1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

(A & Author Manuscript
st

NATTG,
fiy

Published in final edited form as:
J Mol Biol. 2014 July 15; 426(14): 2539-2546. doi:10.1016/j.jmb.2014.05.020.

Competition as a way of life for H*-coupled antiporters

Shimon Schuldiner

Mathilda Marks-Kennedy Professor of Biochemistry at the Hebrew University of Jerusalem. Dept.
of Biological Chemistry, Alexander Silberman Institute of Life Sciences, Hebrew University of
Jerusalem, 91904 Jerusalem, Israel

Abstract

Antiporters are ubiquitous membrane proteins that catalyze obligatory exchange between two or
more substrates across a membrane in opposite directions. Some utilize proton electrochemical
gradients generated by primary pumps by coupling the downhill movement of one or more protons
to the movement of a substrate. Since the direction of the proton gradient usually favors proton
movement towards the cytoplasm their function results in removal of substrates other than protons
from the cytoplasm, either into acidic intracellular compartments or out to the medium. H*-
coupled antiporters play central roles in living organisms, e.g. storage of neurotransmitter and
other small molecules, resistance to antibiotics, homeostasis of ionic content and more.
Biochemical and structural data support a general mechanism for H*-coupled antiporters whereby
the substrate and the protons cannot bind simultaneously to the protein. In several cases, it was
shown that the binding sites overlap and therefore there is a direct competition between the
protons and the substrate. In others, the “competition” seems to be indirect and it is most likely
achieved by allosteric mechanisms. To ensure the feasibility of such a mechanism the pKa of one
or more carboxyls in the protein must be tuned appropriately. In this review | discuss in detail the
case of EmrE, a multidrug transporter from Escherichia coli and evaluate the information
available for other H*-coupled antiporters.

Antiporters (also called exchangers) are ubiquitous membrane proteins that catalyze
obligatory exchange between two or more substrates across a membrane in opposite
directions. They are present in plasma membranes of bacteria, archaea, plant and animal
cells and in intracellular organelles in the eukaryotic cells. Notable examples of this type of
transporters are vesicular neurotransmitter transporters, multidrug transporters, CI7/H*,
Ca2*/H* and Na*/H* antiporters [1-7].

Many antiporters utilize proton electrochemical gradients generated by primary pumps by
coupling the downhill movement of one or more protons to the movement of a substrate. For
efficient coupling of H* and substrate fluxes, H*-coupled antiporters, have been proposed to
couple transport by utilizing a sequential binding and translocation mechanism, through
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which the substrate must be released prior to binding and translocation of the hydrogen ion
(Fig.1). Such a mechanism anticipates two major conformations of the transporter, facing
alternatively each side of the membrane (C, and C;), which can interconvert only when one
of the substrates is bound. Furthermore, simultaneous binding of both substrates is
prohibited.

What molecular determinants ensure such mutually exclusive occupancy of the binding
domains and how does binding affect the associated conformational changes? In this review
| describe what is known about the core of the coupling mechanism, i.e. the first part of the
above question. | describe in detail our work on EmrE where a simple, direct competition
between H* and substrates for occupancy of a common binding site has been clearly
demonstrated. | also discuss other mechanistic studies where competition has been
demonstrated and new structures of antiporters that support a common binding site for H*
and substrates.

I. EmrE: a simple model for the coupling mechanism

I.A. One carboxyl per monomer is necessary and sufficient for coupling

EmrE is a small (110 residues) SMR transporter from Escherichia coli that functions as a
dimer and extrudes one positively charged aromatic drug in exchange for two protons (one
per subunit), thus rendering bacteria resistant to a variety of toxic compounds. Studies of
this small, 110-residue multi-drug transporter from E. coli have provided information
valuable for understanding coupling mechanisms in H*-coupled antiporters [7-13].

EmrE provides a unique experimental paradigm to study the coupling mechanism not only
because of its size and stability. Most importantly, under proper conditions, the detergent
solubilized protein binds substrate and releases protons in a manner that reflects with high
fidelity its catalytic activity in the membrane. This property has enabled a detailed study of
the molecular basis of coupling between protons and substrate [10-12, 14-17]. EmrE
contains eight charged residues, seven of them located in the hydrophilic loops and only one
membrane-embedded charged residue, Glul14, which is also conserved in hundreds of
homologous proteins in bacteria and archaea [7, 18]. The first indications of its crucial role
was supplied by experiments where replacement of Glu14 in EmrE or Smr from
Saphylococcus aureus (equivalent Glul13) with Cys, GlIn, His, Tyr or Asp had a profound
effect on the phenotype [14, 19-21]. Further characterization of the mutants showed that the
E14C and E14Q mutations yielded a protein completely devoid of activity. Even a
conservative E14D mutation (to be discussed more in detail below) was impaired in its
ability to couple substrate and proton fluxes [14]. Replacement of the two carboxyls in the
loops with Cys residues generated an EmrE mutant with a single carboxyl per monomer at
position 14. This single carboxyl mutant displays properties similar to those of the wild type
protein, indicating that out of the three side-chain carboxyl residues of the protein, the only
essential one is Glul14 [15].

I.B. Time-sharing of the binding site

The pH dependence of substrate binding and the properties of an Asp replacement at this
position reveal the essential and dual role of Glul14 in catalysis: it plays a role in binding of
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both substrate and H*, only one of which can bind at any one time. The availability of
Tetraphenyl-phosphonium (TPP*), a substrate that is transported and binds with high
affinity, was essential for the success of these studies. This compound, originally used for
the measurement of membrane potentials in mitochondria and bacteria, bears a permanent
positive charge surrounded by four phenyl rings that lower the charge density and provide
enough hydrophobicity to allow passive permeation across membranes [22, 23]. As it turns
out, it is also a substrate of EmrE [20] and many other multidrug transporters [4].

A demonstration of classical competition between TPP* and H* was obtained by
measurement of TPP* binding at various pH values: the Kp decreases from about 600 nM at
pH 6.2 to about 3 nM at pH 8.8 [9] (Figure 2). The number of binding sites (one per EmrE
dimer) is constant at all the pHs tested [9, 21, 24]. These findings suggest that a residue in
the protein must change its protonation state to allow substrate binding. As mentioned
above, a mutant with the single Glu at position 14 is fully functional, displays the same
affinity to TPP* and the same pH dependency [15] consistent with the notion that
deprotonation of this residue is necessary and sufficient for TPP* binding [9, 21]. If so, the
pH profile revealed by these measurements provides a rough estimate of the pKp of the
Glul4 carboxyl in the range of 7-8 [9, 21].

The measurements of the binding reaction provided invaluable information but since they
were performed with a detergent solubilized protein they required further validation. This
was provided by a series of experiments performed with purified EmrE reconstituted in
proteoliposomes in which we followed transport of radiolabeled Methyl Viologen (MV?2*),
another substrate of EmrE [14]. MV2* is a relatively hydrophilic substrate with a higher Ky
and yields excellent signal to noise data. Transport was assayed in three different modes:
uphill, driven by a proton gradient, downhill and exchange (Fig. 3). Downhill transport of
substrate involves all the steps described in figure 1 but is driven by the substrate
electrochemical gradient and does not necessitate a gradient of H* ions, i.e. the pH inside
and outside the proteoliposome is the same. Moreover, generation of a pH gradient by the
counter transported proton was prevented by addition of the ionophore nigericin. When the
rate of MV2* efflux was measured at various pH values it was found that the increase in the
rate with an increase in pH was practically identical to that of the binding reaction measured
in detergent (Fig. 3 and see also [14]). In exchange experiments, a saturating concentration
of unlabeled substrate was included in the outside solution and the transporter thus
interconverts between the inward- and outward-facing conformations in the “substrate-
loaded” mode (steps 2-4 in figure 1). Even though exchange does not involve net proton
movement the pH dependence of the reaction was similar to that of the binding reaction
reflecting the fact that the rate of substrate binding is affected by pH [14]. When uphill
transport was measured, a pH gradient of 2 units (acid inside) was imposed to drive the
accumulation. In these experiments the rate increased with increasing external pH but there
was a shift of approximately 1 pH unit to the alkaline side (Fig. 3 and see also [14]). It
would appear as if Glul4 is now “sensing” the average between the internal and external pH
of the proteoliposome. The mechanistic significance of this “averaging” necessitates further
research.
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These results validate the experiments performed with the detergent solubilized transporter
and support the dual role proposed for Glul4.

I. C. Direct measurements of proton release

The assumption that a proton must be released to allow for substrate binding was
experimentally challenged and supported by equilibrium measurements where substrate-
induced proton release was observed in the detergent solubilized protein for the first time in
an antiporter [10]. These measurements provided further support for the pK estimates for
Glu14 and Asp14 and allowed determination of a stoichiometry of 2H* released per
substrate bound [10].

In addition to the equilibrium measurements the use of transient kinetics allowed us to break
down this multistep process to its individual steps [9]. A powerful tool was provided by the
study of the fluorescent properties of EmrE. The fluorescence of Trp63 in EmrE reflects the
occupancy of the binding site in the protein: the highest fluorescence is observed when the
protein is fully deprotonated, the protonated protein displays a lower fluorescence and the
substrate bound protein displays the lowest (Fig.4). Interestingly, the environment to which
Trp63 is exposed as reflected by the wavelength of its fluorescence peak does not change
significantly at the three different states suggesting that Trp63 does not go through large
conformational changes that expose it to different environments. A possible reason for the
different fluorescence levels could be due to quenching or energy transfer to the substrate or
to other amino acids not yet identified.

I.D. Fine tuning of the pKp of the essential carboxyl is necessary for efficient coupling

The findings described above allowed us to study the transient kinetics of substrate binding
and proton release using spectroscopic techniques: the fluorescence of either the wild type
protein or a mutant with a single Trp at position 63 was used to measure binding rates [9].
The maximal rates of substrate binding of about 2 x 10’M~1s71 are relatively close to typical
values in diffusion limited processes, implying that, in detergent, binding does not
necessitate major conformational changes of the protein. The kg, values for binding to the
single Trp63 mutant in the pH range measured are essentially identical to the kqp, values for
binding to the wild type protein. These findings further validate the use of the mutant to
study the mechanism of catalysis. Moreover, the results suggest that Trp63 is responsible for
most of the fluorescence changes in the wild type protein. The changes in fluorescence of
Trp63 are extremely large and under optimal conditions most of the fluorescence is
quenched either by protons or by substrate (Fig. 4).

Taken as a whole, the results support a binding mechanism where binding of either protons
or substrate requires dissociation of the other. The suggested reaction path implies that first,
E-2H+S dissociate to E+S+2H*, and it rapidly leads to the formation of ES+2H*. The fit to
a model that assumes, as a first approximation, no binding to either the singly or doubly
protonated protein and that both protons have a single or very similar pKa is in agreement
with the following experimental findings (summarized in ref. [9]): I. The stoichiometry of
proton release as determined from steady state measurements is 2H*/functional unit (dimer)
[10]. This finding is supported also by the stoichiometry of the whole transport process:
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2H*/substrate [25]. Il. In steady state measurements the maximal substrate-induced release
of protons from a practically fully protonated protein is at around 7 and therefore we
conclude that the pKa must be well above 7 [10]. This contention is supported also by the
pH dependence of the Trp63 fluorescence [9]. 111. Although EmrE releases two protons upon
substrate binding, the substrate induced proton release is monophasic, suggesting that both
protons display identical or very similar pKa values.

The pre-equilibrium pKa values calculated from the data discussed above are ~7.3 for Glu14
and 5.8 for Aspl4. The pKa values from this fit are lower than the equilibrium pKa values
(8.3-8.5 and 6.7, respectively) [10] and this could be due to different effects on rates and on
steady states, to a lower accuracy of the steady state measurements or to the need to obtain a
model that better describes the reaction.

Interestingly, kon Values of substrates with much lower affinities (TPMP* and Ethidium) are
of the same order of magnitude as those measured with TPP* [9]. The fact that the
association constant is similar for substrates with completely different affinity implies that
dissociation determines the large affinity differences between the various substrates.

A possible reason for the modified pKa of Glul4 in the EmrE dimer could be the proximity
of the two carboxyls, one from each monomer, in the binding cavity. This possibility was
ruled out in a study of hetero-dimers with a single carboxyl in position 14 generated by
monomer swapping or by genetic fusion [26, 27]. Such heterodimers differ in their affinity
to the substrates and the stoichiometry between substrate and proton fluxes but the pH
dependence of substrate binding (i.e. the pKa) is practically indistinguishable from that of
the wild type (S. Steiner-Mordoch and S. Schuldiner, unpublished results). Another probable
explanation for a modified pKa may stem from experimental data that imply a role for at
least three aromatic residues (Trp63, Tyr40 and Tyr60) in each EmrE monomer [28, 29]. In
addition to increasing the pKa of the carboxyls, the low dielectric constant of the protein
interior created by hydrophobic and aromatic residues would strongly favor the electrostatic
interaction between the negatively charged glutamate and a positively charged drug.

Il. Challenging the classical view of antiporters

The behavior of a mutant where the essential Glu14 was replaced with Asp raises a general
question regarding antiporter mechanisms. In a classical scheme of an antiporter cycle, it is
assumed that the transition of the “unloaded” transporter between the conformations facing
the opposite sides of a membrane is not allowed (Fig.1). Should such a transition be
permitted the coupling between the two fluxes would be compromised. Noteworthy, the
single conservative mutation of Glul4 to Asp generates a protein with very interesting
properties: as a result of the lower pKa of the Asp carboxyl, it binds TPP* with high affinity
but the pH dependence of this reaction is shifted to the acidic values; it does not confer to
cells a significant resistance to EmrE substrates; it does not catalyze proton driven
accumulation of substrate but it can transport it downhill [9, 14, 21]. In other words, the
E14D mutant functions now as a uniporter suggesting that, in the mutant, the transition of
the “unloaded” transporter is permitted. It is possible that the mutation has an effect on the
transporter that modifies the likelihood of this step to occur. Another more interesting
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possibility is that the transition is always allowed, even in the wild type EmrE. The reason
that such a transition is not detectable in the wild type is that the concentration of the
unprotonated form of transporter is extremely low and therefore the net flux would be nil.
As demonstrated by the studies described above, the unprotonated form is extremely short
lived in the wild type protein: it either binds protons or substrate rapidly upon its generation.
The conformational change would be many times slower than the binding of protons or
substrate and it would not happen frequently enough to uncouple. The lower pKa of the
E14D mutant means that most of the protein will be unprotonated during interconversion
between C, and C;, uncoupling transport from proton movements.

lll. Competition in other H* coupled antiporters

As described in detail above, in the case of EmrE, the coupling mechanism is based on a
direct competition of the substrate and the H* for the same or overlapping binding site where
Glul4 plays the central role. Is there evidence for a similar mechanism for the larger modern
antiporters? The answer is most likely a complex one.

NhaA provides another well-documented case of competition between the two substrates
[30]. NhaA, is a Na*/H* antiporter from E. coli that belongs to the CPA family of
monovalent cation/proton antiporters [31]. It plays a central role in sodium and proton
homeostasis by exchanging two H* with one Na* ion [32]. The activity of NhaA increases
with increasing pH similar to what was described above for EmrE [33]. Electrophysiological
measurement of the activity of NhaA was tested over a wide pH range from pH 5.0 to 9.5.
Forward and reverse transport directions were investigated at zero membrane potential and
the pH dependence was found to be associated with a systematic increase of the Ky, for Na*
at acidic pH [30]. This classical competition seems to be at a common binding site, as
suggested by biochemical and structural evidence that support a mechanism whereby two
Asp residues, Asp163 and Asp164, provide the site for both H* and Na* [31, 34]. This
conclusion is further supported by equilibrium molecular dynamics simulations of outward-
facing NapA, an NhaA homologue from T. thermophiles, in a model membrane bilayer.
Simulations were carried out with both Asp 157 and Asp 156 (the residues corresponding to
Ap163 and 164 in NhaA) deprotonated, as they are likely to be in the crystal structure, and
also as combinations of their neutral and charged forms. With both aspartates charged, Na*
ions spontaneously entered the negatively charged extracellular cavity to bind to Asp 157.
Na* ions were concentrated at Asp 157 and multiple distinct binding and unbinding events
could be observed, which is qualitatively consistent with weak binding. By contrast, Na* ion
binding was not observed when Asp 157 was protonated and was markedly reduced when
Asp 156 was neutral. In molecular dynamics simulations of inward-facing NhaA, Na* binds
to the equivalent aspartate (Asp 164), which is positioned at the base of the cytoplasmic
cavity [35].

Recent structures of antiporters support a mechanism where there is direct competition for a
binding site shared by H* and the counter transported substrate. Thus, the Vcx1 protein from
Saccharomyces cerevisiae and CAX_Af from Archaeoglobus fulgidus are two proteins from
the CaCa family that display Ca2*/H™ antiporter activity. Their crystal structures suggested
that Ca2* and H* binding to the cation-binding site are mutually exclusive [5, 36]. Also in
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the case of DinF, a H*-coupled MATE transporter from Bacillus halodurans, the structure
unveils a membrane-embedded substrate-binding chamber that suggests a common binding
site for H* and substrate [37].

On the other hand, at least in two cases, it has been proposed that the counter-transported
substrates bind at different sites without compromising the competitive nature of their
binding. Since we are now talking about different sites on the protein, the term competition
is used here in a free way. Thus, in the case of MdfA, a proton/drug antiporter from E. coli
that belongs to the MFS family, genetic and biochemical evidence support the contention
that distinct binding sites may exist for substrates and protons [38]. PEMATE, a H*/drug
antiporter from Pyrococcus furiosus that belongs to the MATE family, was recently
crystallized [39] and, also in this case, the authors suggest that the binding sites for H* and
substrates do not overlap.

An extreme example of “long-distance” competition is provided by the AcrAB-TolC
complex from E. cali, a large tripartite complex that belongs to the RND family and
provides the major intrinsic resistance of these cells. It actively removes a large variety of
drugs from the periplasm by a mechanism that utilizes the proton electrochemical gradient
across the cytoplasmic membrane. In the case of the AcrAB-TolC complex, there is a
complete spatial separation of the sites: the proton site is in the membrane domain while the
substrate site is in the periplasmic portion of this large complex [40]. The conformational
changes occurring upon protonation and deprotonation of carboxylic residues in the
membrane domain are coupled to conformational changes in distant domains where the
substrate transport takes place [40].

A notable, and maybe not unique, exception to the mechanism depicted in Fig. 1 is
presented by the CIC CI=/H* antiporter [41]. In general, antiporters bind their substrates
alternately in the two different states and shuttle them across the membrane in ping-pong
like conformational changes according to the alternating access model. In contrast, it has
been proposed that CIC is able to bind both its substrates simultaneously, and, importantly,
proton movement along its pathway seems to be possible only when the central anion
binding site is occupied by CI™ [41].

of the pK, is determined by the functional needs

Noteworthy, in addition to EmrE, in all the Escherichia coli antiporters described above,
NhaA, MdfA and AcrAB-TolC complex, the dependence of the transport reaction on pH is
very similar with no activity at acidic pH and an increase to a maximum at the alkaline pHs
and an approximate middle point at around 7.5-7.8. Using a variety of approaches, the pKa
of the carboxylic residues considered essential for coupling has been estimated to be at
around 7.5 [30, 34, 38, 40], a value well within the range of the intracellular pH of E. coli
cells [42]. Thus, it seems that regardless of their specific structures or mechanisms the
transporters have evolved so that they are exquisitely tuned to function at the very constant
cytoplasmic pH maintained by E. coli cells [42]. If the pKa were too low, such as in the
E14D mutant, it would generate a protein that at physiological pH has already released the
previously bound protons, binds substrate but cannot couple the substrate flux to the proton
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gradient [10, 14]. If the pKa were too high, substrate binding would be inhibited and it
would, therefore, allow for very little activity at around the intracellular pH of E. coli [42].

Interestingly, such a pH dependence of the antiporters’ activity may provide the explanation
on the reported involvement of these antiporters in bacteria and archaea in regulation of the
internal pH at alkaline pH values, as already suggested for MdfA and MdtM, two H*-
coupled multidrug antiporters from E. coli [38, 43]. Thus, when the intracellular pH
increases, so will the rates of the H*-coupled multidrug transporters and, as a result,
increased rates of H* influx. In the cases above quoted, it has been suggested that the
countertransported substrate is K.

V. Conclusions

Biochemical and structural data support a general mechanism for H*-coupled antiporters
whereby the substrate and the protons cannot bind simultaneously to the protein. In several
cases, it was shown that the binding sites overlap and, therefore, there is a direct competition
between the protons and the substrate. In others, the “competition” seems to be indirect and
it is most likely achieved by some allosteric mechanism. To ensure the viability of such a
mechanism the pKa of one or more carboxyls in the protein must be tuned appropriately and
as shown for three E. coli proteins this ensures activity at the very constant cytoplasmic pH
maintained by this organism.

The basic coupling mechanism for H*-coupled antiporters described here is probably the
simplest and the result of early events in evolution. Modifications of the proposed
mechanism may have evolved in specific cases to fulfill dedicated and/or regulated
functions. The mirror image of this mechanism seems to have been adopted by H*-coupled
symporters where binding of the proton and the substrate is essential for the transport
reaction.
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Figure 1. A simplified view of the catalytic cycle of an antiporter
For the sake of simplicity the cartoon includes only the conformations where the protein

faces the inside (C;) or the outside (C,) with a proton (CijH and CyH) or substrate (C;S and
CoS) bound. Modified from figure 1 in [44]
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Figure 2. pH dependence of the equilibrium Kp of EmrE

Purified protein was immobilized on Ni-NTA beads and bound to increasing [BH]TPP*
concentrations at various pH values as described [9]. Adapted from [9].
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Figure 3. Partial steps of the cycle
Rates of substrate binding are dependent on pH because it binds only the unprotonated form

of the transporter (bottom panel, x-x). Downhill transport of substrate includes all the steps
in the cycle described in figure 1 (top left). The pH on both sides of the membrane is kept
the same by the ionophore Nigericin and the reaction is driven by the substrate
electrochemical gradient. The pH dependence of the reaction is shown at the bottom (&-@).
The exchange reaction between radiolabeled (*MV2*) and unlabeled (MV2*) Methyl
Viologen (top middle) does not include the proton translocation steps (6-8 in figure 1) but
since rates of substrate binding are affected by pH also the exchange reaction shows pH
dependence similar to that of the binding reaction and the downhill transport (a-4). The
dependence of H*-driven uptake (l-M) is shifted about 1 pH unit to the alkaline side. In
these experiments, at each external pH the internal pH is about 2 pH units lower. A likely
interpretation of this shift is that Glu14 is exposed alternately to the internal and external pH
of the proteoliposome and “senses” the average pH between the inside and the outside.
Adapted from [14].
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Figure 4. Tryptophan fluorescence spectra of EmrE-single Trp63 at different pH values with/

without substrate

A- Emission spectra (excitation at 280 nm) of 2 uM EmrE-Single Trp 63. The lowest solid

line is at pH 5.5 the middle is at pH 7.0 and the highest is at pH 8.5. The dashed line

represents protein at pH 8.5 after addition of 50 uM of the substrate TPP*. The shoulder at
around 310 nm in the spectra of the single Trp63 mutant (that bears 7 Tyr residues) is not

observed upon excitation at 295 nm and was assigned to Tyr fluorescence.
B- Summary of the pH dependence of the fluorescence intensity at the emission peak at 338

nm of free protein (squares) and substrate bound protein (circles). Adapted from [9].
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