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Small multidrug resistance (SMR) proteins comprise a family of bacterial secondary active transporters that confer drug resistance to antiseptics
and antibiotics. EmrE has emerged as the model protein of the SMR family and an archetype to understand the ion-coupled transport mechanism.
The importance of EmrE is further underscored by its proposed role as an evolutionary predecessor to larger transporters, which stems from the
similarity of the antiparallel and asymmetric structure of the EmrE dimer with the inverted repeat fold of efflux pumps within other transport
families such as the major facilitator superfamily. This review describes progress to reveal the atomic-scale structure and dynamics of SMR
proteins determined under native-like conditions in lipid bilayers using solid-state NMR spectroscopy. The combination of MAS and oriented
solid-state NMR approaches developed to study the SMR family serves as a framewaork for future efforts to uncover structural details of other
secondary active transporters that are abundant in biology.
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Introduction

The small multidrug resistance (SMR) family is comprised
of membrane protein transporters with four transmembrane
(TM) domains and 100 to 140 residues in length. These efflux
pumps are able to transport a wide range of quaternary cation
compounds, dyes, and other antiseptics across the cell mem-
brane using the proton motive force.'” EmrE is the most
studied protein in the SMR family with a significant number of
biochemical and structural experiments carried out. One of the
most interesting features of EmrE is its adoption of a dual topol-
ogy, in that it is inserted into the membrane with two distinct
orientations.>~> This feature allows for the formation of the
antiparallel dimer structure in biological membranes, which
was determined using cryo-electron microscopy and X-ray
crystallography,®=8 and links the protein’s insertion pathway
to the fold of the native structure. It is important to note
that the structural models have been validated with a number
of different techniques including chemical crosslinking, NMR
spectroscopy, EPR spectroscopy, and single-molecule fluores-
cence resonance energy transfer (FRET) experiments.”™ !4
This review focuses on the progress made from a solid-state
nuclear magnetic resonance (SSNMR) perspective to describe
structure and dynamics of EmrE in a native-like lipid bilayer
environment in the drug-free and drug-bound forms. Indeed,
the ideal system for studying membrane proteins is a lipid
bilayer that closely mimics the physical properties of the cel-
lular membrane environment.!> For these reasons, the use
of SSNMR spectroscopy has emerged as a preferred method

for studying membrane proteins. Within the SSNMR field,
there are two major subdivisions: (i) uniaxial alignment of the
proteins relative to the magnetic field and (ii) unoriented lipo-
some or nanodisc preparations. The former describes oriented
solid-state nuclear magnetic resonance (O-SSNMR) where the
anisotropic chemical shifts and dipolar couplings are recorded
to determine the backbone structure and tilt angles of the
protein’s secondary structures relative to the lipid bilayer.'0~28
Alternative methods have been developed to probe tilt angle
geometries of the protein in unaligned lipid bilayers.?* 3! The
criterion for this method is fast uniaxial rotational diffusion
with respect to the lipid bilayer normal. While these meth-
ods can be used to study smaller membrane proteins, recent
findings suggest that this approach may not have broad appli-
cability to larger polytopic membrane proteins that undergo
intermediate timescale motion above the main phase transition
of the lipid bilayer.?>3?

Membrane proteins in unaligned proteoliposomes can also
be studied at atomic resolution through the use of MAS
spectroscopy.’* =% The principle behind MAS is to mechan-
ically rotate the sample at the magic-angle, which removes
a portion of the anisotropy and in the process reduces the
spectral complexity resulting in narrow resonances.*>*! The
MAS and oriented methods provide complementary structural
information and have been used in a synergistic manner to
obtain hybrid backbone and side-chain structures of mem-
brane pro‘[eins.ls’lg’3 142 T addition, both MAS and O-SSNMR
are capable of capturing the wide range of dynamics that
membrane proteins experience within the bilayer, including
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Figure 1. (a, c) Sensitivity-enhanced PISEMA* spectra of [*°N-Met] and ['°N-Val] selectively labeled EmrE. (b, d) Assignments were obtained with
single-site mutant samples (red). The spectra in panels (b) and (d) also show the wild-type dataset (black outline). (Reproduced with permission from

Ref. 10. © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2013)

uniaxial rotational motion, wobbling, and other conforma-
tional dynamics at the backbone and side chains,?33>38:43—48
The following sections highlight the discoveries made in the
SMR family using SSNMR spectroscopy in lipid bilayers and
bicelles.

Asymmetric Structure of Drug-Free EmrE
Relative to the Lipid Bilayer

Molecular transporters require conformational fluctuations
within the bilayer to accommodate the movement of substrates
across the membrane. For this reason, O-SSNMR experiments
such as PISEMA can be a valuable approach for directly map-
ping the associated angular changes in the substrate-free and
bound forms of the protein. Our laboratory has acquired sev-
eral PISEMA experiments using isotopically enriched EmrE
reconstituted into magnetically aligned lipid bicelles consisting
of DMPC/DHPC (3.2/1, mol/mol). The bilayer normal was ori-
ented in a parallel direction with respect to the magnetic field
through the addition of YbCl;. To resolve site-specific changes
within the structure, EmrE was selectively labeled with [!°N-
Val] and ["’N-Met] with the corresponding PISEMA spectra
for the drug-free protein shown in Figure 1. These spectra
indicate peak doubling relative to the number of residues in
the primary sequence (e.g., 5 valine residues and 10 peaks) and
clearly show at atomic-resolution that the two monomers in
the dimer have asymmetric tilt and rotation angles with respect
to the lipid bilayer consistent with low-resolution images from
cryo-electron microscopy.®” To obtain the assignments, we
engineered single-site Val to Ile mutants or Met to Leu mutants
and carried out the same selective labeling. The spectra cor-
responding to the single-site mutants gave two fewer peaks
relative to the wild-type data and validated the peak-doubling
observation and provided an unambiguous way to obtain the

assignments. Note that Met-1 and Met-92 gave only a sin-
gle peak in the PISEMA spectrum, which is explained by
the position at the N-terminus (i.e., dynamic averaging) and
similarity of the two monomer geometries in TM4, respec-
tively.

The valine and methionine assignments provided useful
site-specific probes of atomic-scale changes occurring within
each helix of EmrE. For example, the upfield chemical shifts
for Val-66 and Val-69 within monomer B of TM3 supported
the conclusion that this helix was the most tilted in the bilayer.
Insight into TM1 helices that contain the essential Glu-14
residue for proton and drug transport in EmrE>® was provided
by measurements for Val-15 and later spectra of Thr-18 and
Thr-19 which enabled us to obtain best-fit helical tilt angles
of 16° and 33° for the two TM1 helices.” The different tilt
angles support the asymmetric dimer structure of EmrE. The
least tilted helices within EmrE were found to be those of TM4.
This is seen by the resonances for Met-91, Met-92, and Val-
98, which have >N chemical shift frequencies of 190215 ppm
and 'H-N dipolar couplings of 6—8 kHz. While the PISEMA-
derived tilt angles are in agreement with the backbone model
of EmrE (~12-14° for each®!), the rotation angles differed by
~33° and 50° for the two monomers.°

Drug Binding to a Conserved Glutamate
Residue Observed with MAS

The most important and conserved residue in the SMR family
is an anionic glutamate found in TM1 that is responsible for
proton and drug transport.”® Glaubitz and coworkers obtained
direct insight into this key residue of Escherichia coli EmrE
(Glu-14) through preparation of a selectively labeled gluta-
mate sample using the cell-free approach to avoid isotopic
scrambling.!* The only other glutamate residue in the primary
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Figure 2. >C MAS-NMR spectra of EmrE reconstituted into E. coli lipids.
Residue E14 was selectively '>C-labeled. In the apo-state, the Car resonance
splits into two equal populations (a), which both shift upon saturation
with ethidium (b). (Reproduced from Ref. 52. With kind permission from
Springer Science and Business Media)

sequence was mutated to Ala (E25A), which enabled unam-
biguous assignment for Glu-14 from 1-D *C CP-MAS and 2-D
B3C/13C double-quantum/single-quantum correlation experi-
ments in the drug-free and ethidium-bound forms. The spectra
were obtained at a temperature of 200K and gave two peaks
in the drug-free state (Figure 2a), which was attributed to the
structural inequivalency of the substrate chamber. These find-
ings are in agreement with the structural asymmetry observed
in the cryoelectron microscopy images®’ and O-SSNMR exper-
iments in the absence of drug.!® Upon addition of ethidium,
the two most intense peaks in the spectrum became narrower
and suggested a decreased amount of structural heterogeneity
in the drug-bound form of the protein (Figure 2b). It is possible
that the spectral broadening in the drug-free form of EmrE
stemmed from trapping several conformational states that have
been reported for the drug-free form of the protein.’

To obtain direct evidence that Glu-14 was responsible for
drug binding in EmrE, Ong et al.'* used DNP in combina-
tion with MAS to probe contacts between Glu-14 of EmrE
and the tetraphenylphosphonium (TPP™) substrate. In the
DNP approach, the sensitivity is greatly enhanced by the
transfer of polarization from electrons. In these experiments,
EmrE was selectively labeled using [2-13C] glycerol and TPP™*
was synthesized with a single phenyl ring labeled with '3C.
Two-dimensional 1*C/!*C dipolar assisted rotational resonance
(DARR) correlation spectra revealed cross-peaks between EmrE
and TPP" with the DNP enhancing the signal/noise by 19-fold
at a temperature of 100K (Figure 3). The observed cross-
peaks were assigned to arise from contacts between the Cy of
Glu-14 and the meta, para, and ortho carbons in TPP and
were consistent with an earlier study using >'P CP-MAS which
suggested a specific interaction between EmrE and TPP+.%

eMagRes

The strongest correlation observed was between C; and the
meta position and was estimated to have a distance of ~6 A,
which is in agreement with the proposed EmrE assembly from
the TPPT-bound crystal structure® and mutational studies
emphasizing the importance of Glu-14 for binding.>® While
the spectral resolution at 100 K did not enable the authors to
distinguish multiple peaks for the two Glu-14 residues in the
binding pocket, future experiments will likely provide addi-
tional insight into the binding pocket by resolving distances to
each monomer within the asymmetric dimer.

Drug Binding Leads to Conformational
Changes with Respect to the Bilayer

Drugbinding has been found to induce conformational changes
as probed through electron microscopy.’**®> To investigate
these structural changes at higher resolution, our laboratory
recorded PISEMA spectra of EmrE in the presence of TPP™
in magnetically aligned bicelles.!® These experiments were
performed in a similar manner as those for the drug-free state
described earlier. Upon addition of TPPT, we observed no
major chemical shift changes for TM4, which is in agreement
with the hypothesis that this helix imparts dimer stability and
does not undergo tilt angle changes upon drug binding. This
is consistent with mutational studies on EmrE and other SMR
homologues!>*®>7 and is consistent with recent results from
our laboratory that show no chemical shift perturbations to
the loop adjoining TM3 with TM4 upon addition of TPP*.>
Similar to TM4, we did not observe significant perturbations
for Val-15 and Met-21 upon drug binding (<3 ppm in °N),
which suggested that TM1 did not have tilt angle changes
with respect to the lipid bilayer. One possible interpretation is
that TM1 is anchored in order to position Glu-14 side chains
in an appropriate orientation for drug and proton binding.
In contrast, large structural changes were found for residues
Val-66 and Val-69 within TM3. Interestingly, TPP™ had a
differential effect on each monomer: Val-66 on one monomer
showed a large perturbation with no change to Val-69, while
the other monomer displayed a change to Val-69 and no peak
movement for Val-66 (Figure 4a—c). These perturbations can
be approximated as a differential bend within TM3 that would
likely occur at a conserved Gly-X-Gly motif present at positions
65—67 in the primary sequence (Figure 4d). We propose that
the malleability of this essential motif is critical for imparting
structural plasticity to binding a wide range of distinct drugs.'

To quantitatively compare our experimental observables
with the available structural data, we calculated PISEMA spectra
from the backbone structural model of EmrE derived from
cryo-electron microscopy and cross-linking restraints (pdb
2168).>' This model was constructed using ideal helices for
seven out of eight TM domains in the dimer. Interestingly, the
only deviation from ideality was for TM3 near the Gly-X-Gly
motif,”! which is consistent with the bending location identified
in the PISEMA experiments. The comparison of experimental
and calculated values is shown in Figure 4(e). Overall the
agreement between the two is quite good and further supports
the asymmetric and antiparallel dimer structure of EmrE.
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Figure 3. The TPP*-EmrE contacts probed by dynamic nuclear polarization MAS-SSNMR. (a) '3C-labeling pattern of glutamate residues within EmrE
from using 2-!*C-glycerol as the sole carbon source. The red circle indicates the completeness of *C incorporation at the given carbon. (b) 20 mM
TOTAPOL with DNP resulted in 19-fold signal/noise enhancement at a temperature of 100K. (c) A *C/**C 300 ms DARR experiment showed specific
correlations between Glu-14 and the '*C-labeled TPP*. (d) The same DARR experiments as in (c) with EmrE not enriched with '*C at Glu-14. (Reprinted
with permission from Ong, Y. S.; Lakatos, A.; Becker-Baldus, J.; Pos, K. M.; Glaubitz, C. Detecting substrates bound to the secondary multidrug efflux
pump EmrE by DNP-enhanced solid-state NMR. ] Am Chem Soc 2013, 135, 15754—15762. Copyright (2013) American Chemical Society)

Conformational Dynamics of EmrE
in Aligned Lipid Bicelles

The most prevalent model to explain secondary active trans-
port is the alternating access model,> which involves exchange
between two conformations open to opposite sides of the mem-
brane (see schematic in Figure 5a). In the antiport mechanism,
the binding of either protons or drugs induces a structural
change resulting in the movement of substrates across the
membrane.®®? The favorable proton transport drives the
movement of drugs from the cytoplasm to the periplasm
in the SMR family.>%* It has recently been shown that block-
ing the conformational movement between inward-open and
outward-open states results in the failure of EmrE to trans-
port substrates.** Henzler-Wildman and coworkers observed

that the rate from inward-open to outward-open states for
TPP*-bound EmrE was ~5s~! at 45 °C using solution NMR
spectroscopy'! and followed up on this initial study by deter-
mining exchange rates for several other drugs.®®> To obtain
insight into the dynamics of the drug-free form, we carried out
exchange experiments in aligned lipid bicelles.” An advantage
of our O-SSNMR approach was the large chemical shift dif-
ference between the two populations owing to the anisotropic
nature of chemical shifts and dipolar couplings in the aligned
sample. In fact, at 37 °C the solution NMR spectrum for drug-
free EmrE at pH 6.9 was broadened as a result of chemical
exchange on the intermediate timescale. However, in PISEMA
spectroscopy the two populations were resolved and sepa-
rated by as much as 40 ppm in the '°N dimension.” As the
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Figure 4. Drug-induced conformational change of EmrE probed with O-SSNMR. PISEMA spectra are shown for [!*N-Val] V98I with the following
ratios of TPP™ relative to the EmrE dimer: (a) 0:1, (b) 0.5:1, and (c) saturating drug. (d) Model of TM3 bending motion consistent with the differential
behavior of Val-66 and Val-69 in monomers A and B in the PISEMA spectra shown in panels (a) through (c). (e) Calculated chemical shifts from the

computational model of EmrE by Fleishman et al.”!

vs observed anisotropic chemical shifts for Met and Val residues. Note that Val34 does not have a

calculated chemical shift owing to a missing residue preceding it in the structural model. (Reproduced with permission from Ref. 10. © WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim, 2013)

isotropic chemical shift differences were typically ~1 ppm in
the solution NMR experiments, the larger frequency splitting
shifted the exchange regime to the slow timescale and enabled
us to accurately quantify the exchange process with the use
of T
ISN/IN proton-driven spin diffusion (PDSD) experiment for

1, €xperiments. As seen in Figure 5(b), we used a 2-D
selectively [1°N-Thr] labeled EmrE and observed significantly
stronger cross-peaks for EmrE in the absence of drug com-
pared to the TPPT bound form. The quantification of the
exchange rates were carried out using a novel application of the
PUREX® approach that employed a variable mixing period in
combination with difference spectroscopy, which enabled the
dynamics to be monitored from 1-D spectra. Curve-fitting the
data allowed us to determine that drug-free EmrE converted
from an inward-open to outward-open state ~50-fold faster
than the TPP*-bound state (Figure 5¢; 1755~ ! vs 3.2571).7 The
conformational flexibility displayed by EmrE suggests that the
broad specificity toward drugs is encoded by the malleability
of the structure. It is important to note that our experiments
were carried out at slightly acidic pH value and thus Glu-
14 was predominantly in the protonated form. Future efforts
will seek to quantify the conformational exchange differences
between EmrE in the Glu-14 protonated and deprotonated
forms in order to provide additional insight into the transport
cycle.

Toward a Complete Structural
Characterization of SMR Proteins

Using MAS: Methods to Improve Spectral
Resolution in Lipid Bilayers

A complete structural characterization of EmrE in lipid bilayers
will require the usage of MAS experiments to probe distances
and dihedral angles at all sites of the protein. The first MAS
experiments aimed at EmrE were carried out by Reif and
coworkers who obtained spectra for [U-'*C,'>N] EmrE in
DMPC liposomes.®® While several datasets were collected with
EmrE and a single-site mutant (E14C) to assign Glu-14, the
main challenge noted by the authors was the lack of spectral
resolution,®® which is a known problem for helical membrane
proteins that have similar chemical shifts and significant spec-
tral overlap. For this reason, novel methods are necessary to
resolve distinct peaks and obtain site-specific structural and
dynamic information. With the hopes of finding a solution to
this problem, our laboratory has developed new filtering tools
to reduce the spectral congestion of inherently overlapped spec-
tra. One of the methods we proposed and refer to as afterglow
spectroscopy uses residual magnetization from the "N-13C
cross-polarization®”®® to generate a second multidimensional
dataset in a sequential fashion.®® Note that the term afterglow
was inspired by the naming convention developed for solu-
tion NMR experiments.”’ In addition to the sensitivity gains,
the afterglow method can be used as a filtering approach by
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Figure 5. Conformational exchange probed by O-SSNMR in magnetically aligned bicelles. (a) Model depiction of inward-open to outward-open
conformational exchange. (b) 2-D N/**N PDSD of [">N-Thr] in the drug-free and TPP* bound forms. The cross-peaks in the drug-free spectrum were
more intense relative to the TPP* bound state and indicative of faster conformational exchange. (c) The PUREX method® was used to quantify exchange
rates by recording 1-D spectra for various mixing times, leading to ~50-fold faster exchange in drug-free EmrE than the TPP* bound form. (Reprinted
with permission from Cho, M. K.; Gayen, A.; Banigan, J. R.; Leninger, M.; Traaseth, N. J. Intrinsic conformational plasticity of native EmrE provides a
pathway for multidrug resistance. ] Am Chem Soc 2014, 136, 8072—-8080. Copyright (2014) American Chemical Society)

incorporatinga >N-labeled residue in otherwise uniformly '>C,
>N-labeled protein to identify residues that precede the >N
amino acid (schematic shown in Figure 6a).”! For example, we
acquired an NCOCX afterglow experiment using a [1>N-Leu,
U-1BC,'°N, natural-abundance Ile] sample of EmrE (revIL)
to identify all residues preceding Leu in the primary sequence
(Figure 6b). The reduction in spectral complexity simplified the
resonance assignment process. In addition, we have employed a
second filtering method, frequency-selective dipolar recoupling
(FDR)-NCA spectroscopy’?) to highlight residues appearing
after reverse labeled amino acids (Figure 6e).”! With the revIL
sample, the FDR-NCA was used to probe only the residues
appearing after Ile and Leu in the primary sequence. Simi-
lar to the afterglow method, the FDR-NCA also reduced the
spectral congestion and allowed for site-specific assignments
of EmrE.”! The primary benefits of these two filtering methods
are the simplicity in preparing reverse-labeled samples and
the excellent sensitivity of the experiments compared to the
standard heteronuclear datasets (e.g., NCA or NCO).

Another way we have improved the feasibility to characterize
the structure of SMR proteins has been to enhance the spectral
resolution through a careful optimization of temperature.>? It

is known that the most efficient cross-polarization transfers
and often the best overall sensitivity are achieved when sam-
ples are rigid and frozen. The same is true for our studies of
EmrE as seen in CP-MAS 1-D spectra as a function of temper-
ature (Figure 7a,c). The plots of signal/noise vs temperature
gave a sigmoidal shape where sensitivity decreased as the tem-
perature was increased. However, sensitivity is not the only
consideration; one needs to equally consider spectral resolu-
tion when setting up the experiment. In fact, we have found
dramatic improvements in the spectral quality for somewhat
small changes in the sample temperature (Figure 7b). For two
SMR proteins (EmrE and SugE) in dimyristoylphosphatidyl-
choline (DMPC) lipid bilayers, we noticed that the peaks in
the NCA 2-D correlation spectra were progressively broader at
temperatures below 0 °C (Figure 7b), which is similar to the
inhomogeneous line broadening noted for other proteins. The
optimal spectral resolution was obtained at ~9 °C, which is
intermediate with respect to the freezing temperature of water
and the main phase transition of DMPC (23 °C). Temperatures
above 9 °C led to significant broadening owing to whole-body
uniaxial rotational diffusion around the bilayer normal that
interfered with MAS. These results emphasize the importance
of finding a temperature that gives optimal resolution while
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providing for acceptable sensitivity to enable multidimensional
acquisitions of high-quality data.>?

Future Directions

The success of crystallography over the last decade in resolv-
ing structures of secondary active transport proteins has been
remarkable. However, a complete understanding of how these
proteins function will require structural and biochemical val-
idation in lipid bilayers. EmrE is a good example of this
sentiment, with a wide variety of techniques converging in sup-
port of an anti-parallel and asymmetric structure of the protein
within lipid membranes. We anticipate that the NMR tools used
to study EmrE will provide a roadmap for mechanistic stud-
ies of larger transporters in biology. Future directions should
aim at elucidating new structural models in lipid bilayers and
resolving site-specific dynamics of these essential biomolecules
that will provide for a more detailed understanding of trans-
port mechanisms at the atomic level. We envision that this
task will best be accomplished with a combination of solution
and SSNMR (MAS and O-SSNMR) technologies. While the
ability to characterize proteins in lipid bilayers using SSNMR is

most desirable, solution NMR studies carried out in membrane
mimics that do not interfere with structure (e.g., bicelles or
nanodiscs) will continue to play a key role in unveiling the
dynamic portrait of membrane proteins. Coupled with new
NMR developments and careful optimization of sample prepa-
ration, the mechanistic details of transport will emerge in the
near future.
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a function of temperature with [2-13C,'>N-Leu] labeled EmrE. (b) 2-D NCA spectra of [2-1*C,'*N-Leu] EmrE at the given temperatures. At temperatures
below the freezing point of water, inhomogeneous line broadening reduced the resolution. The optimal resolution was achieved at a temperature higher
than the value of maximum sensitivity, but lower than the lipid melting temperature that led to significant reduction in signal intensity owing to uniaxial
rotational diffusion relative to the lipid bilayer. (c) Integrated signal intensities from 1-D spectra derived from data in (a). (Reprinted from Biochim
Biophys Acta, Banigan, J. R.; Gayen, A.; Traaseth, N. J., Correlating lipid bilayer fluidity with sensitivity and resolution of polytopic membrane protein
spectra by solid-state NMR spectroscopy, Copyright (2014), with permission from Elsevier)
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