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Sophia-Antipolis, UMR 6078, Laboratoire Jean Maetz, 248 Chemin du Lazaret, 06230 Villefranche-sur-mer Cedex, France,

Department of Biophysics, C. DaVila Medical UniVersity, Eroii Sanitari BlVd 8, 76241 Bucharest, Romania, and Unite´ TIRO,
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ABSTRACT: Electrogenic events associated with the activity of the melibiose permease (MelB), a transporter
from Escherichia coli, were investigated. Proteoliposomes containing purified MelB were adsorbed to a
solid supported lipid membrane, activated by a substrate concentration jump, and transient currents were
measured. When the transporter was preincubated with Na+ at saturating concentrations, a charge
translocation in the protein upon melibiose binding could still be observed. This result demonstrates that
binding of the uncharged substrate melibiose triggers a charge displacement in the protein. Further analysis
showed that the charge displacement is neither related to extra Na+ binding to the transporter, nor to the
displacement of already bound Na+ within the transporter. The electrogenic melibiose binding process is
explained by a conformational change with concomitant displacement of charged amino acid side chains
and/or a reorientation of helix dipoles. A kinetic model is suggested, in which Na+ and melibiose binding
are distinct electrogenic processes associated with approximately the same charge displacement. These
binding reactions are fast in the presence of the respective cosubstrate (k > 50 s-1).

The melibiose permease (MelB)1 of Escherichia coliis a
membrane bound carrier that belongs to the galactosides-
pentoses-hexuronides transport family (1) composing the
wide class of electrochemical potential driven porters (2, 3).
This ion-coupled sugar cotransporter uses the favorable Na+,
Li +, or H+ electrochemical potential gradient to drive cell
accumulation ofR-galactosides (melibiose, raffinose) or
â-galactosides (methyl-1-thio-â-D-galactopyranoside) (4-
10). Detailed functional analysis of MelB led to the proposal
of a six-state mechanistic model, which accounts for many
kinetic properties of the carrier (4, 6, 11, 12).

The MelB symporter (473 amino acids, 53 kDa) has 12
R-helical transmembrane domains (13-18). A recombinant
transporter harboring a 6-His tag permease can be purified

in large amounts, and if reconstituted into liposomes, exhibits
cation-dependent sugar-binding and transport properties
comparable to those of the native permease in its natural
environment (13, 19). Evidence strongly suggesting that four
aspartic acid residues distributed in the N-terminal helices I
(D19), II (D55 and D59), and IV (D124) of MelB form a
coordination network involved in cation recognition has been
obtained (1, 20-23). Moreover, several lines of evidence
support the earlier suggestion that some discrete steps of
MelB cycling involve conformational changes of the trans-
porter. In particular, cooperative protection against proteoly-
sis of the highly charged cytoplasmic loop connecting helices
IV and V (loop 4-5) of MelB by its substrates has been
observed (16). Cooperative changes in MelB conformation
upon substrate binding were also inferred from the analysis
of the intrinsic tryptophan fluorescence of MelB and
fluorescence resonance energy transfer spectroscopy with a
fluorescent sugar analogue (19, 24).

Recently, analysis of transient electrical signals recorded
from MelB proteoliposomes adsorbed onto a solid supported
membrane (SSM) proved to be a useful strategy to investigate
electrogenic events associated to partial steps of the Na+

melibiose symport reaction (25). A cosubstrate concentration
jump was found to give rise to a transient current corre-
sponding to an inward movement of positive charge. Two
types of transient signals were observed that differed by their
characteristics of decay: imposing either a simultaneous Na+

and sugar concentration jump or a Na+ concentration jump
to liposomes that were already equilibrated with sugar
induced transient signals with biphasic decays, which could
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be decomposed into a fast component (τ ) 10-20 ms) and
a slower one (τ ) 300-400 ms). This slow component was
suppressed by selective inactivation of the cosubstrates
translocation withN-ethyl maleimide (NEM) (5, 25). In
contrast, a transient response including only the fast com-
ponent was recorded when applying a concentration jump
of Na+ in the absence of the sugar. From all these data, it
was deduced that Na+ binding to MelB induces an intra-
protein charge translocation reflected by the fast component
of the transient current.

Unexpectedly, a melibiose concentration jump imposed
on liposomes equilibrated with Na+ triggered transient signals
that also included a fast component (25). Since the sugar is
an uncharged species, interpretation of the fast component
is not straightforward. This electrical signal could be brought
about by three different mechanisms. (1) The binding of
additional Na+ ions to the protein due to the drastically
increased Na+ affinity after addition of melibiose. (2) A
melibiose induced electrogenic conformational change of the
protein that displaces the cotransported H+ or Na+ ions. (3)
A process unrelated to binding or intraprotein displacement
of Na+ but rather implying an electrogenic conformational
change. To discriminate among these explanations, we
studied the melibiose induced electrical signal in proteoli-
posomes previously equilibrated with Na+ at different
concentrations. The Na+ concentration was raised to 100
mM, thereby ensuring that the Na+ binding sites were
completely saturated before the melibiose concentration jump
took place. We present evidence that melibiose binding to
MelB results in an electrogenic conformational change.

MATERIALS AND METHODS

Chemicals.Activating and nonactivating solutions con-
tained 0.1 M KPi (pH 7) and 0.1 mM dithiothreitol (DTT,
99.5% Roth, Karlsruhe, Germany) plus salts and melibiose
at concentrations as indicated next. Highest purity grade
reagents (KH2PO4, Sigma, 0.005% Na+ and KOH Merck,
suprapur, 0.002% Na+) were used to prepare nominally Na+-
free media (Na+ concentration<20 µM, determined by
atomic absorption spectroscopy). All other materials were
obtained from commercial sources.

Purification and Preparation of the Proteoliposomes.His-
tagged MelB (thereafter termed MelB) was purified from
inverted membrane vesicles ofE. coli DW2 cells (∆melB
∆lacZY) transformed with pK95∆AHB plasmid that har-
bored the His-tagged MelB coding sequence (13). Inverted
membrane vesicles were prepared by means of a French Press
(Amercian Instruments Comp., 1200 psi), and the protein
was solubilized by using 1% 3-(laurylamido)-N,N′-dimethyl-
aminopropylamine oxide (LAPAO). A chromatography
procedure combining the utilization of Ni-NTA and ion
exchange (MonoQ) resins were used to prepare nearly pure
MelB (generally >99%) solubilized in dodecylmaltoside
(0.1%) (13). MelB reconstitution into liposomes (protein/
lipid ratio 1/5 w/w) was performed by removing the detergent
with Bio-Beads SM-2 (26). MelB content was assayed by a
Lowry procedure including sodium dodecyl sulfate (0.2%)
and using bovine serum albumin as standard (27).

SSM Setup and Measuring Procedure.The SSM was
prepared by linking an octadecylmercaptan monolayer to a

gold electrode deposited on a glass support and covering it
with a lipid (diphytanoyl phosphatidylcholine, synthetic,
Avanti Polar Lipids Inc., Pelham, AL) monolayer. The SSM
was mounted in a flow-through cuvette, and the signal was
recorded between the gold electrode and a reference Ag/
AgCl electrode. After formation of the SSM, 40µL of
proteoliposomes (∼15µg of protein) were sonicated, injected
into the cuvette, and allowed to adsorb to the SSM for 30-
50 min. A typical solution exchange protocol for a
∆mel(Na) concentration jump consisted of three phases: (1)
nonactivating solution containing 100 mM KPi, pH 7 (100
mM KH2PO4/KOH), 0.1 mM DDT, 20 mM glucose to
minimize ionic strength and osmotic effects, and NaCl at
concentrations as indicated below (1 s); (2) activating
solution containing the same buffer but glucose substituted
by 20 mM melibiose (1 s); and (3) nonactivating solution as
described in part 1) (1 s). In the∆Na(mel) experiment, the
nonactivating solutions contained 10 mM KCl and melibiose
at concentrations as indicated, and the activating solution
contained the same but used 10 mM NaCl instead of KCl.
In the∆Na experiment, the nonactivating solution contained
10 mM KCl, which was substituted by 10 mM NaCl in the
activating solution. The buffer was always 100 mM KPi,
pH 7 as described previously. In the NEM inhibition
experiment, DTT free buffers were used. Solutions were
driven through the cuvette by applying pressure to the
solution containers (0.6 bar). Concentration jumps at the
beginning of phase 2 (on-signal) and at the beginning of
phase 3 (off-signal) caused electrical signals, which were
recorded via a computer. Only the on-signal will be used
throughout our analysis. All experiments were carried out
at room temperature (22°C). For details of the method, see
refs 25 and28.

Data Analysis.Parameters of the electrical signals given
in the text are mean values from at least three experiments,
and the standard error of the mean is given. Time constants
and amplitudes were determined by fitting the decaying phase
of the signal with a single- or a double-exponential function
as required.

RESULTS

MelB proteoliposomes and SSM form a capacitively
coupled system that enables measurements of transient
currents in response to rapid concentration jumps of MelB
substrates (25). This rapid flow technique was used in this
study to examine the transient electrical signals produced
by imposing melibiose or Na+ concentration jumps on
proteoliposomes equilibrated with the respective other co-
substrate at various concentrations or simple Na+ concentra-
tion jumps.

Melibiose Induced Electrical Signals.Typical sugar-
induced currents recorded upon 20 mM concentration jumps
of melibiose on proteoliposomes are shown in Figure 1. In
the absence of Na+ (trace 0 mM), the signal decays
biexponentially (decay times 98 and 350 ms) (25). In the
presence of 3 mM Na+ (trace 3 mM), the resulting electrical
signal was significantly bigger and faster. The indicated
concentration of Na+ was present before and during the
melibiose concentration jump (i.e., sufficient time was given
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for Na+ to bind to the enzyme before the signal was
recorded). The resulting electrical current is transient and
has a biexponential decay. The fast component, which
dominates the electrical signal (decay time∼15 ms), has
been previously assigned to a melibiose induced charge
displacement early in the first turnover, while the slowly
decaying phase (decay time∼230 ms), which contributes
∼40% to the total amplitude of the signal, probably corre-
sponds to the stationary transport activity of the permease
(25). Henceforward, the slow phase of the signal will be
termed transport component. The fast component has kinetic
characteristics very similar to that of the single fast compo-
nent recorded on imposing a Na+ concentration jump in the
absence of melibiose (25). This latter has been interpreted
as reflecting an electrogenic event associated to or resulting
from Na+ binding. On the other hand, melibiose carries no
charge. Therefore, a possible explanation for the sugar-
induced fast component recorded on liposomes equilibrated
with 3 mM Na+ medium would be the binding of additional
Na+ ions to MelB. This is a likely possibility as we have
previously shown that addition of melibiose significantly
increased MelB affinity for Na+ ions. As a result of the drop
of K0.5

Na from 2.1 mM in the absence of sugar to 0.6 mM
in its presence (25), the occupancy of Na+ binding sites at
3 mM Na+ concentration should rise from 59 to 83% upon
sugar addition addition (calculated from simple equilibrium
binding: [ES]/[Etotal] ) [S]/([S] + K), with ES) transporters
with bound substrate, Etotal ) total amount of transporters,
S ) substrate, andK ) substrate dissociation constant). If
sugar-induced extra binding of Na+ ions would exclusively
account for the presence of a fast current component in the
electrical response, one expects this fast component to
disappear on raising the concentration of Na+ ions in the
equilibrating solution.

When the Na+ concentration was increased to 100 mM
(Figure 1, trace 100 mM), an electrical signal still including
a significant fast phase after a sugar concentration jump was
recorded (rise time∼9 ms, decay times∼12 and 311 ms).
The peak current, reflecting essentially the amplitude of the
fast component, was 67( 2% of that recorded in the
presence of 3 mM Na+, although at 100 mM Na+ only 2%
of the cation binding sites were theoretically not occupied
by Na+ ions before the activating melibiose concentration
jump was applied. Extra electrogenic Na+ binding to the
empty carrier in its first turnover can, therefore, be ruled

out as mechanism for the observed electrical reaction at 100
mM Na+. Note that the transport component of the electrical
signal at 100 mM NaCl was slower, and its amplitude
reduced to 20( 5% as compared to the signal in the presence
of only 3 mM NaCl.

Inhibition by NEM.Inactivation of MelB turnover by NEM
provides a means to better identify steps of the transport
reaction associated with the melibiose-induced fast electrical
event. As previously shown by flux measurements, acylation
of MelB cysteines by this thiol reagent inhibited Na+ and
melibiose cotransport (5), but binding of the high-affinity
melibiose analogueR-NPG was not inhibited (12). This has
been confirmed by previous electrical measurements (25).
A melibiose concentration jump was imposed in the presence
of 100 mM NaCl with and without a 30 min preincubation
with 2 mM NEM (Figure 2). The figure shows that the
melibiose induced transient signal contains only a single fast
component in the presence of NEM. In agreement with our
previous results (25), the slow transport component of the
signal disappeared after NEM incubation. This demonstrates
that the fast electrical component is associated with melibiose
binding rather than with transport of the cosubstrates. In
particular, it excludes the contribution of additional electro-
genic Na+ binding during subsequent turnovers to the
melibiose-induced signal. Electrogenic Na+ binding in a
second turnover can also be ruled out on grounds of the low
turnover of the enzyme (∼4 s-1 (6)).

Na+ Concentration Dependence.The Na+ concentration
dependence of the normalized peak currents of the sugar-
induced response is shown in Figure 3. The peak currents
from five different sets of measurements are shown. The peak
currents have been normalized to the respective average value
obtained at Na+ concentrations between 1 and 10 mM. The
signal amplitude increased first with increasing Na+ con-
centration up to ca. 1 mM. This phase is characterized by a
half-saturation concentration ofK0.5

Na ) 0.25 mM, a value
that agrees well with the Na+ concentration required to
produce half-maximal variation of MelB intrinsic fluores-
cence in proteoliposomes (∼0.1 mM (19, 24)). At Na+

concentrations>1 mM, a plateau is reached, and then the
fast component amplitude declines steadily being reduced
by ca. 30% toward higher (100 mM) Na+ concentrations.

At Na+ concentrations between 10 and 100 mM, the data
displayed a large variation from experiment to experiment

FIGURE 1: Electrical signals generated by MelB after a 20 mM
melibiose concentration jump in the absence (0 mM) and presence
of 3 and 100 mM Na+ recorded on the same SSM/proteoliposome
preparation. The figure shows traces from a single representative
experiment.

FIGURE 2: Electrical signals generated by MelB after a 20 mM
melibiose concentration jump in the presence of 100 mM Na+ with
and without NEM (2 mM) preincubation. The figure shows traces
from a single representative experiment.
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and finally at 100 mM Na+, the transport component was
significantly reduced. Furthermore,the peak currents and the
transport component of the signals after a melibiose con-
centration jump showed the same characteristics regardless
of whether the protein was preincubated with 10 mM NaCl
or 10 mM NaCl and 90 mM KCl (data not shown). This
suggests that no factors other than Na+ and melibiose (e.g.,
ionic strength, chloride concentration, osmotic gradients)
contribute to any extent to the decline of the signals observed
at high Na+ concentration. In contrast, a possible Na+ leak
into the liposomes at high Na+ concentration may be
responsible for the decrease of the transient currents.
Inhibitory effects of internal Na+ ions on MelB transport
reaction are well-documented and have been ascribed to a
reduction of the number of melibiose transporters facing the
outer medium due to a locking of the MelB in the inwardly
oriented state (5, 11).

Two observations support the contention of a Na+ leak.
In a first set of experiments, we preincubated the SSM/
proteoliposomes system with 100 mM Na+ to favor Na+ to
leak into the liposomes. Directly afterward, we recorded an
electrical signal using a 20 mM melibiose jump in the
presence of only 5 mM Na+. As can be seen in Figure 4
(trace 0 min), the slow transport component of the signal
disappeared almost completely, and the peak current de-
creased. We then incubated the SSM during 10 and 30 min
with Na+-free buffer and recorded again a 20 mM melibiose
jump signal in the presence of 5 mM Na+. The peak current
increased, and the slow transport component recovered with
a half time of∼10 min. In a second set of experiments, we
preloaded the proteoliposomes with Na+ prior to their
adsorption to the SSM membrane by three repeated freeze-
thaw sonication cycles in 100 mM Na+ buffer. After the
liposomes were adsorbed to the SSM in a medium containing
100 mM Na+ to prevent any loss of internal Na+, a 20 mM
melibiose concentration jump in the presence of 5 mM Na+

was applied. Such a concentration jump induced an electrical
signal decaying almost monoexponentially. After 1 h of
incubation with Na+-free buffer, the peak current increased,
and a significantly larger slow transport phase could be seen

(data not shown). These results clearly show that the
proteoliposomes are leaky and that Na+ is able to cross the
membrane within a time scale of∼10 min via a pathway
provided by the transporter or by the lipid membrane itself.
Once inside the liposome, Na+ inhibits the electrical
response. From the Na+ dependence of the transient currents
at high Na+ concentrations (see Figure 3), we estimate an
affinity of the Na+ discharge site of∼10 mM.

Melibiose Concentration Dependence.To further analyze
the mechanism of melibiose binding, concentration jumps
of 10 mM Na+ were performed on proteoliposomes prein-
cubated with melibiose at concentrations ranging from 0.3
to 100 mM (Figure 5). The indicated concentration of
melibiose was present before and during the Na+ concentra-
tion jump was applied (i.e., melibiose was already bound to
the enzyme before the Na+ signal was recorded). The
recorded transient signals had a biexponential decay. The
magnitude of the peak currents increased as the melibiose
concentration was raised from 0.3 to 20 mM and then
progressively decreased again. The values of the peak

FIGURE 3: Dependence of the peak currents on the Na+ concentra-
tion. Electrical signals were recorded after a 20 mM melibiose
concentration jump in the presence of the indicated Na+ concentra-
tion. The figure displays a compilation of five experiments (see
different symbols). The solid line is a hyperbolic function:Ip )
0.4 + 0.7c/(c + K0.5

Na) with Ip ) peak current,c ) Na+

concentration, andK0.5
Na ) 0.25 mM.

FIGURE 4: Recovery of the transport component after the incubation
with 100 mM Na+. The incubation was performed after the
absorption of the proteoliposomes to the SSM. Between the
recordings of the signals, the SSM was incubated with Na+ free
buffer. Electrical signals were recorded after a 20 mM melibiose
concentration jump in the presence of 5 mM Na+. The figure shows
traces from a single representative experiment.

FIGURE 5: Translocated charge during a 10 mM Na+ concentration
jump at different melibiose concentrations. The translocated charge
was determined from the transient currents by numerical integration
in the time range 1-60 ms. The results of three experiments were
normalized and are shown superimposed in the figure. The solid
line is a fit to the data using the model function described in the
text.
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currents at melibiose concentrations approaching 100 mM
are comparable to those at low sugar concentrations.

As debated more extensively in the Discussion, the
dependence of the Na+ concentration jump as a function of
the sugar concentration in the medium can be described by
a model (see Figure 7) in which the Na+- and sugar-induced
electrical responses correspond to distinct electrogenic events
taking place in parallel in the transporter. This can be

quantitatively described by the following model function,
which was used to fit the data points of Figure 5:

Here, ∆QNa and ∆Qmel are the distinct charge displace-
ments triggered by Na+ and melibiose binding, respectively,
c is the melibiose concentration, andK0.5

mel(+Na+) and
K0.5

mel(-Na+) are the melibiose affinities of the transporter
in the presence and absence of Na+, respectively. This
equation is strictly valid only at saturating Na+ concentration,
a condition that is approximately obtained with the concen-
tration of 10 mM Na+ in the experiment. We have chosen
this relatively low Na+ concentration because higher con-
centrations, although possible, would have caused larger
artifacts (data not shown). For the fit, we have taken the
previously determined values (25) K0.5

mel(-Na+) ) 22 mM
and K0.5

mel(+Na+) ) 3 mM. ∆QNa and ∆Qmel were the
adjustable parameters of the fit to the normalized data. Using
this model function, a good quality fit could be obtained for
the experimental data (Figure 5) yielding∆QNa ) 0.58 and
∆Qmel ) 0.91. This fit, therefore, shows that Na+ binding
contributes∼40% and melibiose binding contributes∼60%
of the total displaced charge during binding of both
substrates.

pH Dependence of the Na+ and Melibiose Induced Charge
Displacement.It was shown in Figure 1 that the fast decaying
componentτ1 of a∆mel(Na) concentration jump has a value
of ∼15 ms and is, therefore, very similar to that of the single
fast decaying component recorded on imposing a simple Na+

concentration jump in the absence of sugar (14 ms (25)).
One should recall that the fast relaxation timeτ1 describes
the process of filling up the binding sites of the transporter
after the substrate concentration jump (25). Consequently,
this relaxation time depends on the rate of substrate binding
but may in addition be significantly modulated by the rise
time of the substrate concentration at the surface of the SSM
(∼20 ms, unpublished results). However, since the concen-
tration rise time is an instrumental parameter and, therefore,

FIGURE 6: Effect of pH on the fast relaxation time constant of the decaying phase of the electrical signal. Different concentration jumps
were performed, the signals recorded, and the decaying part fitted with a mono- (∆Na and∆mel(Na), [Na+] ) 100 mM)) or biexponential
(∆mel(Na), [Na+] )10 mM) function, respectively. The resulting time constants were plotted against the respective pH. Indicated are the
mean values and the standard error of three experiments.∆Na: concentration jump of 10 mM Na+. ∆mel(Na), solid squares: concentration
jump of 20 mM melibiose in the presence of 10 mM Na+. ∆mel(Na), open squares: concentration jump of 20 mM melibiose in the
presence of 100 mM Na+.

FIGURE 7: Two different mechanisms (a and b) for the charge
displacement during melibiose binding in the presence of Na+

(∆mel(Na)). For the two different mechanisms, the respective
predicted melibiose concentration dependence of the translocated
charge during a∆Na(mel) experiment is shown. Panel c shows an
expanded six-state model for the transport of MelB. The portion
of the model relevant for our analysis is in bold. The suffixes in
and out refer to the inside and outside of the liposomes. Electrogenic
reactions are indicated by an asterisk. For some reaction rates, an
upper limit for the rate constant could be determined (k > 50 s-1).
In the text, two alternative transport sequences are discussed. (1)
Cout f CoutNa f CoutNa melf C′outNa melf CinNa mel with the
melibiose induced conformational change assigned to CoutNa mel
f C′outNa mel. (2) Cout f CoutNa f CoutNa mel f CinNa mel
with the melibiose induced conformational change assigned to
C′outNa melf CinNa mel indicated by dashed arrows.

∆Q ) ∆QNa + ∆Qmel{ c

c + K0.5
mel(+Na+)

-

c

c + K0.5
mel(-Na+)}
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constant, a change inτ1 always reflects a change in the
binding properties of the substrate. The similarity in the time
constants of the signals does, however, not necessarily imply
that the molecular events causing these two electrical signals
are the same. To demarcate the Na+ induced charge
displacement from that induced by melibiose in the presence
of saturating Na+ concentration, we applied the two different
concentration jumps at different pH values (pH 5-8). Figure
6 illustrates the variation of the fast relaxation time of the
decaying phase of the electrical signals with pH. As observed
in Figure 6 (graph∆Na), a pure Na+ jump generated a
reaction that slowed at a lower pH and thereby higher H+

concentration. A similar decrease toward lower pH was found
for the integrated charge (integration time range 0-60 ms,
data not shown). This phenomenon can be explained by the
inhibitory effect of protons on Na+ binding because protons
and Na+ ions compete for a common binding site (12).

Remarkably, the inhibitory pH effect no longer took place
in proteoliposomes preincubated with 10 mM Na+ (Figure
6, graph∆mel(Na), solid squares). In this case, no or little
dependency of the relaxation time from the pH value was
observed. The same effect was observed when the concentra-
tion of Na+ was raised to 100 mM (Figure 6, graph∆mel-
(Na), open squares) leading to a 98% occupancy of the Na+

binding sites (K0.5
Na ) 2.1 mM). A similar observation has

been made previously (12), namely, that increasing H+

concentrations inhibited the Na+-dependent sugar binding
and that the inhibitory effect of protons disappeared as the
Na+ concentration increased. These data strongly suggest that
the molecular basis of the fast electrical events generated
during a melibiose jump in proteoliposomes equilibrated with
Na+ is different from that triggered by a pure Na+ jump.

DISCUSSION

The electrical signal following the binding reaction of
melibiose to MelB was investigated by means of the SSM
technique. It was of special interest to notice that a neutral
substrate, namely, the sugar melibiose, can trigger an
electrical signal upon binding to the MelB transporter (25).
In this study, we have considered different scenarios to
explain this finding: first, due to the cooperative nature of
transport by MelB, the increase of the cation affinity upon
melibiose binding could induce Na+ filling of the unoccupied
cationic binding sites, which would lead to a charge
displacement via an electrogenic cation binding mechanism.
Alternatively, the already bound coupling ion (Na+ or H+)
could be displaced within the core of the protein by this
conformational change. Finally, binding of melibiose could
initiate a conformational change that displaces charged
residues of the protein or reorients the electrical dipoles of
R-helices. In this study, we have addressed these questions
and found evidence that Na+ is not involved in the melibiose-
induced charge translocation neither via cooperative binding
of additional Na+ ions nor by displacement of bound Na+.
In contrast, our data support a mechanism, in which melibiose
binding triggers a conformational change that displaces
charged intra-protein amino acid side chains or reorients
electrical dipoles.

Electrogenic Conformational Change rather than Extra
Na+ Binding Is Responsible for the Melibiose-Induced

Electrical Signal.Our data demonstrate that a sugar-induced
fast electrical signal is still observed at conditions, in which
Na+ is bound to all MelB transporters (a∆mel(Na) jump at
saturating 100 mM Na+, Figure 1). In this situation,
additional Na+ binding after a melibiose concentration jump
is excluded as cause for the electrical signal. Furthermore,
the fast sugar-induced transient current persists after inactiva-
tion of substrate transport by NEM treatment, indicating that
it is not linked to steady state cosubstrate transport (Figure
2). Consequently, the underlying molecular event must
correspond to a movement of charges within MelB, most
likely dependent upon conformational changes triggered by
melibiose binding. Cosubstrate-triggered conformational
variation has been documented by analysis of the intrinsic
MelB fluorescence properties (19, 29), by fluorescence
resonance energy transfer spectroscopy with a fluorescence
sugar analogue (24), or finally, by Fourier transform infrared
spectroscopy (17, 30). A conformational change upon sugar
binding at close to saturating Na+ has also been reported
for the human Na+/glucose cotransporter (hSGLT1) (31).
This conformational change was also associated with charge
movement. For hSGLT1, it was postulated that the observed
reaction is the final step of sugar binding preceding the sugar
translocation step. This is a likely interpretation also for
MelB.

Molecular EVents Underlying Electrogenic Na+ and Meli-
biose Binding Are Different.The fast relaxation time constant
(τ1) of the decaying part of the transient signal was used to
demarcate Na+ binding from melibiose binding (Figure 6).
τ1 depends strongly on the pH in the case of∆Na but not in
the case of∆mel(Na) experiments. This suggests that the
molecular processes underlying the electrical responses
observed in these two experiments are different. In the∆Na
solution exchange, Na+ binding is the current-generating
process and accounts for the pH dependence. If the electrical
signal of the∆mel(Na) concentration jump was kinetically
controlled by binding of additional Na+ ions, a similar
dependency would have been observed. This was, however,
not the case. Together with the persistence of a fast electrical
signal in transporters fully occupied by Na+ ions, these
experiments, therefore, support the notion that the electrical
signal observed during melibiose binding in the presence of
Na+ is not caused by extra Na+ binding.

Charge MoVement ObserVed during Melibiose Binding Is
not Linked to an Intraprotein Displacement of Already Bound
Na+ Ions. According to the arguments given previously,
melibiose binding results in an electrogenic conformational
change. We can now ask the question: what are the charges
displaced during this structural rearrangement of the protein?
Two different schemes can be envisioned for melibiose
binding in the presence of Na+ (see Figure 7, left part). In
mechanism a, the charge displaced during binding of
melibiose corresponds to the cosubstrate Na+ that is moved
deeper into the protein. In mechanism b, melibiose binding
induces a charge movement not related to further displace-
ment of bound Na+. From the polarity of the transient
currents, we infer that either positive charges are moved
inward (into the liposomes) or negative charges are moved
outward during this process. For simplicity, we arbitrarily
have represented this in Figure 7 as positive charge moving
into the liposome with melibiose. Fortunately, the two
schemes predict distinct dependencies of the amount of
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displaced charge induced by a given Na+ concentration jump
at increasing melibiose concentrations.

In mechanism a in Figure 7, the hypothesis of a deeper
migration of filled Na+ binding sites in the presence of
melibiose predicts that for a Na+ jump in the presence of
melibiose the displaced charge during Na+ binding should
increase monotonically until saturation with increasing
melibiose concentration (Figure 7a,∆Na(mel) curve on the
right). In mechanism b, the Na+ binding site remains at the
same position whether or not melibiose is bound to MelB.
If a Na+ concentration jump is performed in the absence of
melibiose, the resulting charge translocation will result only
from Na+ binding to MelB. If melibiose is present at
saturating concentration, a Na+ concentration jump will yield
a charge translocation coming alike only from Na+ binding.
Consequently, the Na+-induced translocated charge is the
same at zero and at saturating melibiose concentration. At
intermediate melibiose concentrations, not all of the meli-
biose binding sites are saturated with the sugar when the
Na+ concentration jump is applied. Therefore, a Na+

concentration jump causes additional melibiose binding to
the protein due to the cooperative interaction of the two
binding sites. Since melibiose binding was found to be
electrogenic, this results in an extra charge translocation.
Therefore, at rising melibiose concentration, the displaced
charge rises to a maximum at intermediate sugar concentra-
tion (Figure 7b,∆Na(mel)). This behavior as predicted by
mechanism b is indeed experimentally observed (Figure 5).
Consequently, our data demonstrate that upon binding,
melibiose induces a charge translocation that does not
represent the displacement of the cosubstrate Na+. This
charge displacement has to be assigned to a movement of
charged amino acid residues and/or electrical dipoles of the
protein itself (32).

Mechanism for Substrate Translocation in MelB.As noted
before, fast-decaying transient electrical currents are recorded
on imposing either a Na+ concentration jump or a melibiose
concentration jump in the presence of Na+ (25). Remarkably,
these signals share similar properties: they have comparable
amplitudes, they display fast decaying signals with time
constants of∼15 ms, and they are insensitive to treatment
with NEM. This demonstrates that the underlying processes
are fast (k > 50 s-1) and not related to MelB turnover (see
also ref25). We have, therefore, assigned these signals to
electrogenic Na+ and melibiose binding, respectively. By
electrogenic binding, we understand a binding process that
is electrogenic by itself or is electroneutral and immediately
followed by a charge displacement in the protein.

It is noteworthy that integration of the current responses
after a Na+ concentration jump or a melibiose concentration
jump in the presence of Na+ in the time range of 0-150 ms
yielded a total displaced charge of equal amount (12-13
pC), while a simultaneous concentration jump of Na+ and
melibiose gave approximately twice that value (24 pC, using
the signals of Figure 1 of ref25). This shows on one hand
that each substrate displaces approximately an equal amount
of charge upon binding, which is in agreement with the
quantitative analysis of the experiment shown in Figure 5
yielding 60% charge displacement after binding of melibiose
and 40% after Na+ binding. On the other hand, this suggests
that the final position of the binding site of a substrate is the
same whether the respective cosubstrate is present or not

and that cooperativity only comes in at the level of the speed
or affinity of the binding process.

Different models for the mechanism of cotransport have
been suggested in the past. Intriguing for its simplicity is a
single site alternate accessibility mechanism that requires
only a single site for each substrate, which is alternatively
made accessible to the cytoplasmic or to the periplasmic side
of the membrane. This model essentially agrees with
Mitchell’s concept of a “mobile osmotic barrier” (33) and
has recently found support by structure determination of
LacY and GlpT (34, 35). In this mechanism, the substrates
reach their binding sites through a large hydrophilic cavity.
When both substrates are bound, the general reorientation
of the carrier takes place opening up the binding sites to the
opposite side of the membrane.

Our data indicate a more complex mechanism in MelB.
The single-site alternate accessibility mechanism as described
previously predicts no or little electrogenicity for the
individual binding reactions of the two substrates and a major
electrogenic event when both are present simultaneously and
the reorientation takes place. This concept is, however, not
compatible with our data since we find major electrogenic
binding reactions for the individual substrates. We, therefore,
propose a transport model for MelB (Figure 7c) that is not
based on a single general reorientation reaction that displaces
both substrates simultaneously across the membrane. Our
electrical study suggests that the Na+ ion traverses a part
(or all) of the protein dielectric already during binding (see
Figure 7c: Cout f CoutNa) in a rapid reaction (k > 50 s-1).
This could possibly take place in a deep ion well (32), which
explains electrogenicity of Na+ binding. Subsequent meli-
biose binding then initiates a fast (k > 50 s-1) conformational
change that displaces charged amino acid residues and/or
electrical dipoles of the protein. This conformational change
could be a separate step (CoutNa mel f Cout′Na mel)
following melibiose binding and preceding the general
reorientation (Cout′Na mel f CinNa mel) as suggested for
the Na+ glucose cotransporter SGLT1 (31) and may reflect
accommodation of the bulky sugar in the protein. In this case,
we would have to assume that Cout′Na melf CinNa mel is
slow and/or electroneutral. Alternatively, the electrogenic
conformational change could be the reorientation reaction
itself (CoutNa melf CinNa mel). Our analysis demonstrates
once more that Na+ coupled cotransport is a complex process.
By assigning molecular processes to individual partial
reactions of the transport cycle, electrical measurements can
help to unravel details of its mechanism.
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32. Läuger, P. (1991)Electrogenic Ion Pumps, Sinauer Associates,
New York.

33. Mitchell, P. (1990) Osmochemistry of solute translocation,Res.
Microbiol. 141, 268-278.

34. Abramson, J., Smirnova, I., Kasho, V., Verner, G., Kaback, H.
R., and Iwata, S. (2003) Structure and mechanism of the lactose
permease ofEscherichia coli, Science 301, 610-615.

35. Huang, Y., Lemieux, M. J., Song, J., Auer, M., and Wang, D. N.
(2003) Structure and mechanism of the glycerol-3-phosphate
transporter fromEscherichia coli, Science 301, 616-620.

BI0489053

Sugar Induced Charge Translocation in MelB Biochemistry, Vol. 43, No. 39, 200412613


