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e electrophysiological characterization of selected secondary active transporters
from Escherichia coli is presented. In melibiose permease MelB and the Na+/proline carrier PutP pre-steady-
state charge displacements can be assigned to an electrogenic conformational transition associated with the
substrate release process. In both transporters cytoplasmic release of the sugar or the amino acid as well as
release of the coupling cation are associated with a charge displacement. This suggests a common transport
mechanism for both transporters. In the NhaA Na+/H+ exchanger charge translocation due to its steady-
state transport activity is observed. A new model is proposed for pH regulation of NhaA that is based on
coupled Na+ and H+ equilibrium binding.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Secondary active transporters in the bacterial plasma membrane
are of fundamental importance for the cell. To name only a few
functions, they catalyze the uptake of nutrients, export toxic
compounds, translocate macromolecules, regulate cell turgor and
create ion gradients essential for the function of other membrane
proteins. Recently, bacterial transporters have also become important
as prototypic systems in structural biophysics. Because procaryotic
membrane proteins are easier to prepare and handle than their
eukaryotic counterparts, bacterial homologues of mammalian trans-
porters have beenwidely used for protein crystallization and structure
determination. Therefore, based on the analysis of bacterial transpor-
ters principles of the mechanism of transporters in general, prokar-
yotic as well as eukaryotic, are emerging (see e.g. [1–5]).

Modern techniques for the elucidation of the molecular mechan-
ism of transporters rely on structural determination, computational
biophysics and functional analysis. Among the many methods for
functional characterization electrophysiology is probably the most
universal because it does not require labelled substrates, it is highly
sensitive and has a high time resolution. However, apart from a few
rare exceptions, bacterial transporters cannot be investigated using
voltage clamp or patch clamp methods because of the small size of
bacteria and because bacterial transporters are difficult to express in
mammalian cells or oocytes. Here, electrophysiology based on solid
supported membranes (SSM-based electrophysiology) can be extre-
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mely useful [6–10]. It can be used to identify electrogenic partial
reactions, to monitor the transport of a charged substrate and
determine kinetic parameters of the transporter like rate constants
and substrate affinities. In the following we will show the application
of SSM-based electrophysiology at the example of three different
bacterial transporters.

2. Materials and methods

Preparation of the proteoliposomes: MelB, PutP and NhaA were
produced in overexpressing Escherichia coli cell lines. They were
purified to homogeneity and reconstituted into proteoliposomes of
E. coli lipid extracts by the biobead detergent extraction method
[7,9,11].

SSM-based electrophysiology: The SSM consists of an octadeca-
nethiol/lipid hybrid bilayer on a gold electrode. Proteoliposomes
containing the transporter of interest were adsorbed to the SSM. A
substrate concentration jump was generated via a rapid solution
exchange and the resulting charge displacements were measured via
capacitive coupling. For the concentration jump a “non-activating”
solution (without substrate) and an “activating solution” (with
substrate) were sequentially applied. To prevent artifacts, the non-
activating solution contained an inert compound at the same con-
centration as the substrate. Conditions for the different experiments
are given in the figure legends. For the concentration jumps the
following nomenclature is used: ΔNa=Na+ concentration jump;
ΔmelΔNa=combined melibiose and Na+ concentration jump; Δmel
(Na)=melibiose concentration jump in the presence of Na; and ΔNa
(mel)=Na concentration jump in the presence ofmelibiose. Analogous
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expressions are used for other substrate combinations. For a detailed
description of the technique see [12].

2.1. The melibiose permease MelB

Sodium/substrate symport (or cotransport) is a widespread
mechanism of solute transport across cytoplasmic membranes of
pro- and eukaryotic cells. The melibiose permease MelB from E. coli is
a member of the galactosides-pentoses-hexuronides (GPH) transpor-
ter family and links the uphill solute transport of various sugars (α- or
β-galactosides, e.g. melibiose) to a downhill electrochemical ion
gradient (Na+, Li+, or H+) (for reviews see [13,14]) in a 1:1
stoichiometry [15]. Studies performed by using a variety of biochem-
ical, and biophysical techniques provided information about the
structure and function of MelB [15–20]. MelB from E. coli, purified and
reconstituted in proteoliposomeswas the first bacterial co-transporter
that could be investigated by an electrophysiological method, namely
SSM-based electrophysiology [11].

Electricalsignalselicitedbyconcentrationjumpsoftheco-substrates
were recorded at avariety of conditions in order to provide information
about different partial reactions of the transport cycle like Na+ and/or
melibiosebindingtothepermeaseandco-substratetranslocation[8,11].
TypicaltransientcurrentsareshowninFig.1A,aNa+concentrationjump
(ΔNa) and a combined Na+ and melibiose concentration jump
(ΔmelΔNa). They show the basic features of the current response: 1)
largeandfasttransientcurrentsdecayingmono-exponentiallywithatime
constant t=15mswererecordeduponaNa+orLi+concentrationjump
and2)transientbiphasiccurrentsincludingbothfast(t=10–20ms)and
slow(t=300–400ms)decaycomponentswerefoundwheneverα-orβ-
galactosideswerepresent[11].

The fast and monophasic transient response was assigned to an ion-
induced charge transfer within the transporter. The second charge
Fig. 1. Melibiose permease MelB. Electrical signals generated by wild-type MelB after
different solution exchange protocols. In addition to the sugar and/or cation given below
the activating and the non-activating solutions contained 100mMKPi at pH 7.0. The data
shown in thefigurewere recordedon the same sample. (A)ΔNa:non-activating solution
50 mM glucose, 10 mM choline chloride (cholineCl), activating solution 50 mM glucose,
10 mM NaCl. ΔmelΔNa: non-activating solution 50 mM glucose, 10 mM cholineCl;
activating solution 50 mMmelibiose, 10 mM NaCl. In addition both solutions contained
0.1 mM dithiothreitol (DTT). (B) Electrical signals after a simultaneous melibiose and
NaCl concentration jump (ΔmelΔNa) before (no NEM) and after (+1 mM NEM)
addition of 1 mM NEM: non-activating solution 20 mM glucose, 10 mM cholineCl;
activating solution 20 mM melibiose, 10 mM NaCl. All solutions were DTT-free. The
experiments were carried out at room temperature (22 °C). Data from [11].
transfer process, identified from the slow component (350–450 ms) of
the biphasic response induced by the simultaneous co-substrates con-
centration jump, is associated with the inward Na+-melibiose symport
that gives rise to a stationary currentwhich is converted into a transient
current decaying slowly with a time constant of ∼350 ms by the capa-
citive recording system [11,21]. This interpretationwas supported by the
observation that the slow current component of the biphasic response
was suppressed upon selective inactivation of the translocation capacity
of MelB by N-ethyl maleimide (NEM) (Fig. 1B) [11]. NEM is known to
bind to only one of the 4 cysteines of the wild-type permease, cysteine
364 [22,23]. It interferes with the transport function of MelB [24,25] but
Na+ dependent sugar binding is not impaired [15].

As expected for cation coupled sugar transport, the binding of the
cation enhances the affinity of the transporter for the co-transported
sugar (K0.5=22 mM in the absence and K0.5=3 mM in the presence
of Na+), and vice versa melibiose enhances the affinity of the
transporter for Na+ (K0.5= 2.1 mM in the absence and
K0.5=0.6 mM in the presence of melibiose) [11]. The cooperative
effect of Na+ on sugar binding and transport byMelB was already well
documented [14,26] but the SSM measurements provided the first
evidence for a cooperative influence of the sugar substrate on MelB
affinity for the coupling cation. The half saturation constants
determined from the electrical measurements were in general in
good agreement with those estimated from other biophysical studies
using membrane vesicles or proteoliposomes [14,18,27–29].

2.2. A sugar induced electrogenic conformational transition in MelB

While the concentration jumps of Na+ either in the absence or in
the presence of sugar elicited electric signals in line with the
anticipated influx of positive charges, it was observed that melibiose,
a neutral substrate, both in the presence and in the absence of Na+ can
also trigger an electrical signal upon binding to the permease [8,11]. A
tentative interpretation envisioned two possible mechanisms for the
electrogenic event triggered by a melibiose concentration jump: the
binding of additional Na+ ions to the protein due to the drastically
increased Na+ affinity after addition of melibiose or a melibiose
induced electrogenic conformational change of the protein that
displaces either the co-transported H+ or Na+ ions or charged
residues of the protein. Analysis of the substrate dependencies of the
transient currents excludes the first possibility and it could be shown
that the observed charge movement is not linked to intraprotein
displacement of already bound Na+ ions [8].

Consequently, the data support a mechanism, in which the
molecular events underlying electrogenic Na+ and melibiose binding
are different. Melibiose binding triggers a conformational change
that displaces charged intra-protein amino acid side chains or
reorients electrical dipoles. Recent experiments performed with an
improved SSM configuration allowed to determine the rate constant
of k~250 s−1 for this reaction and correlated this charge transloca-
tion with a conformational transition of the same rate constant
observed in tryptophan fluorescence spectroscopy [30].

2.3. Loop 4-5 plays a central role in conformational changes after sugar
binding

The involvement of loop 4-5 in substrate translocation became
apparent after the discovery that MelB substrates protect the protein
cooperatively against proteolysis of the loop [26]. When the positively
charged amino acids of loop4-5were individually replacedbya cysteine
only R141C, although able to bind the substrates, showed defects in the
translocation process [31]. By using cysteine less MelB as genetic
background [23,31], the effects of individual cysteine replacements of
two electrically charged residues of the loop 4-5, the positively charged
R141 and the negatively charged E142, were further analyzed by
combining kinetic, electrophysiological, and fluorescence spectros-



Fig. 2. Melibiose permease MelB. Comparison of the transient currents recorded with R141C, E142C, and cysteine less MelB. Three different substrate concentration jumps were
imposed. The activating and non-activating solutions contained 0.1M KPi, 0.1mMDTT, pH 7, and sugar and/or cation as follows:ΔNa: non-activating solution: 50mM glucose,10mM
KCl, activating solution: 50 mM glucose, 10 mMNaCl.Δmel(Na): non-activating solution: 50mM glucose, 10 mMNaCl, activating solution: 50mMmelibiose, 10mMNaCl. ΔNa(mel):
non-activating solution: 50 mM melibiose, 10 mM KCl, activating solution: 50 mM melibiose, 10 mM NaCl. The upper trace in each signal-pair was recorded from the cysteine less
mutant and the lower trace from R141C (left part of the figure) or E142C (right part of the figure). Datawere normalized to the absolute peak current of the respectiveΔNa signal. The
experiments were carried out at room temperature (22 °C). Data from [32].
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copy approaches [32]. When the charges are removed in R141C and
E142C MelB the permease retains still the capacity to bind the co-
substrates while transport is inhibited [32]. Consequently, the slow
component of the transient currents observed in SSM-based electro-
physiology, which was assigned to transport, completely disappears
in the case of R141C or is largely suppressed in E142C (Fig. 2, ΔNa
(mel)). Reintroducing a positive charge by reacting R141C with the
SH-reagent MTSEA+ partially restores active substrate transport as
previously shown in transport assays [31], whereas the negatively
charged sulfhydryl reagent MTSES− had no effect in the E142C
mutant possibly due to accessibility limitation [32].

Previous studies demonstrated a Na+-dependent, sugar-induced
increase in the tryptophan fluorescence recorded in the native or
cysteine less transporter, that has been attributed to cooperative
conformational changes either associated to or following binding of
the substrates [27,28,33]. The kinetic properties and in particular the
rate constant of this conformational change are identical to that of the
sugar induced electrogenic reaction [30] and are therefore most
probably correlated. The sugar-induced increase of the tryptophan
Fig. 3.Melibiose permease MelB. Na+-dependent tryptophan fluorescence change after
melibiose addition to cysteine less, R141C, and E142C MelB. Samples in 0.1 M KPi, pH 7
medium, were excited at 297 nm (bandpass 5 nm). The fluorescence emission spectra
(310–380 nm, bandpass 5 nm) were recorded before and after addition of 10 mM Na+,
and 30 mM melibiose. The fluorescence intensity (F) was integrated between 310 and
380 nm and the relative fluorescence change (ΔF) was calculated. Mean value of three
experiments with SEM are given. The fluorescence change after Na+ and melibiose
addition was significantly smaller in E142C and R141C, indicating absence of the sugar
induced conformational transition. Data from [32].
fluorescence is absent in the mutants R141C and E142C (Fig. 3) as are
the transient currents (Fig. 2).This led to the conclusion that the
electrogenic conformational change after melibiose binding is
disturbed in R141C and E142C permeases [32].

It is interesting to note that a different phenotype of inhibition is
observed in R141C and E142C as compared to NEM-inhibited wild-
type MelB. At first glance both phenotypes seem to be the same,
namely substrate binding is still intact while transport is inhibited.
However, an important distinction shows up in the activities related to
the sugar induced conformational transition. While this reaction is
still observed in tryptophane fluorescence [15,18] and SSM-based
electrophysiology (Fig.1B) of the NEM-inhibited enzyme it was absent
in the mutants, suggesting that the partial reactions inhibited by NEM
and by the mutations at positions 141 and 142 are different. This
observation suggested a model according to which the substrate
translocation in MelB is a two-step process consisting of an
electrogenic conformational transition inhibited in R141C and E142C
MelB (CcytNamel↔C′Namel in Fig. 4) followed by a second NEM-
inhibitable reaction [32] (C′Namel↔CperiNamel in Fig. 4). It was
suggested that the state C′Namel is an occluded state [32] acting as an
intermediate between the inward- to the outward-facing conforma-
tions and that the residues R141 and E142 in the local domain of loop
4-5 are essential for the formation of this intermediate.

2.4. The Na+/proline transporter PutP

PutP from E. coli is a member of the Na+/substrate symporter
(SSS) family comprising far over hundred similar proteins from
archaea, bacteria, yeast, insects, and mammals [34]. It catalyzes the
coupled translocation of proline and Na+ with a stoichiometry of 1:1.
The coupling ion can also be Li+. A crystal structure for PutP is not
available yet. However, the recently determined structure of a close
relative in the same family, the Na+/glucose cotransporter SGLT1 [35],
may provide insight into the specific structural features of this class of
transporters. Transport and electrophysiological measurements have
provided information about pre-steady-state and steady-state kinetics
of members of the SSS family. For SGLT1, a 6-state, ordered kinetic
model with mirror symmetry, in which Na+ binds before sugar, has
been used to simulate transport function [36–38]. Similarly, an
ordered binding mechanism with binding of Na+ before proline was
proposed for PutP [32].



Fig. 4. Melibiose permease MelB. Extended 6-state kinetic model for the backward running MelB transporter. Ccyt corresponds to the carrier set with its cytoplasmic binding sites
exposed to the solution outside of the proteoliposomes, Cperi to the carrier with its periplasmic binding sites exposed to the inside of the liposomes. Na+ and melibiose binding and
release are sequential. Loaded carrier reorientation is proposed to proceed in two steps (CcytNamel↔C′Namel and C′Namel↔CperiNamel). The asterisk indicates an electrogenic
step. Reactions not contributing to the initial rapid charge displacement are marked by dashed lines.

709C. Ganea, K. Fendler / Biochimica et Biophysica Acta 1787 (2009) 706–713
SSM-based electrophysiology allowed for the first time a direct
electrical analysis of PutP [7]. In these experiments the transporter is
inside out oriented in the liposomal membrane [39]. Therefore, the
observed transport activity corresponds physiologically to the back-
ward running carrier. Application of concentration jumps of the two
substrates in different combinations to activate PutP produced
transient currents in all cases (Fig. 5). These experiments demonstrate
that the activity of the transporter is associated with a charge
displacement. Extensive control measurements support this conclu-
sion [7]. Additional evidence comes from the behavior of the electrical
signals, which agrees with the known properties of the PutP
transporter: for example, cooperativity of the two co-substrates and
Fig. 5. Proline carrier PutP. Transient currents after different solution exchange
protocols. In addition to the amino acid and/or cation given below the activating and
non-activating solutions contained 100 mM KPi and 0.1 mM DTT at pH 7.0. All the data
shown in the figure were recorded on the same sample. Δpro: activating solution
100 mM proline; non-activating solution 100 mM alanine. Δpro(Na): activating
solution 100 mMproline, 40 mMNaCl; non-activating solution 100mM alanine, 40mM
NaCl. ΔNa: activating solution 40 mM NaCl; non-activating solution 40 mM KCl. ΔNa
(pro): activating solution 40 mMNaCl, 100 mM proline; non-activating solution 40 mM
KCl, 100 mM proline. ΔproΔNa: activating solution 100 mM proline, 40 mM NaCl; non-
activating solution 100 mM alanine, 40 mM KCl. Figure reproduced with permission
from [7].
substrate affinities, which are in reasonable agreement with previous
binding studies [7].

Since rise and decay of the signals are rapid (8.5–21 ms) compared
to the turnover of the enzyme (∼1 s−1) [39], the electrogenic reaction
has to be a fast step (kN50 s−1) early in the reaction cycle preceding the
rate limiting step. The fact that also in the absence of the respective co-
substrate (i.e. in the presence of Na+ or melibiose alone) the transient
currents are observed suggests that it is an electrogenic substrate
binding reaction preceding the general reorientation of the carrier [7].

The translocated charge measured for the different solution
exchange protocols provides information about the electrogenic
substrate binding process. First, each substrate can bind individually
without the need for the presence of the other. However, in line with
the cooperative nature of the transport process of PutP, a strong
proline affinity enhancement was found when Na+ was present. The
translocated charge is approximately the same for Na+ and proline
binding whether the respective co-substrate is present or not (Fig. 6).
It doubles, however, when both substrates bind simultaneously. This
supports the concept that either substrate can bind individually to the
transporter and that the charge displacement associated with the
binding process is approximately the same.

2.5. Proline binding is a two step process

Analysis of the proline affinity of PutP in the presence of Na+

showed a complex behavior: A high affinity (41 μM) was determined
when the integrated charge was considered and a low affinity
(0.87 mM) when the peak current was used [7]. At the same time
[14C]-Proline binding experiments with cytoplasmic membrane
Fig. 6. Proline carrier PutP. Relative displaced charge (ΔQ/ΔQmax) during the different
solution exchange protocols. Mean values of 4 independent experiments and their
standard errors (SEM) are shown. Conditions as in Fig. 5. The integrated charge ΔQwas
determined by integrating the signals in the time range 0≤ t≤100 ms and normalized
to its maximal value (ΔQmax) obtained in the ΔproΔNa experiment. Data from [7].



Fig. 8. Na+/H+ exchanger NhaA. Inhibitory effect of the monoclonal antibody fragment
Fv-2C5. Transient currents generated by a 10 mM Na+ concentration jump at t=1.0 s.
Signals recorded before (solid line without Fv) and after incubation (10 min) of the
proteoliposomes adsorbed to the SSM with 25 μ l containing 6.9 mg/ml Fv-2C5 (dashed
line with Fv). The signal recovered after rinsing with antibody free solution (dotted
lines). The buffer solution contained 10mMKCl, 1 mMDTT,100mM Tris, 100 mMMops,
100 mMHepes, pH 8.0 (KOH). The activating and the non-activating solution contained
in addition 10 mM NaCl or 10 mM KCl respectively. Figure reproduced with permission
from [9].
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vesicles yielded an affinity constant of 8 μM in the presence of 22Na+

[40]. The general picture that emerges is that of a high binding affinity
(corresponding to bound [14C]-Proline or integrated charge) while the
rate of the binding process (corresponding to the peak current) is
characterized by a low affinity constant. A straightforward explanation
for this is provided by a kinetic model that consists of a low affinity
(KD=0.9 mM) electroneutral binding reaction followed by a nearly
irreversible electrogenic conformational transition that displaces the
substrate into the protein [7]. When the integrated charge is
considered, the nearly irreversible conformational transition increases
the apparent affinity to ∼40 μM.

2.6. A mechanism for substrate binding in PutP

Surprisingly, the zwitterion proline that carries no net charge
generates a charge displacement also in the absence of Na+. This can
only be explained by a proline induced electrogenic conformational
transition displacing charged residues of the protein. The electrogenic
nature of the proline binding process supplies a straightforward
explanation for the fact that a negative electrical potential inside
the liposomes is required for high affinity proline uptake ([41],
A. Hackmann, M. Nietschke, and H. Jung, unpublished information).
The results obtained so far rule out a mechanism of transporter
functionwhere the two substrates bind in “shallow” binding sites and
are only displaced into the protein when both are present. The model
shown in Fig. 7 accounts for the fact that Na+ and proline both can
bind to the PutP carrier individually. For both substrates, Na+ and
proline, a saturable binding behavior is found in the presence and
absence of the other [7]. Using the parameters determined in Ref. [7],
binding constants can be inserted into the model as shown in Fig. 7.
The proline affinity at the cytoplasmic binding side of PutP in the
presence of Na+ is indeed much lower than previously thought. This
model correctly predicts the concentration dependence of the
electrical experiments [7]. Also the size of the electrical signals can
be accounted for in the model by assigning an approximately equal
charge displacement to the binding reactions of the individual
substrates (see Fig. 6). In the case of the ΔproΔNa experiments, two
subsequent binding reactions are passed through, resulting in a twice
as big charge translocation which approximates the experimental
results (Fig. 6).
Fig. 7. Proline carrier PutP. Simplified kinetic model for intracellular proline and Na+

binding and dissociation. The asterisk denotes an electrogenic reaction. Affinities given
as determined in [7]. Note that the two substrates can bind individually. The presence of
the co-substrate only enhances affinity in the case of proline binding. The dashed line
indicates periplasmic release of the substrates and return of the empty carrier leading to
steady state turnover. This part of the reaction cycle does not contribute to the initial
rapid charge translocation.
2.7. The NhaA Na+/H+ exchanger

Sodium proton antiporters [42] are ubiquitous membrane proteins
found in the cytoplasmic and organelle membranes of cells of many
different origins. NhaA (a member of the NhaA family of Na+, K+/H+

exchangers from animals, plants, fungi and bacteria, [43]) is an
electrogenic antiporter (stoichiometry 2 H+ for 1 Na+ [44]) of E. coli
that is indispensable for adaptation to high salinity, for challenging Li+

toxicity, and for growth at alkaline pH (in the presence of Na+) [45–
48]. One of the most interesting characteristics of NhaA is its dramatic
dependence on pH, a property it shares with both prokaryotic [49] and
eukaryotic antiporters [50–52]. The activity of NhaA changes over
three orders of magnitude between pH 6.5 to pH 8.5 [47,53]. Among
the three bacterial transporters discussed in this review, NhaA is the
only one where a structure with atomic resolution is available [3]. The
structure revealed an interesting broken helix motive that has been
interpreted as a crucial structural element conveying mobility to the
transporter [3]. This motive was later found also in other transporters
[35,54].

Transient currents were measured after a rapid solution exchange
from a Na+ (or Li+) free to a Na+ or (Li+) containing solution using
NhaA proteoliposomes and SSM-based electrophysiology. The nega-
tive currents in Fig. 8 represent translocation of positive charge out of
the proteoliposomes in agreement with the stoichiometry of NhaA.
The carrier is reconstituted with a high efficiency in right side out
orientation [9]. Therefore, the observed electric activity of NhaA using
SSM-based electrophysiology allowed the study of the properties of
the passive downhill uptake mode of the carrier. Physiologically this is
a reverse mode of the carrier, which in bacteria is mainly involved
in H+ driven Na+ extrusion. These currents were selectively
inhibited by the NhaA specific monoclonal antibody fragment Fv-
2C5 (Fig. 8) binding to a loop exposed to the periplasmic side of the
membrane [55] and by the specific inhibitor 2-aminoperimidine [9].
Hence this measurement represented the first direct evidence of
electric current mediated by NhaA.

2.8. The transient electrical signals represent stationary turnover of the
NhaA exchanger in the passive downhill uptake mode

An interesting property of NhaA is its high turnover. Values up to
1000 s−1 at pH 8.0 [53] have been reported. Consequently, the
transient signals of NhaA were up to 10 times larger than those



Fig. 10. Na+/H+ exchanger NhaA. pH regulation in the passive downhill uptake mode.
Peak currents at different pH after a 10 mM (red circles) or a 100 mM (blue circles) Na+

concentration jump. The data are normalized to the current at pH 8.5. The kinetic model
shown in the figure was used to calculate the normalized NhaA activity as a function of
pH and Na+ concentration (dashed lines). Data from [9].
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obtained with other transporters [7,11]. In addition, it was observed
that the decay time constant of the transient currents decreases with
increasing carrier density in the liposomal membrane [9]. This
indicates that rather than reflecting the kinetic properties of the
NhaA exchanger the decay of the current is brought about by charging
of the liposomes. It was concluded that the carrier relaxes rapidly into
steady state at pH 8.5 as well as at pH 7.0 when turnover is low [9].
The peak current, therefore, represents stationary turnover of the
NhaA Na+/H+ exchanger in contrast to MelB and PutP which show
a pre-steady-state behavior.

2.9. pH regulation and cation dependence of NhaA

NhaA is strongly regulated by pH. As assessed bymeasuring passive
22Na efflux, turnover of the enzyme increases by a factor of more than
1000when raising the pH frompH6.5 to pH 8.5 [53]. The passive efflux
experiments performed with proteoliposomes in the absence of a
membrane potential and a pH gradient represent the exact reverse
mode compared to the passive downhill uptake mode probed by SSM-
based electrophysiology. Interestingly, in the latter the antiporter
showed significantly different properties. As shown in Fig. 9, the
apparent Km for Na+ is drastically increased at neutral pH while in the
efflux mode pH regulation changes mainly turnover [9]. In passive
downhill uptake mode, Km as well as turnover Vmax both increase by
Fig. 9. Na+/H+ exchanger NhaA. Concentration dependence of the transient currents
after a Na+ concentration jump. Transient currents weremeasured at pH 8.5 and pH 7.0.
For comparison proteoliposomes with a lipid to protein ratio (LPR) of 10 (solid symbols)
and 500 (open symbols) were used. The peak currents were normalized to Vmax. The
values given in the figure are average values of 3 subsequent recordings, error bars
represent SEM. Note that the concentration dependence is independent of LPR
indicating that charging of the liposomes does not reduce the peak current at high
substrate concentrations. (A) Peak currents measured at pH 8.5. Activating solution:
x mM NaCl, (300−x) mM KCl. Nonactivating solution: 300 mM KCl. In addition the
buffers contained 5 mM MgCl2, 25 mM HEPES, 25 mM Tris, pH 8.5(KOH). (B) Peak
currents measured at pH 7.0. Activating solution: x mM NaCl, (300−x) mM KCl.
Nonactivating solution: 300 mM KCl. In addition the buffers contained 5 mM MgCl2,
25 mM HEPES, 25 mM Tris, pH 7.0 (HCl). Figure reproduced with permission from [9].
approximately a factor of 10 when changing from neutral (pH 6.5–7.0)
to basic (pH 8.5) conditions (Fig. 10). Therefore, it was suggested that
at acidic pH a pH signal at the pH “sensor” triggers a structural change
of NhaA that slows down the rate limiting step and at the same time
increases the apparent Km for Na+ at the periplasmic side of the
transporter [9]. On the other hand, new structural evidence suggested
that instead of a kinetic effect on the rate limiting step, acidification
drives the enzyme into a down-regulated conformation that does not
contribute to transport [3,56].

We have, therefore, reexamined the data on the basis of a kinetic
model inspired by the structural model for pH regulation put forward
by [3]. It is assumed that the protonated form of the enzyme EH+ is the
downregulated conformation and that theNa+ bound formENa+ is the
active conformation (see Fig. 10). Enzyme activity is, therefore,
proportional to the concentration of ENa+ which can be calculated as
a function of H+ and Na+ equilibrium binding according to the kinetic
model shown in Fig. 10:

ENa +

Etot
=

cNa
cNa + KNa pHð Þ :

Etot is the total enzyme concentration and KNa(pH) is a pH
dependent apparent dissociation constant for Na+ given by:

KNa pHð Þ= KNa 1+ 10n pK−pHð Þ
h i

:

Here Na+ binding is described by the Na+ dissociation constantKNa.
Cooperative H+binding is assumedwith pK and aHill coefficient n. The
parameters pK, KNa and n were optimized to match the experimental
results in Figs. 9 and 10. An optimal fit to the data was obtained with
pK=7.6, n=2.1 and KNa=9.7 mM yielding the apparent Na+

dissociation constants KNa(8.5)=9.8 mM, KNa(7.0)=186 mM and the
pH dependence as shown in Fig. 10. The good agreement of this
functionalmodelwith the experimental data adds confidence to the pH
regulatory mechanism proposed from the structural study [3]. Note
that in this model the binding properties of the Na+ binding site are
independent of pH and the modified Km for Na+ at different pH is
brought about by the coupled binding equilibria of H+ and Na+.

3. Concluding remarks

3.1. SSM-based electrophysiology

SSM-based electrophysiology has been proven to be a valuable
complement to the electrophysiological toolbox. Its particular advan-
tage becomes apparent when membrane proteins from bacteria and
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eukaryotic intracellular compartments, like the sarcoplasmic reticu-
lum or vesicles from parietal cells, have to be studied. Because of their
small size, these structures are in general not accessible for standard
electrophysiology, like the two electrode voltage clamp or patch clamp
techniques. Purified and reconstituted into liposomes bacterial
transporters can be investigated without complications arising from
interactions with other components of the membrane or the
intracellular medium.

The compound membrane is a well suited substrate for the
investigation of transport proteins; it provides both a lipidic phase and
aqueous spaces on both sides of the membrane for the protein. A
further advantage of adsorbing membrane fragments or proteolipo-
somes to a planar membrane is the much simpler and more effective
procedure compared to incorporation of the protein in the planar
membrane, leading to a superior signal to noise ratio and time
resolution of the electrical measurement. A problem for reconstituted
systems is orientation. Random orientation of the transporter in the
liposomal membrane would not be optimal in view of an analysis in
terms of structure function relationship. Fortunately, many transpor-
ters insert into the liposomes in nearly perfect unidirectional
orientation, e.g. PutP [39] and MelB [39] in inside out and LacY [57]
and NhaA [9,57] in right side out orientation (for a review of oriented
reconstitution see [58]).

3.2. NhaA compared to MelB and PutP

In all three cases discussed in this review, the Na+ or substrate
concentration jumps applied to the transporters induce a reverse
mode in the physiological sense. However, the electrophysiological
experiments on NhaA fall into a different category: 1) NhaA is right
side out oriented while MelB and PutP are inside out oriented in the
proteoliposomes. Therefore, the kinetic parameters determined for
NhaA correspond to the periplasmic side of the proteinwhile those for
MelB and PutP reflect the cytoplasmic side. 2) The observed NhaA
currents represent steady state turnover of the enzyme. The currents
obtained with MelB and PutP, on the other hand, are dominated by
pre-steady-state charge displacements. This indicates that in NhaA the
electrogenic step occurs late (compared to substrate binding) in the
reaction cycle in contrast to MelB and PutP.

3.3. Electrogenic substrate release in MelB and PutP

Comparison of the electrogenic characteristics of MelB and PutP
reveals a number or surprising similarities. In particular two
features are of importance for the transport mechanism: 1) The
two substrates, Na+ and sugar/amino acid bind individually though
in a cooperative manner to the transporter and 2) binding of both
substrates induces a rapid charge translocation of comparable
magnitude. Since both transporters are inside out oriented in the
liposome membrane the electrophysiological experiments probe
reactions corresponding to substrate release in terms of their
physiological transport mode. For the interpretation of the kinetic
data not only the orientation of the transporters in the membrane,
but also their initial configuration before the substrate concentration
jump is of importance. The question is whether in the absence of
substrate the binding sites are open to the cytoplasmic (inward-
facing) or to the periplasmic side (outward-facing)? The low
resolution structure of MelB suggested an inward-facing topology
[19]. For PutP structural information is not yet available. The crystal
structure of vSGLT1, a close relative of PutP and the first member of
the SSS family crystallized so far revealed an inward-facing
conformation [35]. This may be taken as an indication that the
lowest free energy state of these transporters is the inward-facing
conformation. Consequently, because of their inside out orientation,
the cytoplasmic substrate binding sites are available for substrate
binding in our electrophysiological experiments (i.e. in the reverse
transport mode). This is supported by our electrophysiological
experiments which show rapid electrogenic substrate binding
(∼250 s−1, [30]) without an apparent lag phase due to preceding
electroneutral reactions. Incidentally, the functional homology
between MelB and PutP parallels a functional similarity of MelB
and SGLT1 [59], the latter a member of the SSS family like PutP.

As mentioned above, the charge displacements detected in our
electrophysiological study of MelB and PutP represent substrate
release in the physiological transport mode. The data show that this
process is preceded by an electrogenic conformational transition,
possibly a deocclusion reaction as suggested before [32]. No decisive
information is available yet about the electrogenicity of the periplas-
mic substrate binding steps. Preliminary experiments with LacY
(unpublished observation) seem to indicate, that much less charge is
translocated during these reactions. In conclusion, the electrophysio-
logical studies suggest a rather asymmetrical functional model for the
Na+/solute transporters. In a recent structural study inward- and
outward-facing conformations of the Na+/galactose transporter
vSGLT1 were presented [35]. There, the inward-facing conformation
has a narrow access pathway to the substrate binding sites while in
the outward-facing conformation the pathway is wide. This may
represent a structural rationale for the functional asymmetry
observed in our studies.
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