparallel dimer blocked alternating acces in vitro and
ethidium resistance in vivo, demonstrating the functional importance
of this structural transition®. The proton-binding residue of EmrE is
E14, which exhibits pK, values of 7.2 + 0.1 and 8.4 + 0.2 in the A and
B subunits of the dimer in both lipid bilayers and bicelles!>30,
Solution NMR experiments showed that the substrate, tetra-
phenylphosphonium (TPPT), binds the protein asymmetrically,
interacting primarily with one subunit and protecting that E14 from
protonation, while E14 in the other subunit remains accessible to
protonation with a pK, of 6.81>17. This proton-binding asymmetry
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Fig. 1 Schematic of the EmrE transport function. a Simplified mechanistic
model of pH-dependent substrate transport by EmrE. The binding-site
structure of the cationic substrate in the dimeric protein depends on the
protonation state of the proton-binding residue E14. b Structure of the
substrate F,-TPPT.

was confirmed by magic-angle-spinning (MAS) NMR data that show
that the E14 sidechain carboxyl chemical shifts differ between the two
subunits?!. A 2.3 A crystal structure of the EmrE homolog, Gdx, was
determined in complex with monobodies!?. This structure confirms
the asymmetry of the antiparallel dimer structure and the asymmetric
interaction of the substrate with the key glutamate residues in the
pore. However, Gdx is a selective guanidinium efflux pump, not a
multidrug transporter-like EmrE, and biophysical data is more lim-
ited for the Gdx transporter. To fully understand the molecular
mechanism of EmrE transport, high-resolution structures are
essential. This experimental structure information will enable an
integrated analysis of the wealth of data on EmrE dynamics and
function, allow assessment of the validity of molecular dynamics
simulations®233 performed using the backbone-only EmrE crystal
structure, and give insight into the similarities and differences
between selective and non-selective transporters in the SMR family.

Recently, we discovered a single-point mutant, S64V-EmrE,
that retains wild-type substrate-binding affinity but has slower
rates of alternating access’. At the same time, we developed a
IH-19F REDOR NMR technique to measure distances to the
~2nm range for structure determination34-38. Due to 'H detec-
tion under fast MAS, this technique has high spectral sensitivity,
thus increasing the throughput of the distance measurement.
Exploiting these biochemical and spectroscopic advances, we
determined an experimental structure of S64V-EmrE complexed
to a fluorinated substrate, F,-TPP™ (Fig. 1b) in DMPC bilayers at
pH 5.8%2. At this acidic pH, one of the two E14 residues is pro-
tonated and neutral while the other residue remains deprotonated
and anionic. By measuring ~200 protein-ligand distances as well
as site-specific protein chemical shifts, we determined the struc-
ture of this acidic-pH complex (abbreviated as EmrE-TPP below)
to an average pairwise backbone root-mean-square deviation
(RMSD) of 1.6 A. The structure was calculated by docking the
ligand to the protein, followed by molecular dynamics simula-
tions that equilibrate the protein in explicitly solvated lipid
bilayers, all under experimentally measured distance and torsion
angle constraints. This low-pH structure shows that the cationic
substrate lies closer to E14A than E14B, consistent with the
asymmetric pK,’s. The binding pocket is lined with numerous
aromatic residues, including W63, Y60, F44, and Y40. These
aromatic sidechains interact with the four ligand phenylene rings
to stabilize the substrate, while still leaving sufficient space for the
substrate to reorient. While this low-pH structure of EmrE gives a
glimpse of the protein-substrate binding geometry, it is not suf-
ficient for revealing the transport mechanism, because alternating
access requires the protein to adopt multiple conformations
throughout the transport cycle. Experimental data on multiple
structural states is required to understand how drug binding and
proton binding drive the conformational changes needed to
transport the substrates across the membrane.

Here we determine the high-pH structure of the EmrE-TPP
complex using the 'H-1F REDOR NMR experiment. We mea-
sure ~380 protein-ligand HN-F distances, which combine with
chemical-shift derived torsion angles to enable the calculation of
the high-pH structure. We also investigate millisecond-timescale
motion of F,-TPPT at the binding site using 2D °F-19F exchange
NMR. These structural and dynamical results provide informa-
tion about how changes in the protonation state of the protein
drives structural transitions that enable EmrE to transport sub-
strates in a proton-coupled manner.

Results

Resonance assignment of the high-pH EmrE-TPP complex. To
understand how proton binding and release change the structure
of substrate-bound EmrE, we first ascertained the E14 pK, of
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S64V-EmrE in complex with F4-TPP+. We previously carried out
extensive pH titrations of TPP*-bound EmrE in bicelles using
solution NMR and found that the WT transporter had a single
pK, of 6.8+0.1'7, while S64V-EmrE had a single pK, of
7.0 £0.17. We verified that this pK, was not significantly different
when S64V-EmrE is bound to F,-TPPT by repeating this pH
titration. Global analysis of multiple residues yields a pK, value of
6.9 0.1 (Supplementary Fig. 1). We therefore prepared a sample
of $64V-EmrE bound to F,-TPP* in DMPC bilayers at pH 8.0 to
determine the structure of the unprotonated complex, to compare
with the protonated complex previously determined at pH 5.8 in
DMPC bilayers.

We first assessed the conformational homogeneity of the high-
pH EmrE-TPP complex using 2D 'H-1°N correlation (hNH)
spectra (Fig. 2a). The spectra show a typical I°N linewidth of ~0.5
ppm, which is narrower than the low-pH sample, indicating
that the protein is structurally more homogeneous at high pH
than at low pH. The 1°N and 'H chemical shifts at high pH differ
moderately from the low-pH values, which preclude the transfer
of the chemical shifts from the low-pH spectra. Thus, we
measured eight 3D 'H-detected correlation spectra (Fig. 2b, c and
Supplementary Table 1) to independently assign the resonances
of the high-pH complex. Among these experiments, the 3D
hNcacoNH and HncacoHN spectra are particularly useful for
sequence-specific assignment. Based on the peak connectivities,
we obtained four backbone chemical shifts (Ca, CO, NH, HN) for
77 residues in subunit A and 64 residues in subunit B. In
addition, 64 residues in subunit A and 53 residues in subunit B
have assigned CP chemical shifts. The resulting secondary
chemical shifts confirm the presence of four TM helices in the
protein (Supplementary Fig. 2). However, the high-pH EmrE
exhibits significant chemical shift differences from the low-pH
protein in the TM3 and TMI helices of subunit B (Supplementary
Fig. 3). These two TM helices contain the important functional
residues W63 and El14, respectively, suggesting that the protein
interacts with the substrate differently between high and low pH.
Between subunits A and B, TM1 and TM3 helices have larger
chemical shift differences compared to TM2 and TM4 helices,
similarly indicating the importance of TM1 and TM3 helices for
ligand binding (Supplementary Fig. 4).

Measurement of protein-ligand HN-F distances. The assign-
ment of the HN and 15N chemical shifts allowed us to measure
and resolve protein-substrate HN-F distances using the
IH-detected and hNH-resolved 'H-!°F REDOR experiment3’.
We measured the 2D REDOR spectra at three mixing times, 1.68,
2.53, and 3.78 ms. For each mixing time, a control 2D S, spec-
trum with 19F pulses off and a dephased S spectrum with 1°F
pulses on were measured. The former exhibits all backbone and
sidechain HN signals (Fig. 3a) whereas the latter shows weaker
intensities for amide protons that experience significant 1H-19F
dipolar couplings. The difference spectrum (AS) between Sy and S
thus manifests only the signals of amide protons that are near the
fluorines. At 1.68 ms, we observed signals only from the nearest
residues to TPPT, such as E14, Y40, Y60, and W63, whereas at
longer mixing times, signals from more remote residues such as
G9, G57, and S75 are also detected. No difference signals are
observed for residues C-terminal to the TM3 helix and for loop
residues.

Fitting the intensity ratios S/S, between the REDOR §, and S
spectra allowed us to extract precise HN-F distances (Fig. 3b and
Supplementary Fig. 5). We observed significant dipolar dephasing
for many residues. Among 116 resolved dipolar dephasing curves,
36 show REDOR dephasing that corresponds to distances of less

than 9 A. The shortest distance is found for W63B indole Ne,
which is 3.8 A from the nearest fluorine. In general, TM2 and
TM3 residues have some of the closest contact with F,-TPPT. For
example, the S43A HN is 43 A from the nearest 1°F. The
distances in the high-pH complex differ substantially from the
low-pH values. For example, A10B, S43B, and W63Be are closer
to the ligand fluorines by 1.2-2.5A while TI8A and W63A
backbone amides are further from the ligand fluorines by
0.2-0.3 A.

Ligand docking and structure calculation. Using rigid-body
docking (Supplementary Fig. 6a), we disambiguated the four-fold
degeneracy of the fluorines and assigned the measured dipolar
couplings to specific protein amide protons (Supplementary
Tables 2 and 3). For weak REDOR dephasing that corresponds to
distances longer than 10 A, four constraints were created where
the protein HY atom must be at least 10 A away from each of the
four fluorines. In total, we obtained 387 protein-ligand distance
restraints from this docking analysis (Supplementary Table 4). F,-
TPP+ docks to a single location between the two subunits, ana-
logous to the low-pH complex. But the ligand orientation relative
to the protein differs substantially from the low-pH structure. At
high pH, three of the four phenylene ring planes are approxi-
mately parallel to the bilayer normal. In comparison, at low pH,
only one phenylene ring is tangential to the bilayer normal
whereas three rings lie transverse to the bilayer normal (Fig. 4a,
b). Using two lowest-violation docked structures, we refined the
protein structure using molecular dynamics simulations under
the protein-ligand distance constraints, 148 pairs of (¢, y) angles
and 76 x; torsion angles (Table 1 and Supplementary Table 5).
The simulations equilibrated by 200 ns to a backbone RMSD of
2.85+0.95A for the protein (Supplementary Fig. 6b) and
1.30 £ 0.64 A for the F,-TPP* phosphorous and its four directly
bonded carbons (Table 1). Among the four TM helices, TM4 is
the furthest away from the ligand: all resolved dipolar couplings
correspond to distances of longer than 9 A (Supplementary
Fig. 5). This is consistent with the low-resolution crystal structure,
which shows that TM1-TM3 form the substrate-binding pocket
whereas the TM4 helices that control dimerization are away from
the transport pored. Since TM4 is not well constrained by the
measured distances (Supplementary Fig. 6¢), when we consider
only the TM1-3 helices, the calculated structure has an improved
backbone RMSD of 1.97 + 0.67 A.

Structural differences between the high-pH and low-pH com-
plex. Interestingly, the high-pH EmrE-TPP complex exhibits
numerous structural differences from the low-pH complex (Fig. 4
and Supplementary Fig. 7). First, the ligand is more symmetrically
positioned between the two E14 residues at high pH: the distances
between the F,-TPP* phosphorus (P) and the two E14 C8§ car-
bons are 6.6 + 0.7 A to subunit A and 7.5 + 0.5 A to subunit B. In
comparison, at low pH the P atom is 1.9 A closer to the negatively
charged E14A than to the neutral E14B (Table 2 and Fig. 4e, f).
Thus, the protonation states of the two E14 residues directly
impact the substrate position. Second, the inter-subunit proxi-
mities and relative orientations of the TM helices have changed
between the high-pH and low-pH complexes. At high pH, the two
E14-bearing TM1 helices are further away from each other, while
the two W63-bearing TM3 helices are more parallel to each other
(Fig. 4a, b and Supplementary Fig. 7) compared to the low-pH
complex. The E14A CA-E14B CA distance is 16.9 + 0.6 A at high
pH and shortens to 15.7+0.8 A at low pH. Overall, the T™M
helices become more parallel to each other at high pH, creating an
elongated binding cavity in which F,-TPP™ is oriented with three
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Fig. 2 2D and 3D 'H-detected MAS correlation spectra of TPP-bound EmrE in DMPC bilayers for resonance assignment. a 2D hNH spectra of the

protein at pH 8.0 compared to pH 5.8. The spectral linewidths are narrower at high pH, indicating higher structural homogeneity. b Six TH-13C-1>N 3D
correlation spectra to obtain intra-residue and inter-residue peak connectivities. The strips for residues T18 to A13 in subunit A are shown. The aliphatic 13C
strips overlay four 3D spectra whereas the carbonyl 13C strips overlay two 3D spectra. Negative intensities in the hcaCBcaNH and hcaCBcacoNH spectra
are shown in gray. Glycine residues show a negative CA peak rather than a positive CB peak. ¢ Inter-residue 3D NNH and HNH correlation spectra. All
spectra were measured under 55 kHz MAS on a 600 MHz NMR spectrometer.

out of four phenylene rings tangential to the bilayer normal. In
comparison, at low pH the TM helices are oriented at very dif-
ferent angles with respect to each other. In particular, the
N-terminal end of TM3A approaches the C-terminal end of
TM3B (Supplementary Fig. 7b), which closes off water access on

one side of the helical bundle. This closed-on-one-side config-
uration pushes the ligand towards the opposite end of the helical
bundle, where the C-terminal end of TM3A is now splayed open
from the N-terminal end of TM3B. The resulting shallow and
open binding site at low pH exposes the ligand (Supplementary
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Fig. 3 TH-1°F distance measurements between EmrE HN and F,-TPP+ using 2D-hNH resolved 'H-1F REDOR. a Representative Sy (black) and AS (blue)
spectra for two mixing times, 1.68 and 3.78 ms. Assignment is shown for peaks in the AS spectrum. As the mixing time increases, more difference peaks
are observed, corresponding to HN sites that are further from the fluorinated substrate. b Representative TH-1F REDOR S/S, dephasing curves with best-fit
simulations. TH-'9F distances at pH 8.0 (blue) differ from the pH 5.8 data (black). The indole HN of W63B has much shorter distances to the substrate
fluorines at pH 8.0 than at pH 5.8. REDOR dephasing values are provided as a Source Data file.

Fig. 7b), allowing three of the four phenylene rings to lie trans-
verse to the bilayer normal.

Compared to the low-pH complex, the high-pH EmrE-TPP
complex has a longer and more symmetric binding cavity that is
not fully closed on either side. Because the binding pocket is
populated by protein sidechains, we next investigated which
binding site is more spacious by measuring substrate dynamics
using 1”F NMR. This is a more direct and functional probe of the
binding-site volume compared to computing the volume based on
the structure. One-dimensional !°F direct-polarization (DP)
NMR spectra of the substrate at high pH resolve three peaks
with intensity ratios of 1:1:2 (Fig. 5a), indicating that the four
fluorines of the ligand reside in distinct chemical and conforma-
tional environments. The most downfield peak (peak 4) has a
narrow linewidth of 0.8 ppm (~450 Hz), indicating that one of the
fluorines resides in a well-ordered structural environment. The
presence of one narrow 1°F peak is also observed at low pH, but
this narrow peak has the most upfield chemical shift. In both
cases, 'H-1F cross-polarization (CP) spectra preferentially
enhanced the intensity of the narrow peak relative to the other
I9F signals, indicating that this fluorine is the most immobilized.
Compared to the low-pH sample, the high-pH 1°F chemical shifts
of F,-TPP shifted by about 6 ppm downfield, indicating that the
binding-site aromatic residues interact with the substrate very
differently at high pH.

Dynamics and hydration of the ligand at the binding site. To
probe millisecond-timescale motions of the ligand in the binding
pocket, we measured 2D 19F-19F exchange spectra of F,-TPP* at
285K using mixing times of 0.1 ms to 80 ms (Fig. 5b). Exchange
cross peaks are readily observed by ~20 ms at this temperature, but
are absent at 265 K37, indicating that exchange on this timescale is
due to motion rather than !°F spin diffusion. The diagonal
intensity decays and cross-peak intensity buildup occur with rates
of 165-318 s~! (Fig. 5c and Supplementary Fig. 8). These rates are
about two-fold faster than the low-pH rates (75-103 s~1), indi-
cating that the ligand is more dynamic in the high-pH complex.
These increased dynamics at high pH agree well with the measured
thermodynamic parameters for ligand binding. EmrE is a proton-
coupled transporter, and we have previously shown that protons
are released from both E14 and H110 upon TPP*-binding!8. ITC
experiments were performed using multiple buffers with different
ionization enthalpies to determine the number of protons released.
These experiments were performed at four different pH values.
This data was analyzed to extract the enthalpy and entropy of
binding independent of the buffer contribution by extrapolationg
to AHjonization = 0 (Supplementary Fig. 9). The resulting thermo-
dynamic parameters are shown in Table 3. This data shows that the
well-established increase in binding affinity at high pH is driven by
an increasingly favorable entropic contribution, while the enthalpy
of binding becomes less favorable.
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a pHS.0

Top view (periplasmic side)

b pH 5.8

Top view (periplasmic side)

Fig. 4 Structure of the EmrE-TPP complex in DMPC bilayers at high pH (PDB: 7SFQ) and its comparison with the previously determined low-pH
structure (PDB: 7JK8). a Top view of the high-pH EmrE-TPP complex structure, seen from the periplasmic side. The crucial binding-site residues E14, Y40,
Y60, and W63 are shown as sticks. b Top view of the low-pH EmrE-TPP complex for comparison. Note that conformer A (beige) in the high-pH complex
has changed to conformer B (purple) in the low-pH complex. This conformational change switches the designation of the two subunits between the high
and low pH complexes. ¢ Side view of the high-pH structure. d Side view of the low-pH structure. The ligand is buried deep in the high-pH complex but is
more exposed to the top side in the low-pH complex. The arrangement of the TM helices differs noticeably between the two structures. @ TPP* position
relative to E14 and W63 in the high-pH structure. The ligand center P atom is similarly distanced from the two E14 residues. f TPP position relative to E14
and W63 in the low-pH structure. The ligand is ~2 A closer to E14A than E14B. .

The faster ligand reorientations in the high-pH complex
suggest that the binding pocket should be more hydrated
compared to the low-pH complex. To test this hypothesis, we
measured water-edited 2D hNH spectra of the protein using
water-to-protein 'H polarization transfer times of 30 and 325 ms
(Fig. 6). The short-mixing-time spectra selectively exhibit well-
hydrated residues. After correcting for 'H R, relaxation
(Supplementary Fig. 10), we find that the high-pH complex
exhibits higher water-transferred intensities than the low-pH
protein. In particular, the TM1B and TM3B helices in subunit B

are much more water accessible at high pH than at low pH.
Moreover, the extent of hydration is more comparable between
the two subunits at high pH compared to the low-pH complex.
This increased similarity of the hydration extent at high pH is
exemplified by the G26 pair, and is consistent with the smaller
chemical shift asymmetry of the protein at high pH. We attribute
these observations to the more parallel orientations of the TM
helices in the high-pH complex, which reduce the difference in
the degree of opening between the two ends of the helical bundle.
In comparison, the low-pH EmrE-TPP complex shows much
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Table 1 NMR and refinement statistics for F,~-TPP bound S64V-EmrE structure in DMPC bilayers at pH 8.0.
Monomer A Monomer B
NMR distance and dihedral constraints
Dipolar coupling measurements 63 52
Distance constraints 205 182
Total dihedral-angle restraints
¢ 83 65
W 83 65
n 43 33
Structure statistics
Violations (mean £ s.d.)
Distance constraints (A) 0.004 £0.042 0.017+£0.112
Max. distance-constraint violation (A) 0.85 1.62
¢ Dihedral-angle constraints (°) 0.302+1.815 0.545+3.454
w Dihedral-angle constraints (°) 0.744 £ 4.289 0.508 £3.905
Max. ¢ dihedral-angle violation (°) 17.2 319
Max. y dihedral-angle violation (°) 53.8 60.1
Average pairwise r.m.s.d (A)2
Protein heavy atom 3.43+1.06
Protein backbone 2.85+0.95
Protein transmembrane heavy atom 2.66+0.86
Protein transmembrane backbone 2.23+0.83
Ligand heavy 1.84+0.61
Ligand centerb 1.30+0.64
aPairwise RMSD was calculated among 10 lowest-violation structures between the two independent MD runs after the refinement had equilibrated.
bligand center is operationally defined as phosphorus and the four directly bonded carbon atoms of F,-TPP+.
Table 2 Protein-substrate distances extracted from the NMR-refined structural models.
pH 8.0 pH 5.8
Monomer A Monomer B Monomer A Monomer B
P-E14 Cd 6.6+0.7 A 75+05A 56+0.3A 75+1.0A
P-Y40 O¢ 7.6+1.8A N2+1.2A 6.8+0.5A 16.7+03A
P-Y60 OC 9.0£12A 69+11A 9.8+0.7A 59+04A
P-W63 Ne 56+0.5A 57+09A 6.0£0.4A 56+03A
Min. Fa-E14 C8 47+0.8A 52+06A 46+05A 6.5+0.7 A
Min. F2-Y40 O¢ 6.0£1.0A 95+0.8A 6.2+0.6 A 122+04A
Min. F2-Y60 O¢ 61+0.8A 57+0.6A 6.9+0.4A 56+0.5A
Min. Fa-W63 Ne 48+03A 49+07A 58+0.3A 57+0.4A
The average distances and standard deviations are from the ensemble of 10 minimum constraint-violating structures in the final 240 ns of MD trial 1 and 160 ns of MD trial 2. P refers to TPP phosphorus
atom while protein atom is denoted by standard IUPAC nomenclature.
aDistances of the nearest fluorine to specific protein atoms.

higher hydration for subunit A than subunit B, in good agreement
with the larger conformational asymmetry of the two subunits.
These spectral observations are borne out by the MD equilibrated
structural ensemble, as the structure calculation explicitly
solvated the protein-ligand complex in lipid bilayers. Figure 6e
shows membrane-embedded water molecules whose oxygen
atoms lie within 15 A of any of the ligand atoms. Strikingly, the
ligand-binding site is much more hydrated in the high-pH
complex: a total of 69 water molecules are found in the ligand-
binding pocket, and these water molecules approach the ligand
from both sides of the lipid bilayer. In comparison, only 23 water
molecules are found in the ligand-binding pocket in the low-pH
complex; moreover, they approach the ligand only from one side,
the putative periplasmic side, of the lipid bilayer.

Discussion

The high-pH structure the EmrE-TPP complex is consistent with
the available biochemical data and suggests a mechanism for how
proton binding drives release of high-affinity substrates from this
promiscuous transporter. Extensive mutagenesis of residues

throughout EmrE have demonstrated that E14 in TM1 is critical
for binding both drug-like substrates and protons for the trans-
port activity?0-42, Residues in TM2 and TM3 are important for
substrate binding and substrate specificity*#3-4>. TM3 also con-
tains a putative hinge region that is important for controlling the
rate of alternating access of the transporter. TM4 is outside the
binding pocket and contains the dimerization motif that stabilizes
this highly dynamic homodimer?4324%, The measured substrate-
protein distances shown here and in the previous study are the
shortest for residues in TM1-3 at both low and high pH, con-
sistent with the substrate-binding site inferred from mutagenesis
and the overall structural organization of the transporter observed
in low-resolution EM? and crystal structures®. The asymmetry of
chemical shifts between subunits A and B is the largest in TM3
(Supplementary Fig. 4). This is consistent with the proposal that
the hinge and the difference in local conformation of this helix?!
between the two subunits control the asymmetric structure of the
EmrE dimer and the rate of alternating access.

The fact that these significant structural changes result exclu-
sively from a pH change is remarkable. Deprotonation of the two
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Fig. 5 1°F NMR spectra of F,-TPP* to probe substrate structure and dynamics. a 1D '9F NMR spectra of F,-TPP*+ bound to EmrE at pH 8.0 and pH 5.8.
Multiple '°F chemical shifts are resolved, indicating heterogeneous structural environments of the four fluorines. b 2D 19F-19F correlation spectra of EmrE-
bound F,-TPP at pH 8.0 (blue) and pH 5.8 (black), measured with a mixing time of 20 ms. ¢ '9F exchange buildup and decay curves for the resolved peak
4 at pH 8.0 and the resolved peak 1 at pH 5.8. Data are presented as mean values +/— 2o. Error of intensity values was propagated from spectral signal to
noise, while fitting parameter errors were estimated by Monte Carlo methods. These 19F spectra were measured under 38 kHz MAS at a sample
temperature of ~285 K. Cross-peak intensities are provided as a Source Data file.

Table 3 pH-dependent binding parameters determined
by ITC.

pH AG (kJ/mol) AH (kJ/mol) —TAS (kJ/mol)
55 —253+0.3 —40.0+£0.6 15+0.7
6.5 —349+04 —31.5+17 —3.4+17
7.5 —411+0.8 —191+£0.6 —21.0+£1.0
8.5 —46.0+£0.6 —20.7x£27 —253+28

Original data for TPP+ binding to WT EmrE was reported in'8. Here we present the average pH-
dependent binding affinity, enthalpy, and entropy for substrate-protein interaction, independent
of any contribution from buffer ionization.

E14 residues not only symmetrizes the TPP* position but also
increases the separation between the two TM1 helices. The E14
C8-CS distance increased from 11.8+13A at low pH to
13.3+0.8A at high pH. This subtle increase of the
E14-E14 separation, and the ensuing change in the binding
pocket geometry (Supplementary Fig. 7), translates to a noticeable
effect on the drug dynamics, speeding up ligand reorientation
rates two-fold compared to the low-pH complex. The motion is
likely tetrahedral jumps. 2D 1°F-19F exchange data suggest that
this tetrahedral jump is incomplete in geometry: while peak 4
displays equilibrated exchange intensities of ~0.25 by 80 ms, the
other three sites do not fully equilibrate, suggesting that these
fluorines are impeded by the protein sidechains. The substrate
motion is more complete in the high-pH complex than in the
low-pH complex, whose !°F exchange intensities are less

equilibrated (Supplementary Fig. 8d). The differences between the
structures and drug dynamics of the low- and high-pH states
indicate that ligand dynamics depend both on the size of the
binding pocket and on sidechain obstructions.

Comparison of the structures of the EmrE-TPP complex at low
and high pH is most informative in understanding how proto-
nation of one E14 residue can drive release of the TPP™T substrate.
It is well established that the apparent affinity of EmrE for drug-
like substrate is weaker at low pH than at high pH#2, and this is
due to a faster substrate off-rate at low pH. This pH-dependent
substrate affinity was originally attributed to a simple competition
between TPPT and proton for binding to E14. However, we now
know that EmrE can bind proton and TPP* simultaneously at
low pH!7:3%, and the two E14 residues are sufficiently far apart
from each other that electrostatic coupling is minimal and proton
binding and release occur relatively independently of either
residue’®. Examining the structural changes of the EmrE-TPP
complex from high pH to low pH immediately suggests why
TPPT affinity is lower in the protonated state. At high pH, TPPT
is buried deep within the helical bundle, positioned nearly sym-
metrically between the two TM1 helices within an elongated
binding cavity (Fig. 4 and Supplementary Fig. 7). In contrast, at
low pH, the transporter structure is more asymmetric and clearly
closed on one side and open on the other. TPPT is positioned
much closer to the open end of the binding cavity, primed for
release. The weakening of substrate affinity upon proton binding
is likely important for speeding up the release of tight-binding
substrates so that this promiscuous transporter can rapidly efflux
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Fig. 6 Water-edited 2D hNH spectra of TPP+-bound EmrE. a pH 8.0 spectra. b pH 5.8 spectra. ¢ 1D 1°N cross-sections of E14A extracted from the water-
edited 2D hNH spectra. The pH 8.0 sample shows higher water-transferred intensities than the pH 5.8 sample. d Intensity ratios S/Sy between the 30 and
325 ms spectra of the water-edited 2D spectra to compare the water accessibilities between the high and low pH proteins. The intensities have been
corrected for TH R, relaxation. e MD equilibrated membrane-bound structures of the EmrE-TPP+ complex at pH 8.0 and pH 5.8. Water oxygens within 15 A
of any of the ligand atoms and that are within the lipid bilayer are shown as red spheres. Membrane-surface water molecules are shown as thin lines, and
water molecules >15 A away from the protein are shown in gray. The number of water molecules is 69 in the high-pH complex but only 23 in the low-pH
complex, consistent with the higher water-transferred intensities of the protein at high pH. Moreover, water hydrates the ligand from both sides of the
membrane in the high-pH complex, but only accesses the ligand from the periplasmic side in the low-pH complex. The water-edited intensities are

provided as a Source Data file.

a broad range of substrates with widely varying affinities!”>1°. The
pH-dependent thermodynamic parameters (Table 3) show that
higher-affinity drug binding by this promiscuous transporter is
driven by increasingly favorable binding entropy. This is con-
sistent with the enhanced ligand dynamics and hydration
observed here in the high-pH structure. There is not sufficient
ITC data or in vitro transport data available to assess whether the
relative promiscuity of EmrE changes appreciably with pH. That
remains an open question for further study.

The native environment for EmrE is the inner membrane of E.
coli. This is an asymmetric environment unlike the in vitro
conditions used for structure determination. Usually, the

periplasmic pH is lower than the cytoplasmic pH*’. Given the
significant structural changes of the protein we determined here
as a function of E14 protonation state in a symmetric membrane,
it is reasonable to assume that the protonation state of E14 reg-
ulates the overall structural change of the protein. We can then
infer what the structure might look like in the presence of a
transmembrane pH gradient. Cytoplasmic pH in E. coli is gen-
erally 7.4-7.8%8, above the pK, of E14 in the F,-TPP*-bound
transporter. Thus, the open-in conformation of EmrE is expected
to have predominantly deprotonated E14 residues and more
closely resemble the high-pH structure (Fig. 4a, ¢, e). In contrast,
the periplasmic pH closely correlates with the pH of the external
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environment#’. Thus, when E. coli are in an acidic environment
like the human gut, the periplasmic pH will be well below the pK,
of E14 and the structure of EmrE should more closely resemble
the low pH structure (Fig. 4b, d, f).

It is interesting to note that the high-pH structure of the EmrE-
TPP complex is not fully closed on either side of the membrane.
This is borne out by the water-accessibility data (Fig. 6a-d) and
the MD simulations (Fig. 6e), which show larger water accessi-
bility of the ligand-binding cavity at high pH than at low pH.
Moreover, water molecules approach the ligand from both sides
of the membrane at high pH, but only access the ligand from one
side of the membrane at low pH. The dual-open conformation at
high pH suggests that after a toxic substrate has bound to the
protein from the cytoplasm and EmrE adopts a conformation
similar to Supplementary Fig. 7a, there is sufficient space for
protons to enter and bind E14 from the periplasmic side. This
could then trigger a conformational change to a state similar to
the low-pH structure, with the transporter open to the peri-
plasmic side of the membrane. In this outward-facing state, the
substrate is bound peripherally to the central transport pore, and
is thus primed for release in accord with the enhanced off rate in
the drug- and proton-bound state.

Methods

S64V-EmrE expression and purification. S64V-EmrE was expressed and purified
as previously described” using the same procedure as for WT EmrE%. 2H,13C,1°N
(CDN)-labeled S64V-EmrE was expressed in 2H,0 media containing 2.5 g/L
U-2H,13C glucose, 1 g/L 1’NH,CI, and 0.5 g/L 2H,!3C,1°N-labled ISOGRO. Lysis
and purification were performed as previously reported®’>! using Ni-NTA affinity
column followed by thrombin cleavage of the His-tag and size exclusion chro-
matography on a §200 column in buffer containing 50 mM MES, 20 mM NaCl,
10 mM decyl-maltoside, 5mM BME, pH 7.0.

Solution NMR spectroscopy and pK, analysis. Solution NMR data were col-
lected on samples with 1.0 mM 2H, 15N $64V-EmrE in DMPC/DHPC bicelles
(q=0.33, with a protein to DMPC molar ratio of 1:50). The buffer contained

20 mM NaCl, 50 mM sodium acetate, 50 mM MOPS, 50 mM MES, 50 mM bicine,
2mM TCEP, 0.01% DSS, and 10% D,O. About 10 mg F,-TPP+ was added to this
protein bicelle solution and incubated at 45 °C overnight to saturate binding, then
the excess drug was removed through microcentrifugation. Spectra were measured
at 45 °C on a Bruker 750 MHz spectrometer (Avance) equipped with a TCI
cryoprobe. Spectra from 4 different pH conditions were processed and analyzed
using NMRPipe®? and CcpNmr Analysis®3. Chemical shift changes for 'H and 1°N
were separately globally fit to a single pK, value using the following equation
(Eq. 1):

8,107 PH 4 §,107PK

1
107PH 4 107PK, ()

where 8y and 0p are the chemical shifts of the protonated and deprotonated states
of each residue, respectively. Six residues in close proximity to E14 with large
chemical shift changes with pH were analyzed. For a single pK,, the modified
Henserson-Hasselbach equation describes the chemical shift for each residue () as
a function of pH!>>455,

Reconstitution and preparation of solid-state NMR samples. CDN-labeled
S64V-EmrE was reconstituted into ds,-DMPC (Avanti Polar Lipids) liposomes at a
protein monomer to lipid molar ratio (P: L) of 1: 25. DMPC was resuspended in
50 mM MES, 20 mM NaCl, pH 8.0 buffer at 20 mg/mL. The lipid mixture was
incubated at 45 °C for 1 h to hydrate, then bath-sonicated for 1 min before addition
of 0.5% octyl-glucoside (OG) followed by 30 s bath sonication. The lipid mixture
was incubated at 45 °C for an additional 15 min before mixing with purified S64V-
EmrE solution. After 20 min incubation at room temperature (RT), Amberlite
(Supelco) was added (3 x 30 mg Amberlite per mg total detergent) to remove the
detergent. The amberlite was removed after 16-24 h by simple filtration. Liposomes
were collected by ultracentrifugation (165,000 x g, 6 °C, 2 h) and resuspended in a
small volume (~20 mg/mL lipid concentration) of buffer. To ensure complete
detergent removal, the sample was dialyzed against 1 L of the same buffer (50 mM
MES, 20 mM NaCl, pH 8.0) with buffer change every 24 h over a 72 h period. The
sample was then incubated with excess solid F,-TPP* at RT with end-over-end
rocking for at least 16 h. Excess F4-TPPT was removed using microcentrifugation
(7,500 x g, 5 min). Proteoliposomes were then pelleted at 100,000 x g, 4°C, 2h in
an ultracentrifuge. Proteoliposomes were dried to ~40% hydration by mass in a
desiccator. Samples were centrifuged into 1.9 and 1.3 mm MAS rotors. Two rotors
were packed: a 1.9 mm sample of CDN-EmrE sample containing ~3.5 mg protein

in ~15 mg proteoliposomes, and a 1.3 mm sample of CDN-EmrE containing
~0.9 mg protein in ~3.6 mg proteoliposomes.

Solid-state NMR experiments. All MAS SSNMR experiments were conducted on
a 600 MHz Bruker AVANCE II spectrometer. Chemical shift assignment and
protein hydration experiments were carried out under 55 kHz MAS on a 1.3 mm
HCN probe, whereas 2D 'H-1°N resolved 'H-!°F REDOR experiments and 2D
19F-19F exchange experiments were conducted under 38 kHz MAS on a 1.9 mm
HEX probe. Sample temperature was controlled by matching the chemical shift of
water in the proteoliposomes between samples and probes. The effective sample
temperatures were estimated from the water 'H chemical shifts using the equation
Toir (K) = 96.9(7.83 — Si120) where 8150 is the observed water chemical shift5®, By
keeping the water 'H chemical shift at 4.89 ppm using appropriate bearing
temperatures, we maintained a constant sample temperature of 285K for all
experiments. Detailed experimental conditions are provided in Supplementary
Table 6.

Eight 'H-detected 3D MAS correlation experiments were used to assign the
chemical shifts of pH 8.0 EmrE. Supplementary Fig. 11 shows the pulse sequences
of those experiments that were not included in our low-pH EmrE study> and the
pulse sequences of the 2D water-edited experiments. The hCANH, hCOcaNH, and
hcaCBcaNH experiments allow intra-residue CA, CO, and CB assignment, while
the hCAcoNH, hCONH, and hcaCBcacoNH experiments allow sequential residue
assignment. In addition, amide-to-amide 3D correlation was achieved using the
HncacoNH (Supplementary Fig. 11c) and hNcacoNH (Supplementary Fig. 11d)
experiments, which allow inter-residue H; ;-N;H; and N, ;-N;H; assignment,
respectively, to further disambiguate the backbone walk®’. The coherence transfer
steps and resonance assignment connectivities of these eight 'H-detected
experiments are summarized in Supplementary Table 1. I"'N-13C correlation
experiments used specific CP for polarization transfer>$. Under 55 kHz MAS, the
double-quantum (DQ) matching condition of 30 kHz 13C and 25kHz >N, or
35kHz 15N and 20 kHz 13C, was used to achieve selective 1°N-13C polarization
transfer. 13CA-13CO polarization transfer was achieved using the DQ DREAM
sequence under 55 kHz MAS. Due to off-resonance effects, a short 1.3-1.6 us trim
pulse (marked as a 6 pulse) was used after the spin lock to rotate the magnetization
to the XY plane®®. For the two CB-NH correlation experiments (Fig. S11a, b), out-
and-back CA-CB-CA INEPT transfer was used, using the Q3 shaped pulse for 180°
pulses to invert aliphatic coherences while not inverting CO. A 6.5 ms INEPT
mixing period was used for both the creation and reconversion of the antiphase
magnetization, for a total of 13 ms of transfer time. Low-power 'H decoupling was
employed for all SSNMR experiments with either CW irradiation or the WALTZ-
16 scheme®?. These 'H-detected MAS NMR experiments employed MISSISPPI to
suppress the water signal, using 150-200 ms of 15 kHz irradiation®!.

Water-edited NMR experiments were carried out with 2D hNH detection by
inserting a water-selective echo and water-to-protein 'H spin diffusion mixing
period following proton excitation and before CP to !N (Supplementary
Fig. 11e). A 3.5 ms Gaussian pulse with 5% truncation and 400 points for the
shape was used to selectively refocus water coherence within a 3.6 ms echo,
during which all protein coherence is destroyed by T, relaxation. Due to fast
MAS suppressing spin diffusion, long mixing times of 325 ms for the
equilibrated S, spectrum and 30 ms for the edited S spectra were needed,
between which significant T, relaxation occurs. To account for relaxation
between the edited and equilibrated spectra, site-resolved T; measurements were
carried out through saturation recovery using the pulse sequence in
Supplementary Fig. 11f. After the pre-scan delay d1, we inserted a MISSISSIPPI
dephasing block to saturate all 'H magnetization in the sample. Following this
saturation, a variable delay allows T, relaxation to occur before 'H excitation.
The experiments were run in a constant-time fashion, where the combined pre-
scan delay and T, Were set to 3, 4, or 5 s depending on the relaxation time Tyej,x
used. 'H-1F REDOR measurements and 2D 1F-1°F exchange experiments
were run as described previously®” to allow for direct comparison of the data
between the two samples of distinct pH.

19F chemical shifts were externally referenced to the —122.1 ppm signal of 5F-
tryptophan on the CF;Cl scale®. 13C, and >N chemical shifts were internally
referenced to the DSS-referenced chemical shifts of the solution-state values. The
GI0A site was previously shown to have little chemical shift perturbation with
pH!5, and was therefore chosen as the referencing site; the 'H and 1°N values were
set to 8.5 ppm and 107.4 ppm, respectively, and the 13C reference was set from the
hCANH peak for this residue at 47.6 ppm.

Chemical shift assignment. The SSNMR spectra were processed in the Bruker
Topspin 3.5 software package with zero-filling, apodization, and Fourier-
transformation (FT). Spectra acquired in blocks for signal averaging were added in
the time domain prior to FT using a custom Python script that utilized the
NMRGlue and NumPy Python packages®>%%. Chemical shift assignment and 3D
spectral plotting were performed in NMRFAM-Sparky®®. 1D and 2D correlation
spectra were plotted using Bruker Topspin’s XWINPLOT. Comparisons of che-
mical shifts between protein monomers and samples were computed in Python and
plotted with Matplotlib®. The asymmetry of protein monomer chemical shifts was
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calculated using composite HN and NH chemical shifts according to Eq. 2:

Awyy = \/%[Awgl + (0.10 % Awy)’] ()]

Here Awyyy is the 'H and 1°N chemical shift difference between monomers A
and B. The composite CA and CO chemical shift difference was calculated similarly
but without the factor of 0.10 for the gyromagnetic ratio difference. Protein ¢, vy,
and x; torsion angles were predicted using the TALOS-N software®” based on the
measured non-H chemical shifts. A deuterium isotope correction was applied to
the Ca and CB chemical shifts.

2D "9F-19F exchange analysis. We quantified the exchange rates between four
peaks in the 2D °F-19F correlation spectra at both high and low pH. Peak volumes
were integrated in Topspin using the same peak areas across all mixing times, and
were normalized with respect to the sum of the integrated intensities of all peaks in
each row. Thus, at short mixing times where most intensities reside on the diag-
onal, the three cross peaks should have normalized intensities near 0, while at
sufficiently long mixing times, the diagonal and three cross peaks should equili-
brate to similar intensities of ~0.25. In practice, due to spectral overlap, the
measured intensities deviate from the ideal equilibrium values. The normalized
intensities were fit to a single-exponential decay (Eq. 3) and single-exponential
buildup (Eq. 4) equations for the diagonal and cross peaks, respectively:

IDiagonal(tmix‘Ym P7 k) = (YO - P) * eik*tmlx +P (3)

Lerosspeat (tmisl Yo, PoK) = (P = Yo) (1 — ™) + ¥, @

Here Y is the initial intensity, P is the plateau value, and k is the exponential
buildup or decay rate, and f,,;, is the mixing time. Fitting was performed in the
SciPy optimization module of python®8. Errors are 2o for individual points, and
were estimated from the signal-to-noise ratios (SNR) of the spectral peaks. The
SNR for a reference peak was measured using Sparky’s built-in routine using 1000
random points to calculate SNR, and the SNR for the remaining peaks was
estimated from this value by scaling by the intensity ratio of the reference peak to
the remaining peaks. The errors were propagated using Eq. 53°.

1)\? 1 2
= = . I S 5
€ =2x0=2%1I;% (SNR,-) + <SNRnorm> (5)

where I, is the normalized intensity of the i-th peak, SNR,; is the SNR of the i-th
peak, and SNR,m, is the relative SNR of the normalization factor for the row. The
errors for the fitting parameters were determined using Monte Carlo analysis as
shown before for Ty, experiments®®. Briefly, we simulated 1000 additional datasets
for each decay and buildup curve by adding a random value from a Gaussian
distribution centered with y = 0, ¢ = 0.3 (chosen to give values mostly within + 1)
multiplied by the error for each point, &. In this way, we created 1000 new datasets
with the points moving randomly within the error bar for each point, but with a
Gaussian distribution around the actual measured value. These 1000 datasets were
then fit to the same buildup or decay curves to obtain the fitting parameters for
each simulated dataset. The standard deviation of the fit parameters in the Monte
Carlo datasets was then used as the fitting parameter error reported.

TH-9F distance extraction. 2D hNH-resolved HN-1F REDOR distance restraints
were determined as described before3®373%, Briefly, we integrated peak volumes in
the 2D 'H-19F REDOR-edited hNH S, and S spectra to obtain the intensity ratios
S/S, for all mixing times for each protein HN. Using the SIMPSON software
package, we simulated the two-spin REDOR dephasing curves for distances of
3.0-15.0 A in 0.1 A increments, including the magnitude and asymmetry para-
meters of the 1°F CSA, but with default orientation”’. Finite-pulse effects were
explicitly included in the SIMPSON program. RF inhomogeneity was accounted for
by simulating for pulse flip angles of 180°-145° in 5° increments, weighted by a
half-Gaussian function centered at 180° and a standard deviation of 15°3%37. The
REPULSION320 scheme with 32 gamma angles was used for powder averaging’!.
The best-fit TH-19F distance was extracted by minimizing the RMSD between the
simulated and measured S/S, values. The uncertainty in the best-fit distance was set
by the same RMSD threshold of 0.2 as the previous study>”. Distances below this
RMSD value were considered significant. In cases where little to no dephasing was
observed, we set the distance upper uncertainty to 40 A, the approximate longest
possible distance in the dimer (Tables S2, S4). For residues whose signals overlap in
the 2D hNH spectrum, the lower-limit distance uncertainty was increased.

Analysis of water-edited spectra under fast MAS. Protein hydration was
investigated using a water-edited 2D experiment where water 'H polarization was
selectively excited and transferred to the protein and detected in 2D hNH spectra
(Supplementary Fig. 10e). The hydration intensities were analyzed using a modified
procedure from the previously reported approach’2-74 to account for the effects of
fast MAS. Because fast MAS suppresses spin diffusion, it was necessary to use
longer 'H mixing times for both the equilibrated S, spectrum (325 ms) and the
edited S spectrum (30 ms). The edited spectra were signal averaged with 3.5-4.5
times as many scans as the equilibrated spectra to obtain sufficient SNR. Site-
resolved hydration intensities were calculated by dividing the integrated peak

volumes of the 30 ms S spectrum by the corresponding peak volumes in the 325 ms
So spectrum. However, at 325 ms mixing, 'H T, relaxation is non-negligible,
causing the S/S, values to be larger than 1 for some residues. To correct for this T,
relaxation, we measured 2D hNH resolved 'H saturation-recovery spectra (Sup-
plementary Fig. 10) to obtain site-specific 'H R, rates at both pH values. The 'H R,
rates were extracted from the integrated peak volumes using the same integration
areas as for the water-edited spectra. The intensities of each HN site were nor-
malized to the maximum intensity for that site. Error bars for each point were
propagated from the SNR of the spectra according to Eq. 6:

1\? 1 2
=2%x0=2%1I — - (6)
€ e i (SNR1> * (SNRnorm>

The saturation recovery curves were fit to a single-exponential buildup function
(Eq. 7) to obtain the R, values:

It P, Ry) = P (1 — e Ritiam) 7)

The R, uncertainty, o, was estimated using the same Monte Carlo method
described above for the 19F exchange analysis. With the site-specific R, rates
known, the hydration S/S, values were corrected for relaxation between the two
mixing times (325 and 30 ms) according to Eq. 8:

N _ N _ S Rty
(5 ) =g =g e ®

The error of the corrected S/S, value, H, is a result of the errors in the S, Sy, and
R, values and was calculated according to Gauss’ error propagation according to

Egs. 9 and 10:
2
1)’ 1
_— _— €
(SNRS> + <SNRSO> )

2
N
— 2 R (t,—t 2
oy = \/eZRM ) % Ty, + {g (t1 - tz)e 1 Z)] *0p,

Using this method, the water-edited intensities can be compared fairly for
different residues with different R, rates and for two pH conditions.

relax

Os/s, = S—U*

(10)

Structure calculation of EmrE with bound F,-TPP+ at high pH. The high-pH
EmrE-TPP structure was calculated in a two-stage process similar to that detailed
recently?. F,-TPP+ (PDB: VCJ) was first docked into the pH 5.8 protein structure
(PDB: 7JK8) using 'H-19F distance constraints measured at pH 8.0. This docking
orients the ligand and disambiguates the four-fold degenerate 'H-1°F constraints.
The protein was then subject to all-atom molecular dynamics refinement in
explicitly solvated DMPC bilayers. In both stages, the two E14 residues were
modeled in the deprotonated state. Docking was performed using the HADDOCK
v2.4 webserver’>76, The “active residues” list was set to a list of 18 protein residues
between the A and B subunits which are known to with the ligand from prior
biochemical data’” and our REDOR data. The new 'H-1F REDOR distances were
used as “unambiguous” constraints which are always enforced, with ranges
determined by the RMSD cutoff of 0.2 (Supplementary Fig. 5). At this stage, the 1°F
atoms were input as four-fold ambiguous. Both ambiguous (active-residue defined)
and unambiguous (distance measurement defined) constraints used default
HADDOCK energy weighting values of 10.0, 10.0, 50.0, and 50.0 for the hot, cooll,
cool2, and cool3 stages of the docking simulations. Docking was performed in
DMSO and started with 1000 structures, from which 200 were outputted after
refinement. These 200 structures were analyzed against the four-fold ambiguous
TH-19F distance constraints using an integrated Python-Pymol script®398 to select
the structures that best agree with the experimental data (Supplementary Table 2).
We scored the structures by the lowest sum-total of violations and the least number
of violations to create two separate ensembles (Supplementary Fig. 6a and Sup-
plementary Table 3). The lowest violation by each criterium was used to structu-
rally disambiguate the 'H-19F pairs to create 387 distance constraints from the 116
dipolar coupling measurements® (Supplementary Table 4). The majority (92) of
the measured dipolar couplings are weak and correspond to long distances that are
four-fold degenerate. About 18 dipolar couplings are strong and can be assigned to
unambiguous HN-F pairs based on docking. Each of the two lowest violation
structures was used for further refinement by MD simulations in GROMACS.
The docked high-pH EmrE-TPP complexes were aligned to the membrane
normal using the OPM webserver’® and were inserted into explicitly hydrated
DMPC bilayers with the CHARMM-GUI’*80 membrane builder tool®!:82. The
bilayer included 224 DMPC molecules, with 114 in one leaflet and 110 in the second,
and was hydrated with TIP3 water molecules®3. The ligand forcefield was
parameterized from the coordinates, and the simulation was conducted in
GROMACS® on NMRBox virtual servers®®. The simulation was conducted at 310 K
with CHARMM36 force fields®6-89 including the WYF parameter for cation-mt
interactions®. The simulation was restrained by the protein-ligand 'H-1°F
distances and TALOS predicted (¢, ) and sidechain y; torsion angles
(Supplementary Fig. 2b). The restoring force for time-averaged interatomic distance
restraints used was the piecewise linear force described in the online GROMACS
documentation, where if 7;; is the time averaged distance between atoms i and j, the
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force would be proportional to 7;; — r, below ro, zero between ry and r,, proportional
to 7; — r| between r; and r,, and proportional to r, — r, above r,. Simple time-
averaged distance restraints using conservative weighting were used. The time
averaging constant was set to 5 ps, and the distance restraint force constant was set
to 1000 kJ/(mol*nm?). Dihedral restraints were also implemented with an energy
weighting of 1000. The simulation started with a 5000-step minimization with
position restraints, followed by 1.875 ns of equilibration over which the position
restraints were progressively weakened. The production stage of the simulation was
subject only to experimental constraints and was carried out in 2 fs steps for 360 and
440 ns in two runs (Supplementary Fig. 6b). Structural ensembles from the two
trajectories were assembled by taking structures in 5 ns increments in the
equilibrated portion of the simulation (200-400 ns for run 1, 200-360 ns for run 2)
for a total of 74 structures. These structures were subjected to 5000 steps of energy
minimization with position and torsion angle restraints to remove improper
dihedral angles introduced by fast-timescale fluctuations. These 74 structures were
scored against the original four-fold ambiguous distance constraints to select

10 structures that best agreed with the experimental data according to the sum total
of distance violations (Supplementary Table 5). By chance, five of the best structures
came from the first run (mean violation magnitude 0.4 0.1 A, mean number of
violations = 4.4 + 0.5), while another five came from the second run (mean violation
magnitude 0.4 + 0.2 A, mean number of violations = 4.2 + 0.8). Within each run, the
ensembles are well ordered, with a mean backbone RMSD of 1.6+ 0.3 A for the

5 structures of run 1, and 2.3 + 0.5 A for the 5 structures of run 2. Between the two
sub-ensembles, the variability was higher, at 2.9+ 0.5 A backbone RMSD; most of
the differences are localized to the loop regions and TM4 (Supplementary Fig. 6c)
where the MD simulation has few constraints: the mean backbone RMSD between
the two runs for the transmembrane helices 1-3 was 2.2 +0.3 A, lower than the
variability within the sub-ensemble of run 2. The water accessibility of the binding
site was examined in the fully hydrated lowest-violation complexes of the bilayer-
protein-ligand system after final MD energy minimization. Water molecules whose
oxygen atom is within 15 A of any ligand atom and whose oxygen z-coordinate also
lies within the top and bottom planes of the protein TM helical bundles are selected.
For the pH 8.0 complex, the top and bottom z-planes were set to be between the
F23B and G77A Ca atoms. For the pH 5.8 complex, the top and bottom z-planes
were set to be between the z-coordinates of the Y53A and T56B Ca atoms.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Solid-state NMR chemical shifts and distance restraints have been deposited in the
Biological Magnetic Resonance Bank (BMRB) with ID number 30957. The structural
coordinates have been deposited in the Protein Data Bank with accession code
7SFQ. Source data are provided with this paper.

Code availability

Python code for 'H-1°F REDOR analysis, structurally-based H-F pair assignment,
Gromacs simulations, 1°F-19F exchange analysis, and water-edited 'H-1°N analysis are
available upon request to meihong@mit.edu.
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Supplementary Table 1. Explanation of the eight 'H-detected 3D correlation MAS NMR experiments for
assigning the chemical shifts of high-pH EmrE in DMPC bilayers. OaB = Out-and-Back. All H-N and H-C
transfers used dipolar cross polarization.

Experiment F1-F2-F3 Connectivity Polarization transfer

hCANH CA — N;— HN, Intra-residue Dipolar transfer for CA-N

hcaCBcaNH CBi— N;—HY, Intra-residue OaB INEPT for CB-CA, dipolar CA-N
hCOcaNH COi — N;— HY, Intra-residue | Dipolar CO-CA, CA-N

hCAcoNH CA.1 — N; — HN, Inter-residue Dipolar CA-CO and CO-N

hCONH COi1— N; — HN, Inter-residue Dipolar CO-N

hcaCBcacoNH | CBi.1 — N; — HY; Inter-residue OaB INEPT for CB-CA, dipolar CA-CO, CO-N
hNcacoNH Nit — N; — HY; Inter-residue | Dipolar N-CA, CA-CO, CO-N

HncacoNH HNo = N = HY, Inter-residue | Dipolar N-CA, CA-CO, CO-N




Supplementary Table 2. Detailed H"-F distance constraints between EmrE and Fs-TPP* used for
HADDOCK docking of the ligand into the protein and for structure-based assignment of the H-"°F pairs.

Residue  Atom | rur(A) 8w (A)  Snign (A) Assigned '°F Atoms (Run 2)
G8A HN 9.7 2.0 40.0 F3 F13 F18 F8
G9A HN 12.0 3.8 40.0 F3 F13 F18 F8
A10A HN 12.0 3.9 40.0 F3 F13 F18 F8
111A HN 8.4 3.1 40.0 F3 F13 F18 F8
A13A HN 8.7 1.3 40.0 F3 F13 F18 F8
E14A HN 7.8 2.8 1.8 F8
V15A HN 6.3 2.5 0.5 F8
116A HN 9.3 1.6 40.0 F3 F13 F18 F8
G17A HN 7.2 2.7 1.1 F8
T18A HN 7.7 0.8 2.2 F8
T19A HN 8.7 2.3 40.0 F3 F13 F18 F8
L20A HN 9.2 2.6 40.0 F3 F13 F18 F8
M21A HN 9.6 2.9 40.0 F3 F13 F18 F8
K22A HN 12.0 3.8 40.0 F3 F13 F18 F8
F23A HN 12.0 3.8 40.0 F3 F13 F18 F8
S24A HN 10.7 3.8 40.0 F3 F13 F18 F8
E25A HN 12.0 3.8 40.0 F3 F13 F18 F8
G26A HN 12.0 3.8 40.0 F3 F13 F18 F8
F27A HN 12.0 3.8 40.0 F3 F13 F18 F8
R29A HN 11.5 3.4 40.0 F3 F13 F18 F8
L30A HN 11.9 3.9 40.0 F3 F13 F18 F8
W31A HN 11.3 3.3 40.0 F3 F13 F18 F8
S33A HN 10.3 2.5 40.0 F3 F13 F18 F8
V34A HN 10.6 26 40.0 F3 F13 F18 F8
G35A HN 12.0 4.9 40.0 F3 F13 F18 F8
C39A HN 8.9 3.4 40.0 F3 F13 F18 F8
Y40A HN 7.3 26 1.1 F8
C41A HN 12.0 5.9 40.0 F3 F13 F18 F8
S43A HN 4.3 23 1.3 F8
F44A HN 4.8 1.8 0.8 F8
Q49A HN 10.8 3.9 40.0 F3 F13 F18 F8
G57A HN 8.1 3.0 40.0 F3 F13 F18 F8
I58A HN 11.7 3.6 40.0 F3 F13 F18 F8
AS9A HN 9.5 3.8 40.0 F3 F13 F18 F8
YG60A HN 6.3 2.7 0.5 F3
162A HN 8.2 3.1 40.0 F3 F13 F18 F8
WG63A HN 8.2 3.1 40.0 F3 F13 F18 F8
V64A HN 6.2 2.7 0.5 F3
G65A HN 6.7 0.6 0.7 F3
V66A HN 10.3 4.4 40.0 F3 F13 F18 F8
G67A HN 5.9 0.7 0.7 F3
I68A HN 7.2 2.6 0.9 F3
VG69A HN 9.7 4.0 40.0 F3 F13 F18 F8
I71A HN 8.8 1.3 40.0 F3 F13 F18 F8
S72A HN 12.0 5.9 40.0 F3 F13 F18 F8
L74A HN 11.4 3.4 40.0 F3 F13 F18 F8
S75A HN 7.9 29 2.7 F18
WT76A HN 12.0 4.8 40.0 F3 F13 F18 F8
G77A HN 9.4 1.7 40.0 F3 F13 F18 F8
F79A HN 8.7 2.2 40.0 F3 F13 F18 F8
G80A HN 111 3.1 40.0 F3 F13 F18 F8
Q81A HN 11.8 3.8 40.0 F3 F13 F18 F8
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R82A HN 12.0 3.9 40.0 F3 F13 F18 F8
L83A HN 11.5 3.5 40.0 F3 F13 F18 F8
D84A HN 9.5 1.8 40.0 F3 F13 F18 F8
A87A HN 8.6 1.3 40.0 F3 F13 F18 F8
G90A HN 11.6 3.6 40.0 F3 F13 F18 F8
C95A HN 10.9 2.9 40.0 F3 F13 F18 F8
G97A HN 12.0 3.8 40.0 F3 F13 F18 F8
L103A HN 8.8 1.4 40.0 F3 F13 F18 F8
L104A HN 12.0 3.9 40.0 F3 F13 F18 F8
S105A HN 12.0 3.8 40.0 -
R106A HN 10.7 2.7 40.0 -
Y6B HN 9.2 1.6 40.0 F3 F13 F18 F8
G8B HN 10.2 24 40.0 F3 F13 F18 F8
G9B HN 7.3 2.8 1.2 F13
A10B HN 8.3 1.1 40.0 F3 F13 F18 F8
111B HN 8.5 3.2 40.0 F3 F13 F18 F8
G17B HN 7.6 2.8 1.8 F13
T18B HN 74 0.4 0.6 F13
T19B HN 11.3 3.2 40.0 F3 F13 F18 F8
K22B HN 12.0 3.8 40.0 F3 F13 F18 F8
E25B HN 11.2 3.2 40.0 F3 F13 F18 F8
G26B HN 10.4 2.5 40.0 F3 F13 F18 F8
R29B HN 10.1 2.3 40.0 F3 F13 F18 F8
L30B HN 11.0 3.0 40.0 F3 F13 F18 F8
W31B HN 9.8 2.1 40.0 F3 F13 F18 F8
S33B HN 10.1 2.3 40.0 F3 F13 F18 F8
V34B HN 12.0 3.9 40.0 F3 F13 F18 F8
G35B HN 12.0 3.8 40.0 F3 F13 F18 F8
S43B HN 6.9 2.7 0.8 F13
L47B HN 8.2 3.0 40.0 F3 F13 F18 F8
Q498 HN 9.6 3.9 40.0 F3 F13 F18 F8
L51B HN 9.0 1.5 40.0 F3 F13 F18 F8
A52B HN 11.2 3.2 40.0 F3 F13 F18 F8
Y53B HN 9.6 1.9 40.0 F3 F13 F18 F8
G57B HN 11.9 3.8 40.0 F3 F13 F18 F8
158B HN 11.8 3.7 40.0 F3 F13 F18 F8
A59B HN 9.4 1.8 40.0 F3 F13 F18 F8
Y60B HN 6.6 2.5 0.6 F18
A61B HN 9.9 3.1 40.0 F3 F13 F18 F8
162B HN 9.3 3.6 40.0 F3 F13 F18 F8
W63B HN 9.2 3.7 40.0 F3 F13 F18 F8
V66B HN 8.5 2.2 40.0 F3 F13 F18 F8
G67B HN 9.1 1.6 40.0 F3 F13 F18 F8
168B HN 9.0 2.5 40.0 F3 F13 F18 F8
V69B HN 9.8 2.0 40.0 F3 F13 F18 F8
S75B HN 11.5 3.4 40.0 F3 F13 F18 F8
W76B HN 9.1 1.5 40.0 F3 F13 F18 F8
G77B HN 12.0 3.9 40.0 F3 F13 F18 F8
F78B HN 12.0 3.8 40.0 F3 F13 F18 F8
F79B HN 12.0 3.8 40.0 F3 F13 F18 F8
G80B HN 10.6 2.7 40.0 F3 F13 F18 F8
Q81B HN 10.0 2.2 40.0 F3 F13 F18 F8
R82B HN 12.0 3.8 40.0 F3 F13 F18 F8
L83B HN 11.6 3.6 40.0 F3 F13 F18 F8
L85B HN 12.0 3.9 40.0 F3 F13 F18 F8
A87B HN 12.0 3.8 40.0 F3 F13 F18 F8




Go0oB HN 12.0 3.9 40.0 F3 F13 F18 F8
G97B HN 12.0 3.8 40.0 F3 F13 F18 F8
L103B HN 12.0 3.8 40.0 F3 F13 F18 F8
L104B HN 11.2 3.1 40.0 F3 F13 F18 F8
S105B HN 10.1 2.3 40.0 -

R106B HN 12.0 3.9 40.0 -

W63B HEA 3.8 3.8 2.0 F13




Supplementary Table 3. Distance violation statistics for the 25 lowest-violation structures from HADDOCK
structure calculation and detailed violation analysis for two complexes selected for further refinement in
MD simulations. The violation detail tables indicate distances from specified protein atoms to each of the
four ligand fluorines, to score against the original four-fold ambiguous dataset.

Number of Average Std. Dev. Sum Total of
Output Model Violations Violatior? (A) Violation (A) Violations (A)
complex 167w 6 04 0.2 2.3
complex 189w 6 04 0.2 2.3
complex 165w 7 0.3 0.2 2.3
complex 191w 7 0.3 0.2 2.3
complex 161w 6 04 0.2 2.4
complex 175w 6 04 0.2 2.4
complex 183w 8 0.3 0.2 2.4
complex 180w 6 04 0.1 2.5
complex 174w 7 04 0.2 2.5
complex 172w 6 04 0.2 2.6
complex 179w 7 04 0.2 2.6
complex 160w 7 04 0.2 2.7
complex 158w 10 0.3 0.1 2.8
complex 176w 7 04 04 2.9
complex 159w 8 04 0.3 3.2
complex 169w 7 0.5 0.6 3.3
complex 166w 6 0.6 0.8 3.5
complex 154w 9 04 0.2 3.5
complex 171w 7 0.5 0.6 3.7
complex 170w 7 0.5 0.5 3.8
complex 95w 7 0.6 0.3 3.9
complex 163w 5 0.8 1.3 4.1
complex 148w 6 0.7 1.1 4.1
complex 49w 7 0.6 04 4.1
complex 177w 7 0.6 0.8 4.1

Violation Details for complex 167w (lowest sum total of violations)
Residue | Atom [ Restraint Range (A) | Model Distances (A) | Violation Magnitude (A)

V15A HN 3.8-6.8 9.0,14.7,7.2,11.8 0.4
G67A HN 52-6.6 10.4,15.4,11.9,6.9 0.3
S75A HN 5.0 -10.6 11.0, 20.9, 17.2, 16.5 0.4
G9B HN 4.5-85 16.9, 8.7, 18.1, 16.1 0.2
T18B HN 7.0-8.0 16.6, 8.7, 10.9, 11.1 0.7
Y60B HN 41-7.2 7.5,10.5,15.4,11.1 0.3

Violation Details for complex 163w (lowest number of violations)
Residue | Atom | Restraint Range (A) | Model Distances (A) | Violation Magnitude (A)

V15A HN 3.8-6.8 11.7,6.9, 15.6, 11.2 0.1
YGOA HN 3.6-6.8 6.9, 13.4,13.1,16.4 0.1
G67A HN 52-6.6 6.8,11.9, 16.1, 12.6 0.2
S75A HN 5.0 -10.6 16.3, 17.3, 22.5, 14.0 3.4
G9B HN 4.5-85 16.0, 18.3, 8.8, 14.8 0.3




Supplementary Table 4. Detailed H"-F distance constraints between EmrE and F4-TPP* used in the
GROMACS refinement stage of structure calculation.

Constraint Atoms Constr. Range Constraint Atoms Constr. Range |
Res. Atom Fluorine ro (A) ri (A) Res. Atom Fluorine ro(A) ri(A)
G8A HN F3 7.7 40 Y6B HN F3 7.6 40
G8A HN F13 7.7 40 Y6B HN F13 7.6 40
G8A HN F18 7.7 40 Y6B HN F18 7.6 40
G8A HN F8 7.7 40 Y6B HN F8 7.6 40
G9A HN F3 8.2 40 G8B HN F3 7.8 40
G9A HN F13 8.2 40 G8B HN F13 7.8 40
G9A HN F18 8.2 40 G8B HN F18 7.8 40
G9A HN F8 8.2 40 G8B HN F8 7.8 40
A10A HN F3 8.1 40 G9B HN F13 4.5 8.5
A10A HN F13 8.1 40 A10B HN F3 7.2 40
A10A HN F18 8.1 40 A10B HN F13 7.2 40
A10A HN F8 8.1 40 A10B HN F18 7.2 40
11A HN F3 5.3 40 A10B HN F8 7.2 40
11A HN F13 5.3 40 111B HN F3 5.3 40
11A HN F18 5.3 40 111B HN F13 5.3 40
11A HN F8 5.3 40 111B HN F18 5.3 40
A13A HN F3 7.4 40 111B HN F8 5.3 40
A13A HN F13 7.4 40 G17B HN F13 4.8 9.4
A13A HN F18 7.4 40 T18B HN F13 7 8
A13A HN F8 7.4 40 T19B HN F3 8.1 40
E14A HN F8 5 9.6 T19B HN F13 8.1 40
V15A HN F8 3.8 6.8 T19B HN F18 8.1 40
[16A HN F3 7.7 40 T19B HN F8 8.1 40
[16A HN F13 7.7 40 K22B HN F3 8.2 40
[16A HN F18 7.7 40 K22B HN F13 8.2 40
[16A HN F8 7.7 40 K22B HN F18 8.2 40
G17A HN F8 4.5 8.3 K22B HN F8 8.2 40
T18A HN F8 6.9 9.9 E25B HN F3 8 40
T19A HN F3 6.4 40 E25B HN F13 8 40
T19A HN F13 6.4 40 E25B HN F18 8 40
T19A HN F18 6.4 40 E25B HN F8 8 40
T19A HN F8 6.4 40 G26B HN F3 7.9 40
L20A HN F3 6.6 40 G26B HN F13 7.9 40
L20A HN F13 6.6 40 G26B HN F18 7.9 40
L20A HN F18 6.6 40 G26B HN F8 7.9 40
L20A HN F8 6.6 40 R29B HN F3 7.8 40
M21A HN F3 6.7 40 R29B HN F13 7.8 40
M21A HN F13 6.7 40 R29B HN F18 7.8 40
M21A HN F18 6.7 40 R29B HN F8 7.8 40
M21A HN F8 6.7 40 L30B HN F3 8 40
K22A HN F3 8.2 40 L30B HN F13 8 40
K22A HN F13 8.2 40 L30B HN F18 8 40
K22A HN F18 8.2 40 L30B HN F8 8 40
K22A HN F8 8.2 40 W31B HN F3 7.7 40
F23A HN F3 8.2 40 W31B HN F13 7.7 40
F23A HN F13 8.2 40 W31B HN F18 7.7 40
F23A HN F18 8.2 40 W31B HN F8 7.7 40
F23A HN F8 8.2 40 S33B HN F3 7.8 40
S24A HN F3 6.9 40 S33B HN F13 7.8 40
S24A HN F13 6.9 40 S33B HN F18 7.8 40
S24A HN F18 6.9 40 S33B HN F8 7.8 40




S24A HN F8 6.9 40 V34B HN F3 8.1 40
E25A HN F3 8.2 40 V34B HN F13 8.1 40
E25A HN F13 8.2 40 V34B HN F18 8.1 40
E25A HN F18 8.2 40 V34B HN F8 8.1 40
E25A HN F8 8.2 40 G35B HN F3 8.2 40
G26A HN F3 8.2 40 G35B HN F13 8.2 40
G26A HN F13 8.2 40 G35B HN F18 8.2 40
G26A HN F18 8.2 40 G35B HN F8 8.2 40
G26A HN F8 8.2 40 S43B HN F13 4.2 7.7
F27A HN F3 8.2 40 L47B HN F3 5.2 40
F27A HN F13 8.2 40 L47B HN F13 5.2 40
F27A HN F18 8.2 40 L47B HN F18 5.2 40
F27A HN F8 8.2 40 L47B HN F8 5.2 40
R29A HN F3 8.1 40 Q498 HN F3 5.7 40
R29A HN F13 8.1 40 Q498 HN F13 5.7 40
R29A HN F18 8.1 40 Q498 HN F18 5.7 40
R29A HN F8 8.1 40 Q498 HN F8 5.7 40
L30A HN F3 8 40 L51B HN F3 7.5 40
L30A HN F13 8 40 L51B HN F13 7.5 40
L30A HN F18 8 40 L51B HN F18 7.5 40
L30A HN F8 8 40 L51B HN F8 7.5 40
W31A HN F3 8 40 A52B HN F3 8 40
W31A HN F13 8 40 A52B HN F13 8 40
W31A HN F18 8 40 A52B HN F18 8 40
W31A HN F8 8 40 A52B HN F8 8 40
S33A HN F3 7.8 40 Y53B HN F3 7.7 40
S33A HN F13 7.8 40 Y53B HN F13 7.7 40
S33A HN F18 7.8 40 Y53B HN F18 7.7 40
S33A HN F8 7.8 40 Y53B HN F8 7.7 40
V34A HN F3 8 40 G57B HN F3 8.1 40
V34A HN F13 8 40 G57B HN F13 8.1 40
V34A HN F18 8 40 G57B HN F18 8.1 40
V34A HN F8 8 40 G57B HN F8 8.1 40
G35A HN F3 7.1 40 158B HN F3 8.1 40
G35A HN F13 7.1 40 158B HN F13 8.1 40
G35A HN F18 7.1 40 158B HN F18 8.1 40
G35A HN F8 7.1 40 158B HN F8 8.1 40
C39A HN F3 5.5 40 A59B HN F3 7.6 40
C39A HN F13 5.5 40 A59B HN F13 7.6 40
C39A HN F18 5.5 40 A59B HN F18 7.6 40
C39A HN F8 5.5 40 A59B HN F8 7.6 40
Y40A HN F8 4.7 8.4 Y60B HN F18 4.1 7.2
C41A HN F3 6.1 40 A61B HN F3 6.8 40
C41A HN F13 6.1 40 A61B HN F13 6.8 40
C41A HN F18 6.1 40 A61B HN F18 6.8 40
C41A HN F8 6.1 40 A61B HN F8 6.8 40
S43A HN F8 2 5.6 1628 HN F3 5.7 40
F44A HN F8 3 5.6 162B HN F13 5.7 40
Q49A HN F3 6.9 40 162B HN F18 5.7 40
Q49A HN F13 6.9 40 1628 HN F8 5.7 40
Q49A HN F18 6.9 40 W63B HN F3 5.5 40
Q49A HN F8 6.9 40 W63B HN F13 5.5 40
G57A HN F3 5.1 40 W63B HN F18 5.5 40
G57A HN F13 5.1 40 W63B HN F8 5.5 40
G57A HN F18 5.1 40 V668 HN F3 6.3 40
G57A HN F8 5.1 40 \V66B HN F13 6.3 40




I58A HN F3 8.1 40 V668 HN F18 6.3 40
I58A HN F13 8.1 40 V668 HN F8 6.3 40
I58A HN F18 8.1 40 G67B HN F3 7.5 40
I58A HN F8 8.1 40 G67B HN F13 7.5 40
AS59A HN F3 5.7 40 G67B HN F18 7.5 40
AS59A HN F13 5.7 40 G67B HN F8 7.5 40
AS59A HN F18 5.7 40 168B HN F3 6.5 40
A59A HN F8 5.7 40 168B HN F13 6.5 40
YG60A HN F3 3.6 6.8 168B HN F18 6.5 40
162A HN F3 5.1 40 168B HN F8 6.5 40
162A HN F13 5.1 40 V69B HN F3 7.8 40
162A HN F18 5.1 40 V69B HN F13 7.8 40
162A HN F8 5.1 40 V69B HN F18 7.8 40
WG3A HN F3 5.1 40 V69B HN F8 7.8 40
WG3A HN F13 5.1 40 S75B HN F3 8.1 40
WG3A HN F18 5.1 40 S75B HN F13 8.1 40
WG3A HN F8 5.1 40 S75B HN F18 8.1 40
V64A HN F3 3.5 6.7 S75B HN F8 8.1 40
G65A HN F3 6.1 7.4 W76B HN F3 7.6 40
V66A HN F3 5.9 40 W76B HN F13 7.6 40
V66A HN F13 5.9 40 W76B HN F18 7.6 40
V66A HN F18 5.9 40 W76B HN F8 7.6 40
V66A HN F8 5.9 40 G77B HN F3 8.1 40
G67A HN F3 5.2 6.6 G77B HN F13 8.1 40
I68A HN F3 4.6 8.1 G77B HN F18 8.1 40
V69A HN F3 5.7 40 G77B HN F8 8.1 40
V69A HN F13 5.7 40 F78B HN F3 8.2 40
V69A HN F18 5.7 40 F78B HN F13 8.2 40
V69A HN F8 5.7 40 F78B HN F18 8.2 40
I71A HN F3 7.5 40 F78B HN F8 8.2 40
I71A HN F13 7.5 40 F79B HN F3 8.2 40
[71A HN F18 7.5 40 F79B HN F13 8.2 40
[71A HN F8 7.5 40 F79B HN F18 8.2 40
S72A HN F3 6.1 40 F79B HN F8 8.2 40
S72A HN F13 6.1 40 G80B HN F3 7.9 40
S72A HN F18 6.1 40 G80B HN F13 7.9 40
S72A HN F8 6.1 40 G80B HN F18 7.9 40
L74A HN F3 8 40 G80B HN F8 7.9 40
L74A HN F13 8 40 Q81B HN F3 7.8 40
L74A HN F18 8 40 Q81B HN F13 7.8 40
L74A HN F8 8 40 Q81B HN F18 7.8 40
S75A HN F18 5 10.6 Q81B HN F8 7.8 40
W76A HN F3 7.2 40 R82B HN F3 8.2 40
W76A HN F13 7.2 40 R82B HN F13 8.2 40
W76A HN F18 7.2 40 R82B HN F18 8.2 40
W76A HN F8 7.2 40 R82B HN F8 8.2 40
G77A HN F3 7.7 40 L83B HN F3 8 40
G77A HN F13 7.7 40 L83B HN F13 8 40
G77A HN F18 7.7 40 L83B HN F18 8 40
G77A HN F8 7.7 40 L83B HN F8 8 40
F79A HN F3 6.5 40 L85B HN F3 8.1 40
F79A HN F13 6.5 40 L85B HN F13 8.1 40
F79A HN F18 6.5 40 L85B HN F18 8.1 40
F79A HN F8 6.5 40 L85B HN F8 8.1 40
G80A HN F3 8 40 A87B HN F3 8.2 40
G80A HN F13 8 40 A87B HN F13 8.2 40




G80A HN F18 8 40 A87B HN F18 8.2 40
G80A HN F8 8 40 A87B HN F8 8.2 40
Q81A HN F3 8 40 G90B HN F3 8.1 40
Q81A HN F13 8 40 G90B HN F13 8.1 40
Q81A HN F18 8 40 G90B HN F18 8.1 40
Q81A HN F8 8 40 G90B HN F8 8.1 40
R82A HN F3 8.1 40 G97B HN F3 8.2 40
R82A HN F13 8.1 40 G97B HN F13 8.2 40
R82A HN F18 8.1 40 G97B HN F18 8.2 40
R82A HN F8 8.1 40 G97B HN F8 8.2 40
L83A HN F3 8 40 L103B HN F3 8.2 40
L83A HN F13 8 40 L103B HN F13 8.2 40
L83A HN F18 8 40 L103B HN F18 8.2 40
L83A HN F8 8 40 L103B HN F8 8.2 40
D84A HN F3 7.7 40 L104B HN F3 8.1 40
D84A HN F13 7.7 40 L104B HN F13 8.1 40
D84A HN F18 7.7 40 L104B HN F18 8.1 40
D84A HN F8 7.7 40 L104B HN F8 8.1 40
A87A HN F3 7.3 40 W63B HE1 F13 0 5.8
A87A HN F13 7.3 40
A87A HN F18 7.3 40
A87A HN F8 7.3 40
G90A HN F3 8 40
G90A HN F13 8 40
G90A HN F18 8 40
G90A HN F8 8 40
C95A HN F3 8 40
C95A HN F13 8 40
C95A HN F18 8 40
C95A HN F8 8 40
G97A HN F3 8.2 40
G97A HN F13 8.2 40
G97A HN F18 8.2 40
G97A HN F8 8.2 40
L103A HN F3 7.4 40
L103A HN F13 7.4 40
L103A HN F18 7.4 40
L103A HN F8 7.4 40
L104A HN F3 8.1 40
L104A HN F13 8.1 40
L104A HN F18 8.1 40
L104A HN F8 8.1 40
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Supplementary Table 5. Distance constraint violation statistics for the 10 lowest-violation structures from
the GROMACS refinement stage of structure calculation and detailed violation analysis for two complexes
selected from the two MD runs. Violation detail tables indicate distances from specified protein atoms to
each of the four ligand fluorines, to score against the original four-fold ambiguous data set.

Ensemble MD Timepoint | MD Number of Average Std. Dev. Sum Total of
Conformer # (ns) Run # | Violations | Violation (A) | Violation (A) | Violations (A)
1 280 2 4 0.2 0.1 0.8
2 200 2 5 0.3 0.2 1.5
3 210 2 5 0.3 0.3 1.7
4 335 2 4 0.4 0.2 1.7
5 330 1 4 0.4 0.2 1.8
6 335 1 4 0.5 0.3 1.8
7 355 1 5 0.4 0.1 1.8
8 260 2 3 0.6 0.2 1.9
9 385 1 4 0.5 0.2 1.9

10 315 1 5 0.4 0.2 1.9

Violation Details for Conformer 1 (Run 2, 280 ns timepoint)

Residue | Atom | Restraint Range (A) | Model Distances (A) | Violation Magnitude (A)
V15A HN 3.8-6.8 10.9, 7.0, 15.0, 9.6 0.2
Y60A HN 3.6-6.8 6.9, 14.1,13.9, 16.6 0.1
G9B HN 45-8.5 16.8, 18.4, 8.9, 14.8 0.4
T18B HN 7.0-8.0 10.8, 13.7, 8.1, 16.6 0.1

Violation Details for Conformer 5 (Run 1

, 330 ns timepoint)

Residue | Atom [ Restraint Range (A) | Model Distances (A) | Violation Magnitude (A)
V15A HN 3.8-6.8 12.6, 16.8, 7.3, 13.5 0.5
Y60A HN 3.6-6.8 17.0,14.4,13.4,7.0 0.2
G9B HN 45-8.5 15.1,9.2,18.3, 17.7 0.7
T18B HN 7.0-8.0 17.8,8.4,13.7, 13.6 0.4
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Supplementary Table 6. Detailed parameters for the solid-state NMR experiments for resonance
assignment and distance measurements of F4-TPP* bound CDN-labeled EmrE in DMPC bilayers at pH
8.0. The protein : lipid molar ratio is 1 : 25.

Experiment NMR Parameters Expt. Time
TH'5N solution Bo=17.6T; Texr =318 K;ns =16 (32 for pH 8.4); d1=2s 2hr*3+4hr=10
TROSY-HSQC hr
2D hNH Bo=14.1T; 1.3 mm HCN; Texr = 280 K (Tset = 248 K); vmas = 55 kHz; ns = 48; 6 hr
Trd = 1.2 S; TCP-HN = 1.2 mS; ViH-CP,HN = 93.5 kHZ; V15N-CP,HN = 38.5 kHZ; t1,max =
45 ms; t1,inc = 300.0 MS; V1H-DD t1evol = 10 kHz; Tsolsup = 200 ms; V1H-solsup = 15
kHZ; TCP-NH = 1.0 mS; ViH-CcP,NH = 93.5 kHZ; V15N-CP,NH = 38.5 kHZ; Tdwell = 10.0
US; Tacq = 20.48; V1sN-DD.acq = 10 KHZ; V13c-pp.acq = 10 kHz
3D hCANH Bo=14.1T; 1.3 mm HCN; Ter = 280 K (Tset = 248 K); vmas = 55 kHz; ns = 24 17 hr*3 =51 hr
(8 *3 b|OCkS); Trd = 1.8 S, TcP-HC = 1.1 msS; ViH-cP,HC = 90.0 kHZ; V13C-CP,HC = 35
kHz; t1 max = 4.32 ms; t1,inc = 160.0 YS; ViH-DD, t1evol = 10 kHZz; Tpcpcn = 7.4 ms;
V13c-DCP = 35.0 kHZ; V15N-DCP = 20.0 kHZ; V1H-DD,DCP = 10 kHZ; t2,max =105 ms;
t2,inc =300 MUS; V1H-DD, t2evol = 10 kHz; Tsolsup = 200 ms; V1iH-solsup = 15 kHz; TcpnH
=1.0 mS; ViH-CP,NH = 93.5 kHZ; V15N-CP,NH = 38.5 kHZ; Tdwell = 10.0 MS; Tacq =
20.48 MS; V15N-DD,acq = 10 kHZ; V13C-DD,acq = 10 kHz
3D hCOcaNH Bo=14.1T; 1.3 mm HCN; Ter = 280 K (Tset = 248 K); vmas = 55 kHz; ns = 40 20 +30 =50 hr
(16 + 24); Td = 1.4 S; TcP-HC = 1.4 msS; ViH-cP,HC = 93.5 kHZ; V13C-CP,HC = 38.5
KHz; t1 max = 5.0 ms; t1,nc = 250.0 YS; V1H-0D, trevol = 10 KHZ; Tpream = 6.5 ms;
Tocp-cN = 5.0 ms; vizc.ocp = 20.0 kHz; visn.pep = 35.0 kHz; vinop,ocp = 10 kHz;
t2,max =10.5 ms; t2,inc =300.0 MS; V1H-DD, t2evol = 10 kHz; Tsolsup = 200 ms; V1n-
solsup = 15 kHZ; Tep-nt = 0.70 mS; ViH-cP,NH = 93.5 kHZ; V15N-CP,NH = 38.5 kHZ;
Tawen = 10.0 MUS; Tacqg = 20.48 MS; V15N-DD,acq = 10 kHZ; V13C-DD,acq = 10 kHz
3D hCONH Bo=14.1T; 1.3 mm HCN; Terr = 280 K (Tset = 248 K); vmas = 55 kHz; ns = 16; 17.4 hr
Trd = 1.2 S; TcP-HC = 1.5 mS; ViH-cP,HC = 93.5 kHZ; V13C-CP,HC = 38.5 kHZ; t1,max =
5.0 ms; t1,inc = 250.0 pS; ViH-0D, tevol = 10 KHZ; Tocp-cn = 7.1 MS; Vasc.ocp =
35.0 kHZ; V15N-DCP = 20.0 kHZ; V1H-DD,DCP = 10 kHZ; tz,max =105 ms; t2,inc =
300.0 ps; ViH-0D, t2evol = 10 KHZ; Tsoisup = 200 MS; Vinsoisup = 15 kHz; Tepnn =
0.8 msS; ViH-cP,NH = 93.5 kHZ; V15N-CP,NH = 38.5 kHZ; Tdwell = 10.0 MS; Tacq =
20.48 MS; V15N-DD,acq = 10 kHZ; V13C-DD,acq = 10 kHz
3D hCAcoNH Bo=14.1T; 1.3 mm HCN; Ter = 280 K (Tset = 245 K); vmas = 55 kHz; ns = 32 2*27 hr=54hr

(16 *2 b|0CkS); Tra = 1.4 s; Tcptc = 1.0 ms; V1H-CP,HC = 93.5 kHz; V13C-CP,HC =
38.5 kHZ; t1,max =4.32 ms; t1,inc =160.0 MS; V1H-DD, t1evol = 10 kHZ; Toream = 5.0
ms; Tocp-cn = 6.0 ms; visc.ocp = 35.0 kHz; visn.ocp = 20.0 kHz; vin.pp,oce = 10
kHz; t2,max = 10.5 ms; t2,inc = 300.0 YS; V1H-pD, t2evol = 10 KHZ; Tsoisup = 200 ms;
Vin-solsup = 15 KHZ; Tepnn = 1.1 mS; Vincpnn = 93.5 KHZ; visn.cpnm = 38.5 kHz;
Tdwell = 10.0 MS; Tacqg = 20.48 MS; V15N-DD,acq = 10 kHZ; V13C-DD,acq = 10 kHz

3D hcaCBcaNH

Bo=14.1T; 1.3 mm HCN; Ter = 280 K (Tset = 245 K); vmas = 55 kHz; ns = 24
(8 *3 b|OCkS); Ta=1.28; Tcp-hc = 1.1 ms; V1H-CP,HC = 93.5 kHz; V13C-CP,HC =
38.5 kHZ; t1,max =4.48 ms; t1,inc =102.0 MS; V1H-DD, t1evol = 10 kHZ; TiNepT = 6.5
ms * 2; Tz = 3.0 mS; Tpcp-cN = 7.8 mS; V13c-bcp = 30.0 kHZ; V15N-DCP = 25.0
kHz; t2,max = 10.5 ms; t2,inc = 300.0 YS; V1H-pD, t2evol = 10 KHZ; Tsoisup = 200 ms;
Vitsolsup = 15 KHZz; Tecpnm = 1.2 mS; Vincp i = 93.5 kHz; visn.cpnn = 38.5 kHz;
Tawel = 10.0 MS; Tacqg = 20.48 MS; V15N-DD,acq = 10 kHZ; V13C-DD,acq = 10 kHz

3*19hr=57hr

3D hcaCBcacoNH

Bo=14.1T; 1.3 mm HCN; Terr = 280 K (Tset = 245 K); vmas = 55 kHz; ns = 32
(16 *2 b|OCkS); Ta = 1.58; Tcpc = 1.1 ms; V1H-CP,HC = 93.5 kHz; V13C-CP,HC =
38.5 kHz; t1,max = 4.48 ms; t1inc = 102.0 US; Vin.0D, t1evol = 10 kHZ; Tingpr = 6.5
ms * 2; Tz = 3.0 MS; TbREAM = 3.8 mS; Tpcp-cN = 6.0 MS; Vi3c-Dcp = 30.0 kHZ;
Visn-pep = 25.0 kHz; tz max = 10.5 ms; tzinc = 300.0 YS; Vin-op, t2evol = 10 KHZ;
Tsolsup = 200 MS; Vinsolsup = 15 kHZ; Tecpnn = 1.2 mS; vin.cpni = 93.5 kHZz; visn
cp,NH = 38.5 kKHZ; Tawen = 10.0 YS; Tacq = 20.48 mMS; V1isn-DD,acq = 10 kHZ; viac.
DD,acq = 10 kHz

2*46.5hr=93 hr

2D "9F-19F Bo=14.1T; 1.9 mm HFX; Tert = 285 K (Tset = 250 K); vmas = 38 kHz; 14 = 2.0 5.7 hr per ns =
exchange, S; t1,max = 1.579 ms; t1inc = 78.95 YS; VinDD, ttevol = 10 KHZ; Tawenl = 2.5 YS; Tacq 256 block, total
(Intermediate T) =7.68 ms; Vinop,acqg = 10 kHz; ns = [256, 256, 256, 256, 384, 512, 256], tmix = 48.5 hr
[0.1,1.0,5.0,10.0, 20.0, 40.0, 75.0] ms
2D H-N HN-F Bo=14.1T; 1.9 mm HFX; Tex = 282 K (Tset = 243 K); vuas = 38 kHz; 14 = 2.0 31.5*2=63hr,
REDOR, S, TCP-HN = 0.7 MmS; V1H-CP,HN = 88.0 kHZ; V15N-CP,HN = 50.0 kHZ; J[1,max =28 ms; 28.7*2=575 hl’,
So and S pair t1,inc = 200.0 YS; V1H-DD, ttevol = 10 KHZ; Tsoisup = 200 MS; Vin-solsup = 15 kHz; Tep- 329*2=65.7 hr
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HN = 0.7 mS; ViH-cP,NH = 88.0 kHZ; V15N-CP,HN = 50.0 kHZ; V19F pulse = 83.3 kHZ; Total = 186 hr
V15N-DD, REDOR = 10 kHz; Tgwen = 15.0 MS; Tacqg = 30.7 ms; V15N-DD,acq = 10 kHz, ns
(S and Sp each) = [56+64+64 = 184, 40+64+64 = 168, 128+64 = 192],
NTr,REDOR = [64, 96, 144], Tmix, REDOR = [1 .68, 2.52, 3.78] ms

Symbols: By = magnetic field; NMR probe (rotor diameter, channels); Ter = effective sample temperature;
Tset = thermocouple-reported bearing gas temperature; vmas = MAS frequency; ns = number of scans
(transients) per free induction decay (FID); 1.d = recycle delay between scans; t1 max = maximum t; (indirect
dimension 1) evolution time; t1,inc = increment for t; (indirect dimension 1) evolution time; t2,max = maximum
t2 (indirect dimension 2) evolution time; t2inc = increment for t2 (indirect dimension 2) evolution time; Towen =
dwell time during direct FID acquisition; Tacq = maximum acquisition time during direct FID detection; Tcp-xy
= cross polarization (CP) contact time during CP from channel X to channel Y; vauc.crxy = radiofrequency
field strength for CP spin lock on nuc (nuc = 'H, *C, "N, or "F) during CP from X to Y; V11.0p, t1evol = 'H
dipolar decoupling field strength during t1 evolution; vin.op, zevoi = 'H dipolar decoupling field strength during
t2 evolution; vnucop, acg = dipolar decoupling field strength during FID acquisition on channel nuc; Toce-xy =
CP contact time during heteronuclear (specific / double) CP from channel X to channel Y; Viucoce =
radiofrequency spin lock field strength on nuc during heteronuclear CP; viu.oppce = 'H dipolar decoupling
field strength during heteronuclear CP; Toream = spin lock contact time during homonuclear coherence
transfer with the DREAM condition; Tinert = delay for antiphase coherence evolution/reconversion for Ca-
Cb INEPT; 1zr = post-INEPT Z-filter time for removal of unwanted coherences; Tsoisup = Solvent suppression
mixing time during MISSISIPPI period; vin-soisup = radiofrequency field strength during solvent suppression;
Nn.r rebor = Number of rotor periods of REDOR recoupling; Vior puise = '°F pulse field strength during REDOR
recoupling; visn-op, repor = "°N dipolar decoupling field strength during REDOR recoupling.
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Supplementary Figure 1. pK, determination of F4-TPP*-bound S64V-EmrE by solution NMR in
DMPC/DHPC bicelles. (a) 'H chemical shifts for six well resolved residues as a function of pH. (b) "*N
chemical shifts for the same residues as a function of pH. Global fits (grey lines) were calculated, yielding
a pKa value of 6.9 + 0.1. The pH-dependent 'H and *N chemical shifts are provided as a Source Data file.
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predictions of Phi/Psi torsion angles. Errors for torsion angles are directly from TALOS output and

represent 1o error.
a high-pH and low-pH chemical shift difference
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Supplementary Figure 3. Chemical shift differences of EmrE backbone atoms between pH 8.0 and pH
5.8. (a) CA, CO, N, and H chemical shift differences between pH 8.0 and pH 5.8. (b) The Fs-TPP” binding
pocket in the low-pH and high-pH complex. The W63B indole ring is oriented differently with respect to the
TM3B helix between the two structures, while the W63A indole has similar orientation relative to TM3A at
both pH.
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Supplementary Figure 4. Conformational asymmetry between subunits A and B of EmrE in DMPC
bilayers. (a) Composite HN and "°N chemical shift differences between the two subunits. (b) Composite Ca.
and CO chemical shift differences between the two subunits. Dashed lines indicate the linewidth-based
estimate of the significance levels for chemical shift changes, which are 0.15 ppm for the composite amide
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17



sis,

sis,

sis,

sis,

sis,

sis,

sis,

sis,

sis,

sis,

sis,

sis,

G8A* G9A A10A A13A 116A"
1.0 o —
0.84 -
0.64 -
0.4+ - E E
g-g' r=9TA T = 150A T r=1224 1 re=87A Tra=78A r=93A =778
) T T T T T T T T T T T T T T T T T T
T19A" L20A* M21A* F23A S24A* E25A* G26A F27A* R29A*
g):g: S ] SRR ] o i i Ay S ] T °*° T :—o~n...
0.64 N A Y A > 4 . - - _ 4 .
0.4 - . - . 4 4 . 4 .
g-[z)' i =87A T =924 T ru=96A T r=150A T r=150A T r=107A = 149A T =154
) T T T T T T T T T T T T T T T T
L30A* W31A* S33A* V34A* G35A* C39A* C41A* F44A
1.0 +—o-o—e-..] o] b fw=48A
0.84 -
0.6+ -
0.4+ E
0.2+ r, =119A e =125A 1
0.04 E E
T T T 1 T T T T
Q49A* WGE3A* VB4A* V66A*
1'0_—.“9-& 7]
0.8 s ®
0.64 E
0.4 \ E
0.2 r,,=108A r=81A 1 e =95A r=82A e =103A
0.0 E E ]
T T T T T T T T T T T T T T T T T
G67A 168A* VB9A* I71A S72A* L74A* W76A* F78A*
1.0 L m=59A | T w=72A | ] - | - oo Tev—e...] vo—o 1 i
T SN | e =97A 7 re=88A i =134A o =114A T rae=150A T re=94A | r=81A
T T T T T T T T T T T T T T T T
G80A Q81A* R82A L83A* D84A G90A CO95A* GI7A*
. E E e — S —— e —— T —
1.0 O O S o e
0.8 . E B E s =2y E 1
0.6 E E e - - ] ]
0.4 - - B - . . - - -
g-g' i =87A qrw=111A 7 r=118A T r=126A T =115A T ri=95A T ru=86A T =116A T r=109A T =150A
) T T T T T T T T T T T T T T T T T T T T
L103A L104A S105A R106A Y6B G8B* G9B* A10B 111B* G17B*
1.0 o] S — et 4 N
< ® | S _— N
0.8 e - e, I B e ek E
0.64 N A . ] . Y 4 - NN
0.44 1 - B E . E e
g-g‘ e =88A 1 re=128A 1 e =150A e =107A 1 rw=92A | rm=102A | r=85A
) T T T T T T T T T T T T T T T T T T T T
T18B T19B* K22B* E25B* G26B R29B* L30B* W31B* S33B* V34B*
DR B B s ] sod Ty ] S sd ]
o =112A 1 e =104A T ra=101A e =121A
T T T T T T T T
Q49B* L51B A52B* A59B
‘—“\ . T %] ] 7] .
T r=96A I r=9.0A e =112A T r=96A
T T T T T T T T
W63B* V66B* G67B 168B*
T r=99A 1 i =93A T e =92A 1 r=85A e =91A T r=9.0A s =98A T re=115A T r=91A
T T T T T T T T T T T T T T T T T T
F78B F79B G80B* Q81B* R82B* L83B* L85B A87B G90B*
] e e ] *-—o ] s :—o-l.,.&_ *-o—o :—0-‘-...._! :——0—0—.._.._ *-o—o :——.-0—..___
1 =137A T r=150A 1 r=106A | rw=100A T rw=150A 1 rm=116A T re=1254 T e =150A 1 rm=125A
T T T T T T T T T T T T T T T T T T
L1038 L104B* S1058* R106B" W63Be 0 2 4 60 2 4 60 2 4 60 2 4 6
- * : [ ] = : SSy : ¢ Tmix [mS] Tmix [mS] Tmix [mS] Tmi)( [mS]
T re=15.0A 1 re=112A T rae=101A T re=124A
T T T T

T T T T T T T T
0 2 4 60 2 4 60 2 4 60 2 4 60 2 4 60 2 4 6
T [ms] T [ms] [ms] t_ [ms] [ms] [ms]

mix Tmix mix Tmix Tmix

18



Supplementary Figure 5. All resolved "H-"°F REDOR dephasing curves for the EmrE-TPP complex at pH
8.0 in DMPC bilayers. For each resolved H" peak, the simulated REDOR curve for the best-fit distance is
overlaid with the experimental data. Asterisks indicate residues whose signals are partially overlapped in
the 2D spectra.
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Supplementary Figure 6. Structure calculation of the pH 8.0 EmrE-TPP complex. (a) HADDOCK result
of docking F4-TPP™ into the pH 5.8 structure with the distance constraints obtained at pH 8.0. The left view
shows the 5 best models scored by the lowest sum of distance restraint violations (mean violation
magnitude 2.2 + 0.2 A, mean number of violations = 8.4 + 0.5). The right view shows the 5 best models
scored by the lowest number of violations (mean violation magnitude 2.4 + 0.3 A, mean number of
violations = 7.8 + 0.4). The ligand center P atom has an RMSD of 0.2 + 0.1 A for the left ensemble and 0.5
+ 0.3 A for the right ensemble. (b) Gromacs MD trajectory RMSD over 350-400 ns compared to the initial
state. MD is equilibrated by 200 ns for both runs. (c) Side views and top view of the pH 8.0 EmrE-TPP
ensemble. (d) Important binding-site sidechains (E14, Y40, F44, Y60 and W63) in the ensemble of 10
structures. Left view and right view differ by a ~180° rotation about the membrane normal.
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[\
Bottom (cytoplasmic side

Supplementary Figure 7. Structural comparison of the EmrE-TPP complexes at high and low pH. (a)
Surface views of the binding-site residues at high pH. (b) Surface views of the binding-site residues at low
pH. Top and bottom sides are functionally defined (see main text). At high pH, F4-TPP" is similarly and
modestly exposed to the two sides of the helical bundle due to the relatively parallel orientations of the TM
helices. In comparison, at low pH, F4-TPP* is well exposed to the top of the helical bundle in a shallow
binding pocket but is occluded at the bottom. We attribute the slower reorientation of the ligand at low pH
to the bottom constriction in the low-pH complex.
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Supplementary Figure 8. Additional 2D '°F-'°F exchange buildup curves of F4~-TPP* at high and low pH.
(a, b) Representative 2D '°F correlation spectra of F4~-TPP* with 1 ms and 40 ms mixing ms. (a) pH 8.0
data. (b) pH 5.8 data. These 2D spectra were measured at a sample temperature of ~285 K under 38 kHz
MAS. (c) Two cross sections from the 2D spectra at both pH, showing the signal-to-noise ratios. (d) 100
ms 2D "°F-"°F exchange spectrum of the pH 5.8 complex at an effective sample temperature of 258 K. No
exchange cross peaks are observed, indicating that when immobilized, the inter-fluorine distances within
each molecule are too long to be measured by spin diffusion on this timescale. Thus, the high-temperature
cross peaks result from substrate reorientation. (e) Exchange buildup curves for the pH 8.0 sample. The
diagonal peak’s decay rates are indicated in each panel. (f) Exchange buildup curves for the pH 5.8
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sample. The decay rates are smaller compared to the high-pH sample, indicating that the substrate
reorients more slowly at acidic pH. Data are presented as mean values +/- 2c. Error of intensity values
was propagated from spectral signal to noise, while fitting parameter errors were estimated by Monte Carlo
methods. The exchange peak intensities are provided as a Source Data file.
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Supplementary Figure 9. Determination of pH-dependent binding enthalpy. Drug binding to EmrE
releases protons, which are then bound by buffer, leading to a buffer-dependent contribution to the
observed binding enthalpy. ITC experiments were performed for TPP* binding to WT EmrE in isotropic
bicelles at 45°C at pH 5.5 (dark red), pH 6.5 (dark orange), pH 7.5 (cyan) and pH 8.5 (dark blue) with
multiple buffers, as previously reported in (18). Extrapolation of the observed binding enthalpy to AHionization
= 0 (dotted vertical line) allows determination of AHnina due solely to the interaction of TPP* with the
transporter, independent of the secondary protonation and deprotonation of the buffer. The thermodynamic
data are provided as a Source Data file.
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Supplementary Figure 10. Representative saturation recovery data of the EmrE-TPP complex. (a) High
pH data. (b) Low pH data. Asterisks indicate residues that are partially overlapped in the 2D hNH spectra.
Peak volumes were normalized by the largest value for each residue in the mixing time series and fit to a
single-exponential plateau buildup in a two-parameter fit. Error bars were propagated from the signal-to-
noise ratios (SNR) of each peak. Uncertainty of T fitting parameter was determined by a Monte Carlo error
estimation of 1000 trials and represents random uncertainty from the spectral SNRs and does not include
systematic errors that result from peak shifts or spectral overlap. Data are presented as mean values +/-
2c. Error of intensity values was propagated from spectral signal-to-noise ratios, while fitting parameter
errors were estimated by Monte Carlo methods. Intensity values are provided as a Source Data file.
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Supplementary Figure 11. Pulse diagrams for some of the 3D 'H-detected correlation experiments for
resonance assignment of EmrE at pH 8.0. (a) Intra-residue hcaCBcaNH experiment. (b) Inter-residue

hcaCBcacoNH experiment.

(¢) Inter-residue HncacoNH experiment.

(d) Inter-residue hNcacoNH

experiment. (e) 2D hNH-resolved water-edited experiment. A selective 180° pulse is used to select the
water magnetization, which is then allowed to diffuse to the protein amide protons during the variable delay
sp. (F) 2D hNH-resolved "H T+ relaxation experiment. MISSISSIPPI solvent suppression is used prior to
'H excitation to saturate the system, after which a variable delay tax allows the system to undergo T

relaxation.

26



nature portfolio

Peer Review File

High-pH Structure of EmrE Reveals the Mechanism of
Proton-Coupled Substrate Transport

l Open Access This file is licensed under a Creative Commons Attribution 4.0

@ @ International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons license, and indicate if
changes were made. In the cases where the authors are anonymous, such as is the case for the reports of
anonymous peer reviewers, author attribution should be to 'Anonymous Referee' followed by a clear
attribution to the source work. The images or other third party material in this file are included in the
article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.




<b>REVIEWER COMMENTS</B>

Reviewer #1 (Remarks to the Author):

Structural knowledge of ErmE is imperative to elucidate the mode of action of SMR transporters and to
develop inhibitors in the context of antimicrobial resistance. What is more, EmrE serves a model for
understanding proton-coupled transport.

This study by Hong and co-workers presents high-quality insights into the high pH structure of EmrE,
which is an important milestone to understand the transport mechanism of SMR transporters in a
physiologically relevant lipid environment. This is an impressive tour-de-force and merits publication in
Nature Communication.

Especially the 19F-based data open new vistas for solid-state NMR and add a distance dimension that
was previously unheard of in our community. We will see 19F-based bio-ssNMR applications more often
in the future, and the here presented data (along with the previous study by Hong/Henzler-Wildman)
are among the very best that | have seen.

| have some comments that | would like to see addressed:

1. Figure 4: There seems some confusion regarding the perspective and/or colouring of subunits A and
B. Why is the blue subunit in front in ¢) and in the back in d)? It seems that a 270° rotation was applied
to a), yet a 90° rotation to b). Please align the representation.

2. 1 do not have practical experience in 19F-19F spin diffusion, and this applies to the vast majority of the
biological ssNMR community. It would hence instil trust in the validity of the 19F-19F exchange data if
the authors showed the data obtained at 265 K, where no exchange was observed. This was done in the
previous low pH EmrE paper, but the longitudinal exchange/transfer time was longer in this manuscript.
Please also provide cross-sections at the relevant peak positions. This could be done in the Supporting
Information.

3. Please provide a detailed violation analysis for the structure determinations in the Supporting
Information. Please also provide more information on how the distance restraints were implemented in
HADDOCK, what were upper and lower boundaries, what were the force constants. It would also be
useful to provide this kind of information for the MD simulations.

4. It is intriguing to see that the dynamics of the substrate increases at high pH, although the binding
affinity for TPP+ is higher at high pH. Given that drug binding specificity usually rather relates to
enthalpic contributions and given that the substrate specificity of EmrE is apparently low, | would expect
that entropic contributions play a considerable role in substrate binding/binding affinity. Could the
authors comment on this? Are ITC data known for EmrE?



Markus Weingarth

Reviewer #2 (Remarks to the Author):

Shcherbakov and co-authors determined a dimeric SMR transporter EmrE in a complex with F4- TPP+ at
high pH (two E14 sites - deprotonated). They also determined recently determined another state of
EmrE, with F4- TPP at low pH (one of the E14 should be protonated). By comparison with two structures,
they discuss the structural changes and proton-substrate coupling mechanism.

General comments

EmrE has been well-characterized as a model system of the SMR transport family. This paper found that
EmrE has a more elongated and spacious binding pocket in the high-pH, and the substrate is more
dynamic than in the low-pH. They also found that the dissociation of protons induces a small opening on
either side of the membrane. They propose that these protonation/deprotonation-dependent
conformational differences explain how proton plays a role in conformation changes coupling with
substrate release in EmrE.

High-resolution structural data of EmrE are already available recently by the same group (Scherbakov et
al. Nat Commun. — Ref39), but this time "the missing link structure — a substrate-bound form in the high-
pH condition" was determined. Therefore, the value of this paper should be more properly assessed by
pairing together with a low-pH structure. Considering its importance as a potential future drug target,
and a deeper insight into the transport mechanism of EmrE is of broad interest to the scientific
community. The author's group is an expert on EmrE using solution or solid-state NMR technique; thus,
their accumulated functional and structural analyses are sound.

Although there is still an argument of precise pKa value of E14 residues (e.g., Ref 21, 30 32), the results
are expected to be largely in line with the results that have been obtained so far, such as asymmetric
protonation, two independent pKa of E14...

In my view, the discussion and conclusions derived from the experiment are reasonable to present. |
enjoyed reading and but | have some questions and suggestions that could improve the manuscript.

Page 5.



The authors discuss the hydration level in the binding pocket. This is shown by water-edited 2D hNH
spectra. The authors are also experts in MD simulation, so it seems like the environment is ready. How
about simulating how water molecules affect the conformation of the TM helices and the volume
change of the binding pocket? The outcome might support further "The fact that these significant
structural changes result exclusively from a pH change is remarkable. page 5"

Page 6. In the final paragraph, the author mentions

> This suggests that after a toxic substrate has bound to the protein from the cytoplasm and EmrE
adopts a conformation similar to Fig. S7a, there is sufficient space for protons to enter and bind E14
from the periplasmic side. This could then trigger a conformational change to a state similar to our low-
pH structure, with the transporter open to the periplasmic (low pH) side of the membrane. In this state,
the toxic substrate is bound more peripherally to the central transport pore and is primed for release in
accord with the enhanced off rate in the drug- and proton-bound state.

This is an exciting mechanistic proposal. Is it possible to add any supportive evidence from previous
results or simulations? e.g., if you run the MD simulation using a high-pH structure as a starting model
and then protonate one or both of E14 sites, does the protonation induces conformational changes and
makes the substate possible to be released to the periplasmic side?

Minor comments
Results — first paragraph

the pKa of S64V-EmrE — do you mean the pl value? Alternatively, pKa value of specific residue, please
specify.

Reviewer #3 (Remarks to the Author):

In this paper, the authors present the high pH structure of the small multidrug transporter EmrE.

EmrE has been a paradigm for secondory drug-protein antiporters but it raised many questions with
respect

to structure, oligomerisation, transport cycle and stoichiometry. There is now converging evidence that
EmrE

is an asymmtric, antiparallel dimer with two Glue (E14) coordinating substrate and proton binding.



In a previous paper, the authors have presented the low pH structure of EmrE in lipid bilayers based on
solid-state NMR. Here, they extend this work towards the high pH structure. Both structure are essential
to understand the transport cycle. The experimental strategy is rather elegant and is based on two
approaches: (i) High spectral resolution in achieved by the S64V mutant, which is fully functional but
shifts the protein dynamics into a more favourable region. (ii) Highly quantitative distance restraints for
the 3D structure determination have been obtained by using a 19F-labelled ligand through which many
19F-13C distances between ligand and protein have been measured.

The obtained structure agrees with available biochemical data and shows interesting differences to the
low pH state. In particular, the binding pocket appears elongated, spacious and hydrated. Overall, the
protein structure is more symmetric. The binding pocket apperas to be open partially open to either
side. It is amazing to see that a pH change causes such large differences.

Overall, | consider the experimental approach as elegant and highly appropriate, the data are of high
quality and | fully agreed with the conclusions drawn from the results.



Reviewer #1 (Remarks to the Author):

Structural knowledge of ErmE is imperative to elucidate the mode of action of SMR transporters
and to develop inhibitors in the context of antimicrobial resistance. What is more, EmrE serves a
model for understanding proton-coupled transport.

This study by Hong and co-workers presents high-quality insights into the high pH structure of
EmrE, which is an important milestone to understand the transport mechanism of SMR
transporters in a physiologically relevant lipid environment. This is an impressive tour-de-force
and merits publication in Nature Communication.

Especially the 19F-based data open new vistas for solid-state NMR and add a distance dimension
that was previously unheard of in our community. We will see 19F-based bio-ssNMR applications
more often in the future, and the here presented data (along with the previous study by
Hong/Henzler-Wildman) are among the very best that | have seen.

| have some comments that | would like to see addressed:

1. Figure 4: There seems some confusion regarding the perspective and/or colouring of subunits
A and B. Why is the blue subunit in front in c) and in the back in d)? It seems that a 270° rotation
was applied to a), yet a 90° rotation to b). Please align the representation.

We thank the reviewer for this question. The previous bottom view for the high-pH complex and
A/B designation were correct. The confusion about the A/B designation and orientations of the
dimer arises from the fact that alternating access switches the definition of subunit A and subunit
B between the two pH states! In other words, the same molecule switches their assignment. To
minimize this confusion, we believe it is to maintain the functional definition that the "top" side of
the TM helical bundle is the acidic periplasmic side and the "bottom" side is the neutral
cytoplasmic side. Therefore, we have now chosen to show the top view of both the high pH and
low pH structures. For the same reason, in the side views, the subunit that is closer to the reader
switches from B (blue) at high pH to A (orange) at low pH, even though it is the same molecule.
So the previous views were all correct. And our slightly updated figure, showing a different view

at the top left, hopefully clarifies this complexity further.
a pHB8.0 b pH5.8

Top view (periplasmic side) Top view (periplasmic side) y




We have now revised the Figure 4 caption:

"(a) Top view seen from the periplasmic side of the high-pH structure, showing the crucial binding-
site residues E14, Y40, Y60 and W63. (b) Top view of the low-pH structure for comparison. Note
that conformer A (beige) in the high-pH complex has changed to conformer B (purple) in the low-
pH complex. This conformational change switches the designation of the two subunits between
high and low pH."

2. I do not have practical experience in 19F-19F spin diffusion, and this applies to the vast majority
of the biological ssNMR community. It would hence instill trust in the validity of the 19F-19F
exchange data if the authors showed the data obtained at 265 K, where no exchange was
observed. This was done in the previous low pH EmrE paper, but the longitudinal
exchange/transfer time was longer in this manuscript. Please also provide cross-sections at the
relevant peak positions. This could be done in the Supporting Information.

In Figure S8 we have now added 1D 'F cross sections and a control 2D spectrum measured at
a low sample temperature of 258 K with 100 ms mixing. There is no significant exchange at this
low temperature and long mixing time. This means that the "*F-'°F distances within each ligand
are too long to cause spin diffusion on the timescale of these 2D exchange experiments. Because
the ligand geometry is fixed and is independent of pH, one control spectrum at low temperature
is sufficient to prove that all cross peaks seen at high temperature arise form dynamic
interconversion at both pH. We have now clarified this point in the caption:

"(c) Two cross sections from the 2D spectra at both pH, showing the signal-to-noise ratios. (d)
100 ms 2D "F-"°F exchange spectrum of the pH 5.8 complex at a sample temperature of 258 K.
No exchange cross peaks are observed, indicating that when immobilized, the inter-fluorine
distances within each molecule are too long to be measured by spin diffusion on this timescale.
Thus, the high-temperature cross peaks result from substrate reorientation. "

3. Please provide a detailed violation analysis for the structure determinations in the Supporting
Information. Please also provide more information on how the distance restraints were
implemented in HADDOCK, what were upper and lower boundaries, what were the force
constants. It would also be useful to provide this kind of information for the MD simulations.

We thank the reviewer for careful reading of the manuscript and for pointing out these details
were missing from the paper. We have now added Tables S2 and S4 to give the list of distance
constraints used during docking and MD, respectively. We have also added Tables S3 and S5 to
give the detailed violation statistics and analysis, which were crucial in the structure calculation
pipeline. We have also added details to the methods section about the implementation of distance
constraints in the docking and MD simulations. With these details other people should be able to
reproduce our structure calculation if needed.

4. 1t is intriguing to see that the dynamics of the substrate increases at high pH, although the
binding affinity for TPP+ is higher at high pH. Given that drug binding specificity usually rather
relates to enthalpic contributions and given that the substrate specificity of EmrE is apparently
low, | would expect that entropic contributions play a considerable role in substrate
binding/binding affinity. Could the authors comment on this? Are ITC data known for EmrE?

Markus Weingarth

We thank the reviewer for this interesting question. We do have a significant amount of ITC data
regarding binding of multiple different substrates to EmrE under different conditions. AG, AH and



AS all vary with the individual substrate as expected. The data that we have acquired that most
directly addresses the reviewer’'s question was acquired for TPP+ binding to WT EmrE as a
function of pH. This data was previously published (Thomas et al, 2018 J Biol Chem, Ref 18).
Analysis of the relative contribution of enthalpy and entropy to overall binding affinity is
complicated by the fact that drug binding is coupled to proton release. Thus,

AHobserved = AHbind + AHionization

Where the observed enthalpy by ITC includes both a contribution from the binding event and the
enthalpy of buffer ionization as protons are absorbed/released by the buffer. We previously
performed TPP+ binding experiments in multiple buffers at 4 different pH values to determine the
number of protons released upon drug binding. Since different buffers have different enthalpies
of ionization, this can be used to determine the number of protons released upon drug binding to
EmrE. However, we can reanalyze this data to instead extract the AHying Values by extrapolating
to AHionization =0. This is what we now report in Table 3.

We first note that at high pH where there is minimal proton release upon drug binding, AH and AS
are nearly identical in all buffers confirming the accuracy of this method. Second, the affinity
increases with increasing pH due to increasingly favorable AS that overcomes a less favorable
AH. This increasingly favorable entropic contribution to binding at high pH is exactly consistent
with the observed increase in ligand dynamics and hydration in the high pH structure reported
here. We thank the reviewer for prompting us to re-examine the ITC data and add this important
confirmation to the manuscript.

Reviewer #2 (Remarks to the Author):

Shcherbakov and co-authors determined a dimeric SMR transporter EmrE in a complex with F4-
TPP+ at high pH (two E14 sites - deprotonated). They also determined recently determined
another state of EmrE, with F4- TPP at low pH (one of the E14 should be protonated). By
comparison with two structures, they discuss the structural changes and proton-substrate
coupling mechanism.

General comments

EmrE has been well-characterized as a model system of the SMR transport family. This paper
found that EmrE has a more elongated and spacious binding pocket in the high-pH, and the
substrate is more dynamic than in the low-pH. They also found that the dissociation of protons
induces a small opening on either side of the membrane. They propose that these
protonation/deprotonation-dependent conformational differences explain how proton plays a role
in conformation changes coupling with substrate release in EmrE.

High-resolution structural data of EmrE are already available recently by the same group
(Scherbakov et al. Nat Commun. — Ref39), but this time "the missing link structure — a substrate-
bound form in the high-pH condition" was determined. Therefore, the value of this paper should
be more properly assessed by pairing together with a low-pH structure. Considering its
importance as a potential future drug target, and a deeper insight into the transport mechanism
of EmrE is of broad interest to the scientific community. The author's group is an expert on EmrE
using solution or solid-state NMR technique; thus, their accumulated functional and structural
analyses are sound.



Although there is still an argument of precise pKa value of E14 residues (e.g., Ref 21, 30 32), the
results are expected to be largely in line with the results that have been obtained so far, such as
asymmetric protonation, two independent pKa of E14...

In my view, the discussion and conclusions derived from the experiment are reasonable to
present. | enjoyed reading and but | have some questions and suggestions that could improve
the manuscript.

Page 5.

The authors discuss the hydration level in the binding pocket. This is shown by water-edited 2D
hNH spectra. The authors are also experts in MD simulation, so it seems like the environment is
ready. How about simulating how water molecules affect the conformation of the TM helices and
the volume change of the binding pocket? The outcome might support further "The fact that these
significant structural changes result exclusively from a pH change is remarkable. page 5"

We thank the reviewer for these important suggestions regarding the structures and mechanistic
conclusions. We have added panels to show explicit water molecules in the MD simulations in
Figure 6. This suggestion prompted us to find and show that the MD simulations are consistent
with the hydration and 2D "°F-'F exchange NMR data. The high-pH complex has a much more
hydrated binding site, with more than twice as many water molecules in the binding cavity relative
to the low pH state. Further, the MD simulations support the mechanistic hypothesis, as they
clearly show the high-pH state has water molecules from both sides of the membrane to access
the ligand, whereas the low-pH state has water molecules only accessing from one side of the
membrane. This result significantly strengthened our conclusion of the transport mechanism by
EmrE.

We have added the following in the results section:

" These spectral observations are borne out by the MD equilibrated structural ensemble, as the
structure calculation explicitly solvated the protein-ligand complex in lipid bilayers. Fig. 6e shows
membrane-embedded water molecules whose oxygen atoms lie within 15 A of any of the ligand
atoms. Strikingly, the ligand-binding site is much more hydrated in the high-pH complex: a total
of 69 water molecules are found in the ligand-binding pocket, and these water molecules
approach the ligand from both sides of the lipid bilayer. In comparison, only 23 water molecules
are found in the ligand-binding pocket in the low-pH complex; moreover they approach the ligand
only from one side, the putative periplasmic side, of the lipid bilayer. "

Our discussion section now includes the following sentences:

" It is interesting to note that the high-pH structure of the EmrE-TPP complex is not fully closed
on either side of the membrane. This is borne out by the water-accessibility data (Fig. 6a-d) and
the MD simulations (Fig. 6e), which show larger water accessibility of the ligand-binding cavity at
high pH than at low pH. Moreover, water molecules approach the ligand from both sides of the
membrane at high pH, but only accesses the ligand from one side of the membrane at low pH. "

Page 6. In the final paragraph, the author mentions

> This suggests that after a toxic substrate has bound to the protein from the cytoplasm and EmrE
adopts a conformation similar to Fig. S7a, there is sufficient space for protons to enter and bind
E14 from the periplasmic side. This could then trigger a conformational change to a state similar
to our low-pH structure, with the transporter open to the periplasmic (low pH) side of the
membrane. In this state, the toxic substrate is bound more peripherally to the central transport



pore and is primed for release in accord with the enhanced off rate in the drug- and proton-bound
state.

This is an exciting mechanistic proposal. Is it possible to add any supportive evidence from
previous results or simulations? e.g., if you run the MD simulation using a high-pH structure as a
starting model and then protonate one or both of E14 sites, does the protonation induces
conformational changes and makes the substate possible to be released to the periplasmic side?

This is an interesting idea to pursue in the future but is outside the scope of the current study.
The goal of the current study is to provide direct experimental data of the high-pH structure to
complete the description of the alternating-access motion of EmrE as bound to a substrate. For
this experimental structure determination, we do not need simulations as supporting evidence.
But in the future, it will be very interesting to follow up with simulations to investigate the molecular
pathways and potential intermediate states that connect the two structures during alternating
access.

Minor comments

Results — first paragraph

the pKa of S64V-EmrE — do you mean the pl value? Alternatively, pKa value of specific residue,
please specify.

This refers to the pK, value of E14. We have now clarified this in the results section.

Reviewer #3 (Remarks to the Author):

In this paper, the authors present the high pH structure of the small multidrug transporter EmrE.
EmrE has been a paradigm for secondory drug-protein antiporters but it raised many questions
with respect to structure, oligomerisation, transport cycle and stoichiometry. There is now
converging evidence that EmrE is an asymmtric, antiparallel dimer with two Glue (E14)
coordinating substrate and proton binding.

In a previous paper, the authors have presented the low pH structure of EmrE in lipid bilayers
based on solid-state NMR. Here, they extend this work towards the high pH structure. Both
structure are essential to understand the transport cycle. The experimental strategy is rather
elegant and is based on two approaches: (i) High spectral resolution in achieved by the S64V
mutant, which is fully functional but shifts the protein dynamics into a more favourable region. (ii)
Highly quantitative distance restraints for the 3D structure determination have been obtained by
using a 19F-labelled ligand through which many 19F-13C distances between ligand and protein
have been measured.

The obtained structure agrees with available biochemical data and shows interesting differences
to the low pH state. In particular, the binding pocket appears elongated, spacious and hydrated.
Overall, the protein structure is more symmetric. The binding pocket appears to be open partially
open to either side. It is amazing to see that a pH change causes such large differences.

Overall, | consider the experimental approach as elegant and highly appropriate, the data are of
high quality and | fully agreed with the conclusions drawn from the results.

We are glad the reviewer appreciates the quality and novelty of this study and agrees with our
conclusions. No change is needed.



<b>REVIEWERS' COMMENTS</b>

Reviewer #1 (Remarks to the Author):

All my comments have been expertly addressed. Especially the analysis of the binding energetics has
strengthened this very interesting work even further. | support publication of the manuscript in its
current form and congratulate the authors.

Reviewer #2 (Remarks to the Author):

Thank you for adding the MD simulation of water molecules in the substrate-binding site. It is a
fascinating result. | am also glad to see that these results support the experimental evidence.

Although | have proposed another MD simulation, these simulations may require plenty of adjustments
and detailed conditional studies in some cases. As the authors have stated, | accept this may be beyond
the scope of this work, and do not ask further.

Overall, | consider the experimental data and the conclusions drawn from the results attractive and
reasonable, significantly contributing to understanding this efflux system.

| have no further comments.
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