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The recently suggested antiparallel topology of EmrE has
intriguing implications for many aspects of the biology of ion-
coupled transporters. However, it is at odds with biochemical
data that demonstrated the same topology for all protomers in
the intact cell and with extensive cross-linking studies. To
examine this apparent contradiction we chemically cross-linked
dimers with a rigid bifunctional maleimide using Cys replace-
ments at positions not permissible by an antiparallel topology. A
purified cross-linked dimer binds substrate and transports it in
proteoliposomes with kinetic constants similar to those of the
non-cross-linked dimer. The cross-linked dimers do not inter-
act with non-cross-linked dimers as judged from the fact that
inactive mutants do not affect their activity (negative domi-
nance). The results support the contention that EmrE with par-
allel topology is fully functional. We show that the detergents
used in crystallization increase the fraction of monomers in
solution. We suggest that the antiparallel orientation observed
is a result of the arrangement of the monomers in the crystal.
Functionality of EmrE with the suggested antiparallel orienta-
tion of the monomers remains to be characterized.

Recent publications describing high resolution structures of
transporters are changing a field that has been waiting avidly for
such advancements (1-4). This welcome revolution provides
fundamental insights for designing new biochemical/biophysi-
cal approaches and will deepen understanding of transport
mechanisms.

However, in some cases, as for the channel-forming peptide
Gramicidin, for the ABC transporter MsbA, and for EmrE, an
Escherichia coli ion-coupled multidrug transporter, different
structures have been reported for the same protein, and it is not
evident that these purportedly different conformations are
physiologically relevant (5—8). The question is raised whether
these are proteins with multiple conformations that fulfill func-
tions yet unknown to us or whether the reported conformations
are an experimental artifact created by the different milieu the
proteins face when removed from their native environments.
This may turn out to be especially critical for membrane pro-
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teins where we can only feebly mimic the original conditions
after solubilization with detergents. A leading criterion at this
stage should be whether the protein has some measurable func-
tion in the detergent-solubilized state.

Two x-ray structures of EmrE have been published, and they
are very different from each other (7, 8). The presence of
substrate in the second one may be responsible for the large
differences between the two structures, although similar sub-
strate-induced conformational changes were not observed in
two-dimensional crystals (9, 10). The x-ray structure shows an
asymmetric dimer with the protomers in an antiparallel topo-
logical orientation. This finding has obvious and exciting simi-
larities to the internal structural repeat found in several mem-
brane proteins such as aquaporins, CIC channel, and the
neurotransmitter transporter homologue LeuT (11-13). How-
ever, it is at odds with biochemical data that demonstrated the
same topology for all protomers in the intact cell and in mem-
brane vesicles (14) and with extensive cross-linking studies
(15).

Because an apparent antiparallel topology of a homodimer
has many intriguing implications regarding biogenesis, inser-
tion, and evolution of ion-coupled transporters, the topic has
already attracted much attention (16-18). To investigate the
apparent contradiction between our previous work and the
proposed antiparallel topology we reevaluated our cross-link-
ing studies. We chemically cross-linked dimers using Cys
replacements in transmembrane 4 (TM4)? at positions not per-
missible by an antiparallel topology. To test whether the cross-
linked proteins reflect a physiologically relevant conformation,
we purified one of them and showed it is fully functional. The
cross-linked dimers bind substrate and transport it in proteoli-
posomes with kinetic constants similar to those of the non-
cross-linked dimer. The cross-linked dimers do not interact
with non-cross-linked dimers as judged from the fact that inac-
tive mutants do not affect their activity (negative dominance).
In addition, the cross-linked dimers are remarkably more stable
to heat treatment. The results support the contention that
EmrE with a parallel topology is fully functional. We cannot
rule out the existence of an antiparallel arrangement outside of
the crystal world, but if it exists its functionality remains to be
characterized. Our work with the detergents used for crystalli-
zation of EmrE shows that they weaken the interaction of the

2 The abbreviations used are: TM, transmembrane segment; EmrE, EmrE tagged
with Myc epitope and six His residues; CAMY, a cysteine-less EmrE that was
built with alanine replacements; MV?*, methyl viologen; TPP*, tetraphe-
nylphosphonium; DDM, n-dodecyl-B-maltoside; OG, octyl-B-glucoside;
NG, nonyl-B-glucoside; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]-
glycine.
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monomers in the dimer. We suggest that the monomers gener-
ated are the ones that crystallize and the antiparallel arrange-
ment in the crystal is, most likely, a crystallographic dimer.

EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Mutagenesis

E. coli DH5a (Invitrogen) and TA15 (19) strains were used
throughout this work. TA15 strain was previously transformed
with plasmid pGP1-2, which codes for the T7 polymerase
under the inducible control of the A PL promoter (20). The
plasmids used for EmrE gene expression are pT7-7 (20) deriv-
atives with a His, tag (EmrE-His, for simplicity will be called
EmrE throughout this report) (21). The construction of the
mutants was as previously described (22). The template used
for mutagenesis was pT7—-7 CAMY (a cysteine-less EmrE with
alanine replacements) (23). All of the PCR-amplified products
were sequenced to ensure that no other mutations occurred
during the amplification process.

Overexpression and Purification of EmrE

TA15 cells that bear plasmids pGP1-2 and pT7-7 contain-
ing His-tagged EmrE constructs were grown and induced for
EmrE expression as previously described. For specific labeling
with [**S]methionine the procedure was as described (24). For
purification, cells were resuspended in buffer containing 150
mm NaCl, 15 mm Tris, pH 7.5, 250 mm sucrose, 2.5 mm MgSO,,
15 mm B-mercaptoethanol, 15 ug/ml DNasel, and 1 mm phen-
ylmethylsulfonyl fluoride (5 ml of buffer/g of wet weight cells).
Cells were disrupted using a Microfluidics microfluidizer proc-
essor (M-110EHi) (25). For protein solubilization, 1% of DDM
and 50 mM imidazole were added, and the mixture was incu-
bated for 1 h at 4 °C. Unsolubilized material was removed by
centrifugation at 240,000 X g for 45 min at 4 °C. The solubilized
protein was loaded on HiTrap™ chelating HP column (Amer-
sham Biosciences) mounted on Akta Explorer (Amersham Bio-
sciences) and washed with 0.08% DDM, 150 mM NaCl, 15 mm
Tris-HCI, and 50 mm imidazole, pH 7.5, till Az, of the flow-
through decreased below 0.05. EmrE was eluted with a gradient
of up to 300 mMm imidazole. Major peak fractions were pooled,
and the protein solution was brought to ~1 mg/ml EmrE
(according to A,g,). The protein stock was aliquoted, frozen in
liquid air, and stored at —70 °C. In the case of the D84C mutant,
after solubilization the B-mercaptoethanol was removed by
desalting on a G50-Sephadex column equilibrated with 1%
DDM, 150 mMm NaCl, 15 mm Tris-HCl, and 50 mm imidazole.
The cross-linking reagent o-PDM was immediately added (0.5
mum) and incubated for 1 h at 65 °C following 5 min at 75 °C.

0-PDM Cross-linking and Purification of the Cross-linked
Protein

Protein stock stored at —70 °C was rapidly thawed at 30 °C,
and 1% DDM and 0.5 mMm o-PDM were added to the protein
solution. After 1 h at 45 °C followed by 10 min at 60 °C, the
mixture was diluted 15-fold with buffer containing 50 mm Tris-
Cl, pH 8.6, and 0.02% DDM and loaded on a HiTrap Q-Sepha-
rose Fast Flow column mounted on Akta Explorer (Amersham
Biosciences). The column was washed with 5 column volumes
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of the above buffer, and the cross-linked protein was eluted by
stepwise elevation of the NaCl concentration to 220 mm. The
peak fractions were pooled, and the protein solution was
brought to ~1 mg/ml EmrE (according to A,g,). The protein
stock was aliquoted, frozen in liquid air, and stored at —70 °C.

Reconstitution of EmrE

Reconstitution was performed essentially as described (26).
Purified proteins were diluted with 150 mm NaCl, 15 mm Tris-
Cl, pH 7.5 (sodium buffer), and 0.08% DDM to lower imidazole
concentration below 20 mum (if needed) and allowed to bind to
nickel-nitrilotriacetic acid for 1 h at 4°C. The beads were
washed with at least 4 ml of sodium buffer containing 1% n-oc-
tyl-B-p-glucopyranoside (Glycon GmbH), 30 mMm imidazole,
and 15 mM B-mercaptoethanol. The protein was eluted with
500 pl of the same buffer containing 200 mm imidazole and
mixed with 375 ul of E. coli phospholipid mix (10 mg of E. coli
lipids (Avanti Polar Lipids, Alabaster, AL), 1.2% n-octyl-B-p-
glucopyranoside, 15 mm Tris-Cl, pH 7.5, and 150 mm NacCl).
Eluted protein and phospholipids were sonicated together in a
bath-type sonicator to clarity and diluted in buffer containing
0.15m (NH,),SO,, 15 mmMm Tris, pH 7.5, and 1 mm dithiothreitol.
After 20 min at room temperature, samples were centrifuged at
250,000 X g for 60 min and the pellet was resuspended in 100 ul
of the same buffer, frozen in liquid air, and stored at —70 °C.
Prior to the transport assay, the proteoliposomes were thawed
at room temperature and sonicated lightly to clarity.

To determine the protein concentration in the proteolipo-
somes, they were solubilized in buffer containing 15 mm Tris-
Cl, pH 7.5, 6 M urea, and 2% SDS (SDS-urea buffer) for 15 min.
The solubilized proteins were immobilized on nickel-nitrilotri-
acetic acid beads for 1 h at room temperature. The unbound
material was discarded, and the His-tagged protein bound to
beads was washed twice with SDS-urea buffer. The protein was
eluted from the beads using a buffer containing 200 mm 3-mer-
captoethanol, 100 mwm Tris-HCI, pH 6.8, 4% SDS, 40% glycerol,
0.2% bromphenol blue, and 450 mm imidazole and analyzed by
SDS-PAGE. The intensity of the staining was quantitated using
Image Gauge 3.46 Fujifilm software. The results were calibrated
to protein amount after staining of the same gels with Coomas-
sie staining, scanning, and quantitation using the same soft-
ware. Each experiment was performed at least three times.

[PHITPP* Binding and ['*C] Methyl Viologen Uptake Assays

Tetraphenylphosphonium (TPP*) binding was assayed
essentially as described (21). Uptake of ['*C]methyl viologen
(MV?") into proteoliposomes was assayed at 25 °C by dilution
of 2 ul of (NH,),SO, containing proteoliposomes into 200 ul of
an ammonium-free solution (26, 27). The latter contained 20
pum [M*CIMV>" (11.9 mCi/mmol; Sigma), 140 mm K,SO,, 10
mM Tricine, 5 mm MgCl,, and 10 mMm Tris, pH 8.5. Each exper-
iment was performed at least twice.

Monomer-swapping Experiments

Heat Treatment—Protein at a concentration of ~0.5 ug/ml
was mixed with increasing amounts of purified EmrE E14C pro-
tein in 300 ul of 0.08% DDM-sodium buffer. After 10 min at
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80 °C the samples were allowed to cool down and subjected to
pulse centrifugation.

Octyl Glucoside Treatment—EmrE mutants E14C and
CAMY were solubilized in buffer containing 150 mm NaCl, 15
mM Tris-HCI, and either OG 2% or DDM 1% (membrane con-
centration was adjusted to the equivalent of 30 and 3.8 ng of
EmrE/ul) and incubated for 30 min at 30 °C on a shaker. After
centrifugation for 10 min at 14K rpm, increasing amounts of
E14C mutants were added to 50 ng of CAMY protein. DDM
(1%) was added to the OG-treated samples, and they were incu-
bated for 20 min at 30 °C.

Heat Denaturation

Purified protein was diluted to ~0.1 wg/ml in 900 ul of 0.08%
DDM-sodium buffer and incubated at 80 °C for the indicated
time periods. After incubation, protein solutions were allowed
to cool down and subjected to pulse centrifugation.

RESULTS

Single Cysteine Replacements Chosen to Probe Relative Arrange-
ment of the EmrE TM4 Segments within the Dimer—
EmrE contains four transmembrane helices (TM), connected
by relatively short loops. The relative arrangement of the TM4
segments varies drastically in the published x-ray structures. To
reevaluate our data obtained with the use of various cross-link-
ing reagents we focused on two single cysteine replacements at
the N and C termini of the TM4, D84C and T108C. Existing
EmrE x-ray structures do not permit homo-cross-linking at
these positions (Fig. 1). Both D84C and T108C mutations are
tolerated by EmrE without any loss of function, reside outside
the hydrophobic protein core, and react readily with maleimide
reagents.

Preparation of Cross-linked EmrE Homodimers—Both
T108C and D84C single cysteine replacements of EmrE have
shown high (~ 60-70%) extent of intermonomer cross-linking
when treated with o-PDM, a bifunctional rigid maleimide rea-
gent (Fig. 24). Such high yields suggest that cross-linked pairs
correspond to highly populated conformations of EmrE. To
eliminate the possibility that these cross-linked species derive
from misfolded or inactive protein, we purified one of them
(T108C) in quantities sufficient for functional characterization.
Scaling up of the protein concentration decreased the cross-
linking yield; therefore, optimization of the reaction conditions
and purification of the cross-linked species were required. The
T108C cross-linked species was enriched up to ~90% purity by
anion exchange chromatography on a HiTrap Q-Sepharose
column as described under “Experimental Procedures” (Fig. 2,
B and C). o-PDM-treated D84C with ~40% cross-linked con-
tent was used throughout this work because we were not able to
purify it further. The T108C cross-linked and the untreated
proteins behave identically in size exclusion chromatography
(Fig. 2D), showing that large complexes are not generated by
multiple cross-linking between dimers.

TPP™ Binding Activity of the Cross-linked Homodimers—The
cross-linked and purified T108C displays high binding affinity
of TPP™" almost identical to that of the untreated protein. K,
and B,,,, of the T108C and T108C cross-linked protein were
measured using radiolabeled TPP™. The K s were quite similar
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FIGURE 1.RRibbon representation of the EmrE antiparallel dimer structure
in complex with TPP*, Protein Data Bank accession code 2F2M. The
monomers are colored differently to facilitate identification. The amino acids
that were substituted with unique cysteines are labeled green (Asp-84) and
red (Thr-108). The inter-cysteine distances, predicted by the structure, are
~48 A for D84C to D84C pair and ~35 A for T108C to T108C pair.

(3.7 and 6.4 nu, respectively), and the B_,,, was even slightly
better for the cross-linked protein (0.25 and 0.42 mol TPP*/
mol EmrE, respectively), most likely because of the higher
purity of the latter achieved by the ion exchange chromatogra-
phy. TPP" binding activity of the D84C mutant slightly
increases after cross-linking with o-PDM (data not shown).
However, because of the relatively lower content of the cross-
linked species (~40%) we cannot reach definitive conclusions
about its activity with this assay.

MV?* Uptake Activity of the Cross-linked EmrE T108C—To
further test the full functionality of the cross-linked T108C we
reconstituted it into proteoliposomes and assayed its ability to
catalyze proton gradient-driven uptake of MV>*. Upon gener-
ation of a pH gradient, the rates of uptake and the level of accu-
mulation of MV?" detected in proteoliposomes reconstituted
with either untreated or cross-linked T108C were very similar
(Fig. 3). These findings allow us to conclude that EmrE cross-
linked at position 108 is a fully functional transporter. This
result also suggests that no extensive relative movements of the
EmrE C terminus take place during MV?" transport, because
the covalent link introduced between cysteines at 108 position
has no negative impact on the uptake rate.

Probing Interdimeric Interaction by “Monomer Swapping”
with E14C-inactive EmrE Mutant—EmrE dimers solubilized
with DDM may be reversibly dissociated by a short heat treat-
ment. If a mixture of two mutant proteins is subjected to this
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FIGURE 3. Proton-driven methyl viologen transport activity of cross-
linked T108C. Ammonium-loaded proteoliposomes reconstituted with
cross-linked purified T108C (filled circles) or with control untreated T108C
(open circles) were diluted into an ammonium-free medium containing 20
uM ["*Clmethyl viologen, pH 8.5, and radioactivity incorporated at various
times was measured as described under “Experimental Procedures.”
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FIGURE 2. Purification of EmrE cross-linked at position T108C with o-PDM. A, EmrE T108C (left lane)
radiolabeled with [**SImethionine (15) was solubilized and cross-linked with o-PDM (right lane) as
described under “Experimental Procedures.” The proteins were analyzed using SDS-PAGE, visualized with
a Fujifilm LAS-1000 imaging system, and digitally analyzed with Image Gauge 3.46 Fujifilm software.
B, elution profile of o-PDM-treated EmrE T108C on a 5-ml Q FF-Sepharose column. For details see “Exper-
imental Procedures.” C, the protein content of the eluted fractions was analyzed using SDS-PAGE and
visualized by Coomassie stain. In the pooled peak I, eluted from the column at ~220 mm NaCl, ~90% of the
protein was cross-linked. In various preparations, homogeneity ranged between 80-95%. D, o-PDM-
treated EmrE T108C co-elutes with untreated mutant. The column used was a 20 ml Superdex 200 HR
column. Bottom, optical density trace; top, the protein content of the eluted fractions was analyzed using

procedure, mixed dimers are
formed upon cooling (monomer
swapping) (24). As was shown pre-
viously, EmrE E14C does not bind
TPP* but may take part in the for-
mation of mixed dimers with other
EmrE mutants. These mixed dimers
display ~20-fold lower affinity
toward TPP", a phenomenon
defined as a negative dominant
effect of the inactive mutant on the
functional one (24, 28). We used this
experimental paradigm to test
whether the activity of the homo-
cross-linked dimers T108C and
D84C is derived from interdimeric
interaction. Increasing amounts of
EmrE E14C were added to cross-
linked and untreated D84C and
T108C proteins; the mixtures were
subjected to the monomer-swap-
ping procedure and assayed for
TPP™ binding activity. At the TPP™
concentration used in the assay (2.5
! nM) the contribution of mixed oli-
3 gomers containing E14C is insignif-
icant due to their lower affinity, and
therefore inhibition of binding
reflects the formation of mixed
dimers (24). After monomer swap-
ping with a 10-fold excess of the
E14C mutant, the binding activity of
the protein that was not treated with
cross-linker was inhibited >80%
(Fig. 4A, open circles). Under the
same conditions, binding activity of
cross-linked T108C is only barely
affected (~15%; Fig. 44, closed circles). In a parallel experiment
with the cross-linked D84C, activity decreased by ~40% (Fig.
4B). The degree of inhibition of activity of both cross-linked
mutants is in line with the percent of the cross-linked species in
the assayed reaction (~90 and 40%, respectively, for T108C and
D84C). The results support the conclusion that in both mutants
cross-linking prevents monomer swapping and the activity
remaining after addition of an excess of the inactive EmrE E14C
reflects the percent of cross-linked fully functional dimer.
Comparing Heat Stability of the Untreated and Cross-linked
EmrE T108C—EmrE displays rather remarkable heat stability
in the solubilized state (24). TPP™ binding activity is irrevers-
ibly lost after incubation periods at high temperatures (80 °C)
longer than 30 min (Fig. 5). Assuming that the first stage of the
process that leads to the denatured protein is dimer dissocia-
tion, we compared the stability of the untreated and cross-
linked T108C against the heat denaturation. Cross-linked and
untreated 108C were diluted to ~0.1 ug/ml to encourage dimer
dissociation and incubated for increasing time periods at 80 °C.
As seen in Fig. 5 the cross-linked dimer (closed circles) lost
practically no activity (~90%) even after 6 h of incubation at

OD 280nm, mAU
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FIGURE 5. Time course of the thermal denaturation of cross-linked T108C.
Purified proteins were diluted to ~0.1 ug/ml and subjected to incubation at
80 °C. At the indicated times, they were cooled to 4 °Cand ligand binding was
measured with 2.5 nm [PHITPP" as described under “Experimental Proce-
dures.” Cross-linked T108C (filled circles); untreated T108C (open circles).

>

80 °C, whereas the untreated protein was already inhibited by
50% after 1 h. Overnight incubations at 80 °C inhibited practi-
cally all the activity of both proteins (not shown). The dramatic
stability of the cross-linked protein to heat supports the con-
tention that the first step in the denaturation involves dimer
dissociation. The results also suggest that the functional unit is
within the parallel cross-linked dimer.

Detergents That Inhibit Binding Activity Also Inhibit o-PDM-
mediated Cross-linking—Because our results demonstrate the
functionality of an EmrE dimer with the protomers arranged in
a parallel configuration, we searched for possible factors that
could explain the generation of antiparallel dimers in the
crystal structures published. We explored whether some of
the conditions used to prepare the protein for crystallization
could somehow affect activity and/or the oligomeric state.
Because one of the most important factors determining the
oligomeric state of a membrane protein is the nature of the
detergent used for solubilization, we tested the effect of
detergents used for crystallization on TPP™ binding activity,
a function that requires an intact dimer. When EmrE was

NOVEMBER 24, 2006+ VOLUME 281+-NUMBER 47

extracted with NG or OG the binding capacity of the protein
was significantly diminished (16.7 and 9.6 pmol/pug EmrE,
respectively, and Fig. 6A) as compared with the maximum
measured with protein extracted with DDM (31.4 pmol/ug
EmrE). The results suggest that in the presence of NG or OG
only a fraction (53 and 30%, respectively) of the protein binds
TPP™. In addition, the remaining functional fraction bound
with an affinity 10-fold lower than that detected in the DDM
protein, 32 and 41 nm for NG and OG, respectively, as com-
pared with 3.2 nm in DDM.

To test whether the above inhibition was due to an effect on
the oligomeric state of the protein we tested o-PDM cross-
linking of EmrE with a single Cys at position 108 after solubili-
zation with either one of the detergents. The results in Fig. 6B
show that although a significant fraction of the protein (72%)
was cross-linked when the detergent used was DDM, much
lower cross-linking was observed when the detergents used
were NG or OG (50 and 17%, respectively). As expected, SDS
treatment completely inhibited cross-linking.

Octyl Glucoside Influences Dimer-Monomer Equilibrium—
The results are consistent with the suggestion that treatment
with either NG or OG affects and weakens the interaction of the
monomers in the functional EmrE dimer. To test the possibility
that a significant fraction of the protein is in the monomeric
state we took advantage again of the fact that that hetero-oli-
gomers with one inactive subunit display a lower affinity to
TPP™ (24) (Fig. 4). Mixing of DDM-solubilized EmrE with a
large excess of the inactive mutant E14C did not impair the
function of EmrE (Fig. 6C, closed circles) unless the dimer was
dissociated by a short heat treatment (Fig. 4). We used this assay
to assess whether a fraction of the OG-treated protein is disso-
ciated. We solubilized EmrE and EmrE E14C with OG and
added increasing amounts of the inactive protein to a constant
amount of EmrE. After a short incubation DDM was added to a
final concentration of 1%. The inhibition of activity caused by
OG was fully reversible by the addition of DDM (Fig. 6C, no
E14C added). Increasing amounts of E14C markedly inhibited
the TPP™" binding activity in a pattern practically identical to
that observed using the heat treatment.
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rium. A, octyl and nonyl glucosides inhibit TPP* binding. [*HITPP ™ binding
was measured as described under “Experimental Procedures” at concentra-
tions between 0.5 and 200 nwm. The kinetic constants were calculated with
Origin 7.0 software (OriginLab, Northampton, MA). B, octyl and nonyl glu-
cosides inhibit 0-PDM mediated cross-linking. EmrE T108C labeled with
[**Slmethionine (15) was extracted with either one of the detergents indi-
cated ata concentration of 1% DDM, NG, and SDS and 2% OG. In the presence
of OG, EmrE reproducibly displays an anomalous apparent higher Mg Cross-
linking was performed essentially as described under “Experimental Proce-
dures.” The proteins were analyzed using SDS-PAGE, visualized with a Fuijifilm
LAS-1000 imaging system, and digitally analyzed with Image Gauge 3.46 Fuji-
film software. C, octyl glucoside increases the fraction of monomeric EmrE.
Increasing amounts of the inactive EmrE mutant E14C were added to 50 ng of
CAMY. The membranes were solubilized in DDM (filled circles) or in OG (open
circles). After solubilization DDM was added to the OG-treated samples and
PHITPP" binding was measured as described under “Experimental
Procedures.”

DISCUSSION

The recently suggested antiparallel topology of EmrE, a
homodimeric H"-coupled multidrug transporter, has many
intriguing implications regarding biogenesis, insertion, and
evolution of ion-coupled transporters. In the present work we
characterized a protein cross-linked via Cys residues at posi-
tions incompatible with an antiparallel topology. Experimental
constraints provided by cross-linking experiments may be lim-
ited by the fact that they provide us with a snapshot of only one
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of the possible conformations of the proteins and maybe even
one that is not necessarily physiologically relevant. In addition,
chemical modification of the protein required for cross-linking
may result in misfolding or denaturation of the protein. There-
fore, results obtained from cross-linking experiments have to
be evaluated with caution. In this work, we used a most strin-
gent criterion: we tested whether the protein was fully func-
tional after cross-linking. We used o-PDM, a bifunctional rigid
maleimide cross-linking reagent, to introduce stable covalent
bridges between thiol groups separated by a distance that may
vary within the 7-11 A range (29). The choice of the mutants to
use was based on our previous experiments that led us to sug-
gest that intermonomer interface within the EmrE dimer is
formed by TM1 and TM4 segments. The results also showed
that residues at both the N- and C-terminal ends of TM4 are at
similar distance from the neighbor TM4 and suggest a parallel
arrangement. In addition, D84C and T108C, the two single cys-
teine replacements used in this work, are well tolerated by
EmrE and fully functional according to phenotype, ligand bind-
ing, and transport assays (Ref. 26 and data not shown) and
therefore should represent functionally folded protein.

Both published x-ray structures do not permit intermono-
mer homo-cross-linking mediated by o-PDM at either one of
the above positions. The reaction at the positions we chose
resulted in cross-linking of a large fraction of the protein but, as
in most other documented cases, did not go to completion.
Therefore, the cross-linked species were purified by ion
exchange chromatography, and although we were able to purify
the species cross-linked at position 108 to >90% homogeneity,
we did not succeed in purifying the one cross-linked at position
84 over 40% purity. The purified protein cross-linked at posi-
tion 108 displayed substrate binding and transport with kinetic
properties similar to that of the non-cross-linked species. The
affinity to TPP™ and the number of binding sites detected (0.42
mol ligand/mol EmrE) suggest that practically all the protein is
functional. After reconstitution, the T108C cross-linked pro-
tein displayed H™ -driven transport of methyl viologen at rates
and to levels practically identical to those displayed by the non-
cross-linked species.

The cross-linked protein is fully functional, and practically
every dimer has been shown to bind ligand as suggested by the
fact that it can bind one mol TPP*/2.4 mol EmrE, only slightly
lower than the previously determined stoichiometry. In any
case, we challenged the contention that the functional unit may
be formed by the interaction of two cross-linked dimers. To test
this point we used two different approaches: first, taking advan-
tage of the previously developed monomer-swapping method
to probe the participation of the cross-linked proteins in oligo-
meric equilibrium and second, testing the impact of the cross-
linking on the stability of EmrE toward heat denaturation. At
both 84 and 108 positions, 0-PDM cross-linking prevented
EmrE from entering into oligomerization equilibrium. Both
untreated T108C and D84C mutant proteins lost ~80% of the
substrate binding activity while subjected to the monomer-
swapping procedure with an excess of the inactive mutant
EmrE E14C. Cross-linked T108C kept ~85% of its activity
under the same conditions, whereas the cross-linked D84C
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mutant lost 40% of the activity in accordance with the degree of
cross-linking.

Detergent-solubilized wild-type EmrE is remarkably stable
to heat denaturation. Still, incubation times at 80 °C longer than
30 min result in irreversible loss of the substrate binding activ-
ity. Because it is most likely that the first stage of the thermal
denaturation of EmrE is dimer dissociation, it was logical to
suggest that stabilization of functionally relevant intermono-
mer contacts will result in overall stabilization of the EmrE.
Indeed, cross-linked T108C was found to be dramatically more
stable toward the heat denaturation when compared with the
untreated protein.

Cross-linking between dimers rather than within the dimer
was also ruled out in our experiments. If it occurred once for a
dimer-dimer interaction the result would be that half of the
protein remains monomeric. If the cross-linking occurred
more than once it would generate tetramers or even higher
entities. This is not the case in our preparations where the
cross-linked dimer is >90% pure. As mentioned above, the
cross-linked and the untreated protein behave identically in
size exclusion chromatography, showing that large complexes
are not generated by multiple cross-linking between dimers.

Although it is clear from our results that the dimer with par-
allel topology is fully functional, we cannot rule out the exist-
ence of oligomers with antiparallel arrangement of the pro-
tomers. Several proteins in the SMR (small multidrug
resistance) family have been suggested to function as hetero-
oligomers, based on the finding that some pairs confer resist-
ance phenotype only when co-expressed together. A bioinfor-
matic analysis of this group of proteins suggests that the
distribution of positive charges is different in a way that would
predict a topology of opposite direction for each of the pro-
tomers, i.e. antiparallel (18). Based on this result and on a global
analysis of the topology of all the E. coli membrane proteins, it
was suggested that the hetero-oligomeric small multidrug
resistance proteins may be in an antiparallel topology (18, 30).
Further mutational studies showed that, as expected, the topol-
ogy of EmrE in the membrane is sensitive to the distribution of
positive charges in the protein in agreement with the well estab-
lished positive inside rule for the topology of membrane pro-
teins. For EmrE, the topological studies in intact cells in our
laboratory suggest that all the protein is in a C-in configuration
(14). The studies using PhoA and green fluorescent protein
fusions suggest that all the fused “wild-type” protein is in a
C-out configuration, i.e. high PhoA activity and practically nil
green fluorescent protein fluorescence (18). The results with
the mutated proteins may represent a mixture of configurations
of dimers (some with C-out, some with C-in) but not necessar-
ily anti-parallel protomers in the dimer. The discrepancy in the
topology of the wild type between the two laboratories may
stem from the fact that the constructs and the strains being
used are different in what may be quite a significant way.
Whereas our laboratory has added a Myc epitope before a His,
tag at the C terminus (21), others have added a His, tag and
protease cleavage sites at the N terminus (7, 8), and yet others
have added large reporters such as PhoA and green fluorescent
protein at the C terminus (18). This topic awaits a detailed
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study, but in any case, none of the results thus far reported
support an antiparallel topology of wild-type EmrE.

We present here a possible explanation for the antiparallel
topology observed in the published structures. The dimeric
structure of EmrE is sensitive to the nature of the detergent
used. Whereas DDM-solubilized protein dissociates only under
extreme conditions, some detergents, such as OG and NG,
increase the fraction of the monomeric form of the protein.
Monomers may form crystal contacts very different from those
in the functional protein. Indeed, many monomeric proteins
have been shown to form antiparallel crystallographic dimers
(for examples, see Refs. 1, 31, 32). In the antiparallel dimer of
EmrE observed in the crystal structure, the protomers are
asymmetric and TPP™ is bound to one of them (7). TPP™ has
indeed been shown to bind to EmrE with nanomolar affinity
(21), but it has also been shown to bind to SDS-treated protein
with ~four orders of magnitude lower affinity (33). In addition,
TPP™" and other similar substrates have been previously shown
to bind nonspecifically to unrelated proteins and to mem-
branes, most likely due to a mixed hydrophobic and electro-
static interaction (see, for example, Refs. 34 and 35, respec-
tively). Because the crystallization was performed in the
presence of millimolar concentrations of substrate and protein
(7), TPP™ may be binding non-specifically to EmrE rather than
reflecting its location in the functional dimer.

In addition to supporting the conclusion that the parallel
dimer is functional, our results contribute to our understanding
of some functional aspects of EmrE. The protein can be fixed at
either one of the two termini of TM4 and it can still function in
substrate binding and, at least in the case of T108C, also in
H*-coupled accumulation of methyl viologen. Therefore, the
results support the conclusion that no sweeping relative move-
ments of TM4 are necessary for catalysis.

We may speculate that the evolutionary challenge of recog-
nition and transport of the wide spectra of the substrates may
have selected for small multidrug resistance proteins permis-
sive for both parallel and antiparallel orientation of the mono-
mers within the dimer. In such a way one protein with the same
sequence may extend the range of the substrate specificity in
the very spirit of multidrug resistance. It appears, however, that
most of the biochemical data obtained in our laboratory are
relevant to the EmrE with the parallel orientation of the mono-
mers within the dimer. Functionality of EmrE or close homo-
logues with an antiparallel orientation of the monomers
remains to be characterized.
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