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ABSTRACT. Electrogenic activity associated with the activity of the melibiose permease (MelB) of
Escherichia coliwas investigated by using proteoliposomes containing purified MelB adsorbed onto a
solid-supported membrane. Transient currents were selectively recorded by applying concentration jumps
of Na" ions (or Li*) and/or of different sugar substrates of MelB (melibiose, thio-methyl galactoside,
raffinose) using a fast-flow solution exchange system. Characteristically, the transient current response
was fast, including a single decay exponential componert (15 ms) on applying a Na(or Li*)
concentration jump in the absence of sugar. On imposing & (da Li*) jump on proteoliposomes
preincubated with the sugar, a sugar jump in a preparation preincubated with the cation, or a simultaneous
jump of the cation and sugar substrates, the electrical transients were biphasic and comprised both the
fast and an additional slow & 350 ms) decay components. Finally, selective inactivation of the cosubstrate
translocation step by acylation of MelB cysteins witkethyl maleimide suppressed the slow response
components and had no effect on the fast transient one. We suggest that the fast transient response reflects
charge transfer within MelB during cosubstrate binding while the slow component is associated with
charge transfer across the proteoliposome membrane. From the time course of the transient currents, we
estimate a rate constant for Nhinding in the absence and presence of melibiode»f50 s and one

for melibiose binding in the absence of Naf k ~ 10 s .

The melibiose permease (MelB) Bscherichia coliis a

port by increasing the rate of Nadissociation in the

membrane-bound ion-coupled sugar cotransporter or sym-cytoplasm.

porter that uses the favorable N&i*, or H* electrochemical
potential gradient to drive cell accumulationeeyalactosides
(melibiose, raffinose) of-galactosides (TMG)1—38). De-

The Mel B symporter (473 amino acids, 53 kDa) has 12
helical transmembrane domain$l{-15). A recombinant
transporter harboring a 6-His tag (Mel-6His permease) could

tailed kinetic analysis of MelB suggests a mechanistic model be purified in large amounts, and it exhibits cation-dependent

with the following characteristics7( 9, 10): (1) co-trans-

sugar-binding and transport properties comparable to those

ported substrates bind to and are transported by MelB in aof the native permease in its natural environment when

1:1 ratio; (2) the coupling ion enhances the affinity of MelB
for the co-transported sugar, Nand Li* being better acti-
vators than H; (3) H*, Na', or Lit compete for the same

binding site; (4) the outer binding and cytoplasmic release
of the substrates is best accounted for by an ordered proces

(outside binding, Na first/sugar last; inside release, sugar
first/Na' last); (5) Na or Li* (but not H") dissociation into
the cytoplasm is slow and rate-limiting for MelB cycling;
(6) the membrane potential enhances activé/dlayar trans-
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reconstituted in liposomes8,( 16). Information at the
molecular level has been obtained using molecular biology,
biochemical, and spectroscopic approaches. Site-directed
mutagenesis experiments on MelB and the construction of
ghimeric melibiose transporters from various microorganisms
suggest an important role of a coordination network,
comprising four aspartic acid residues distributed in the
helices | (D19), Il (D55 and D59), and IV (D124) of the
N-terminal hydrophobic domains of MelB, for the cation
recognition and coupling mechanism3( 17—20).

Biochemical and spectroscopic evidence support the earlier
suggestion that some discrete steps of MelB cycling involve
conformational transitions of the transporte2l). This
includes cooperative protection against proteolysis of the
highly charged cytoplasmic loop connecting helices IV and
V (loop 4-5) of MelB (14) by MelB substrates. Cooperative
changes in MelB conformation were also inferred from
analysis of the intrinsic fluorescence of MelB or using
fluorescence resonance energy transfer spectroscopy with a
fluorescent sugar analogug6g( 22).
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Electrophysiological techniques have proven to be ex- pK95DAHB plasmid that harbors the His-tagged MelB
tremely useful tools in investigating the mechanism of ion coding sequence, were grown at 30 in a M9 medium
transfer across the membrane by ion-coupled transporters insupplemented with appropriate carbon sources and ampicillin
eucaryotic cellsZ3—25). Partial reactions that are associated (100ug/ml) as described previousl$2?). His-tagged MelB
with the translocation of electrical charge can be identified, (thereafter termed MelB) was purified from inverted mem-
which can then be interpreted in terms of, e.g., an electro- brane vesicles obtained by means of a French press (Ameri-
genic binding process, the translocation of ions, or a can Instrument Co.) essentially as described®yHgriefly,
conformational transition. Although it is admitted that the inverted membrane vesicles were solubilized in a medium
bacterial counterparts of eucariotic transporters are electro-containing 50 mM Tris-HCI (pH 8), 500 mM NaCl, 1%
genic, the limited size of bacterial cells or derived membrane lauryl aminopropyldiaminéN-oxide, and 10 mM imidazole.
vesicles has hampered their analysis by the electrical The supernatant was equilibrated foh at 4°C with Ni—
approach. However, the progress in purification and recon- NTA (Ni-nitriloacetic acid) resin and the mixture loaded into
stitution of MelB in liposomes opens new perspectives. a column. Following extensive washout of unbound proteins
Indeed, proteoliposomes adsorbed to a planar lipid membranewith the solubilization medium, lauryl aminopropyldiamine-
have been used in the past as a sensitive tool to investigatéN-oxide was replaced by dodecylmaltoside (0.1%), and NaCl
ion translocating membrane proteins (for a review, see ref was reduced to 50 mM. Finally, the bound material (90%
26). Among different strategies, a novel technique, based MelB and 10% contaminants) was eluted by raising the
on a rapid solution exchange combined with the high imidazole concentration to 100 mM. MelB was finally
sensitivity of planar lipid membranes, is a technique that separated from the remaining contaminant protein by ion
employs a solid-supported membrane (SSM) as a capacitiveexchange chromatography using a MonoQ resin. MelB
electrode 27). It was successfully used to investigate the reconstitution was performed in the presence of a 5-fold

electrogenic steps in the cycle of the N&t-ATPase 28, excess oE. colilipids (Polar Avanti), and the detergent was
29) vyielding results similar to those obtained by other removed by adsorption on Bio-Beads SM-26) To
techniques. eliminate NacCl, including from the internal space, proteo-

Here we present the results of electrical current measure-liposomes were submitted to repeated freezing/thawing
ments on MelB proteoliposomes performed with the SSM sonication-wash cycles in nominally Nafree, 100 mM
technique. Activation of MelB was achieved by imposing Potassium phosphate buffer (pH7). As determined by flame
substrate concentration jumps using a fast flow solution photometry, the level of contaminating sodium salts in the
exchange system. The resulting electrical transient signalsproteoliposome supensions was at mosul The purity
were recorded with a time resolution up to 10 ms. This study Of the reconstituted MelB (generally 99%) was assessed
is the first direct electrical measurement of charge transport by silver-stained SDS/PAGE electrophoresis.
by a bacterial cotransporter and the first electrical charac- Protein AssaysProteins contained in membrane vesicles
terization of a purified and reconstituted Nasugar trans-  and proteoliposomes were assayed in the presence of sodium

porter. dodecyl sulfate using serum bovine albumin as standard
according to Lowry.
MATERIALS AND METHODS SSM SetupThe SSM was prepared by linking an al-

) . o . kanethiol (octadecyl mercaptane) monolayer to a gold

Chemicals.Activating and nonactivating solutions con-  gjectrode deposited on a glass support and covering it with
tained 0.1 M KPi (pH 7) and 0.1 mM dithiothreitol (DTT, 4 jinid (diphytanoyl phosphatidylcholine) monolayer. The
99.5% Roth, Karlsruhe, Germany) plus salt and melibiose planar membrane formed has an area-62 . The SSM
at various concentrations. The standard buffer solution i mounted in a flow-through cuvette with an inner volume
contained a mixture of KPQ; and KeHPO,, prepared the  of 17 41 The gold electrode is connected to an amplifier;
following way: 100 mM KHPO, was titrated with concen- iy reference electrode is an Ag/AgCl electrode separated
trated KOH until the pH was 7. To avoid N@ontamination oy the solution by a salt bridge. An improved setup as
of nominally Na'-free solutions, KHPQ (Sigma, 0.005%  gescribed in detail by re28 was used. In contrast to the
Na) and KOH (Merck, suprapur, 0.002% Na) were used. In ety described before, the solution is driven through the
addition, all solutions were prepared in plastic flasks. The . yette by applying pressure (0.6 bar) to the solution
Na" concentration in these media was determined by atomic ¢ontainers connected to the cuvette.
absorption spectroscopy to be30 xM. Melibiose and Measuring ProcedureThe experiments were carried out
glucose were purchased from Sigma, raffinose, TMG, 4 r5om temperature (2Z). After the formation of the SSM,
sucrose, and\-ethyl maleimide (NEM) from Fluka. All s capacitance and conductance were measured until they
experiments using NEM-treated enzyme were performed in yocame constant after a waiting time-690 min. Typical
DTT-free buffer. values were 300500 nF/cr for the capacitance and 50

The lipid film forming solution contained diphytanoyl 100 nS/crd for the conductance. The proteoliposomes were
phosphatidylcholine (PC, synthetic, Avanti Polar Lipids Inc., thawed and sonicated for30 s. Then 40uL of the
Pelham, AL) and octadecylamine (60:1 wt/wt, 98%, Riedel- suspension containing 0.37.4 mg/mL protein was injected
de-Haen AG, Seelze-Hannover, Germany) prepared 1.5% ininto the cuvette. The proteoliposomes were allowed to adsorb
n-decane0). A 1 mM octadecyl mercaptan (gmercaptan, o the SSM for 36-50 min. A typical solution exchange pro-
Aldrich, Steinheim, Germany) solution in ethanol was used tocol consists of three phases: (1) nonactivating solution
for the incubation of the gold electrodes. (2 s), (2) activating solution (2 s), and (3) nonactivating

Purification and Preparation of the Proteoliposomes. E. solution (2 s). The data recording and the solution exchange
coli DW2 cells (Dmel DlaczY) (31), transformed with were controlled via computer as described by &
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Electrical signals are observed at the concentration jumps off }
taking place at the beginning (on-signal) and end of phase 2 control -
(off-signal). Only the on signal will be used throughout our on ¢
analysis.
RESULTS l{\ off |
Amel -
The SSM was prepared and the MelBproteoliposomes on ¢ %28

adsorbed onto the SSM as described in Materials and
Methods. Proteoliposomes and SSM form a capacitively
coupled system that enables measurement of transient
currents as described previously for Nld™-ATPase 83).
A rapid flow technigue with~10 ms time resolution2g)
was used to impose different rapid changes in cosubstrate
concentrations: (1) simultaneous concentration jumps of both
cosubstratesAmelANa); (2) concentration jumps of Nan
the absence of melibioseANa) or in the presence of
melibiose, i.e., the proteoliposomes were pre-equilibrated
with the sugar ANa(mel)); (3) concentration jumps of off |
melibiose either in the absencarfel) or in the presence of ANa A
NaCl, i.e., the proteoliposomes were pre-equilibrated with on t V
the sodium saltAmel(Na)). For the sake of simplicity, the
notation given in parentheses for the different concentration | 100 pA
jump protocols will be used throughout this publication. An
analogous notation is used for'LiTMG, and raffinose. To
minimize ionic strength and osmotic effects, the nonactivat-
ing solution contained equimolar concentration of choline
chloride (cholineCl) instead of NaCl and/or glucose instead \ off | _1s
of melibiose, TMG, or raffinose. AmelANa J 4

Electrical Signals Generated by Different Cosubstrate on ¢ l/
Concentration Jumpslraces 2-6 in Figure 1 illustrate the
transient electrical responses successively recorded from the
same SSM/protecliposomes system upon individual or
simultaneous cosubstrate concentration jumps. The sign of
the current (upward deflection) indicates the displacement

off 1

Amel(Na)

on ¢}

of positive charge toward the SSM (or of negative charge in off }
the opposite direction). A transient electrical response of ANa(mel) A
opposite direction is observed upon removal of the added on ¢ T

substrate(s). Preliminary experiments demonstrated that N0 Ure 1° Electrical signals generated by MelB after different

or °”!Y anegligible artifact was obser\(ed gnder the following solution exchange protocols. In addition to the sugar and/or cation
conditions: (1) ANaAmel concentration jump on a SSM  given below, the activating and the nonactivating solutions con-
without liposomes or with purk. colilipid liposomes (data  tained 100 mM KPiand 0.1 mM DTT at pH 7.0. All the data shown
not shown) and (2) exchange of a glucose-containing solutionin the figure were recorded on the same sam@entrol:

to a different glucose-containing solution of the same nonactivating solution, 50 mM glucose; activating solution, 50 mM
glucose Amel: nonactivating solution, 50 mM glucose; activating

composition (Figure 1 (control)) or a sucrose solution of the goyytion, 50 mM melibioseAmel(Na): nonactivating solution, 50

same concentration (Figure Agucr)) using an SSM with  mM glucose, 10mM NaCl; activating solution, 50 mM melibiose,

MelB proteoliposomes. 10 mM NaCl. ANa: nonactivating solution, 50 mM glucose, 10
Trace Amel in Figure 1 shows the electrical response MM cholineCl; activating solution, 50 mM glucose, 10 mM NacCl.

. : . . AmelANa: nonactivating solution, 50 mM glucose, 10 mM
recorded after a melibiose concentration jump in" ke cholineCl; activating solution, 50 mM melibiose, 10 mM NacCl.

medium, i.e., when MelB catalyses"Hmelibiose symport  ANa(mel): nonactivating solution, 50 mM melibiose, 10 mM
activity. The transient signal shows a rapid current rise to a cholineCl; activating solution, 50 mM melibiose, 10 mM NaCl.
maximal value (125 pA) followed by a decay toward the

baseline, which could be fitted with two exponentiats< ] o

98 and 350 ms). The melibiose concentration jump experi- substrate. A fast. and large tr§n3|ent electric S|gpal (peak
ment was repeated with activating and nonactivating solu- current= 490 pA) is observed with a monoexponential decay

tions containing 10 mM NaCl, i.e., at a condition where (7 = 14 ms). Raising the concentration of glucose from 10
MelB functions as a N&coupled symporter (Figure 1  t0 100 mM neither altered the peak current of the signal nor
(Amel(Na))). There, the melibiose-induced signal rises faster its decay time. A second experiment consisted in imposing
and reaches a higher peak current (285 pA) as compared tc similar 10 mM Na concentration jump on proteoliposomes
the response in Nafree medium. The signal decays with a in the presence of 50 mM melibiose (FigureAINa(mel))).
biexponential time courser (= 17 and385 ms). The magnitude of the transient peak current (510 pA) was
Trace (ANa) in Figure 1 shows the effect of a 10 mM nearly the same as that in melibiose free medidNg). In
Na" concentration jump in a medium devoid of sugar contrast, the signal decay now comprised two exponential
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Ficure 2: Electrical signals after a 50 mM melibiose, TMG, or raffinose concentration jump in the absence and in the presefice of Na
In addition to the sugar and/or cation given below, the activating and the nonactivating 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 safgler: nonactivating solution, 50 mM glucose; activating
solution, 50 mM sucroseAmel: nonactivating solution, 50 mM glucose; activating solution, 50 mM melibida3®8G: nonactivating
solution, 50 mM glucose; activating solution, 50 mM TMAraff: nonactivating solution, 50 mM glucose; activating solution, 50 mM
raffinose.Amel(Na): nonactivating solution, 50 mM glucose, 10mM NaCl; activating solution, 50 mM melibiose, 10 mM NMABIG-

(Na): nonactivating solution, 50 mM glucose, 10mM NacCl; activating solution, 50 mM TMG, 10 mM NAfiff(Na): nonactivating
solution, 50 mM glucose, 10mM NacCl; activating solution, 50 mM raffinose, 10 mM NacCl.

components, a dominating (amplituge97%) fast compo-  tration jump of 50 mM generated only an insignificant artifact
nent ¢ = 15 ms) and a slow component € 327 ms). (Figure 2 (Asucr)). Similar to theAmel concentration jump,
Finally, Figure 1 ANaAmel) represents the electrical ATMG or Araf also induced transient currents in Naee
signal recorded upon a simultaneous concentration jump of media. The time constants of the decay were in the hundreds
both MelB substrates, namely, raising N 10 mM and of milliseconds range. More specifically, tReTMG or Araf
melibiose to 50 mM. The peak value of the transient signal peak currents were about one-half or one-third of that
(670 pA) was about 37% larger than that of the signal recorded during a\mel concentration jump (144, 110 or
produced by aANa concentration jump. The decay part of 280 pA, respectively). In addition, the decay of théMG
the electrical signal recorded in this experiment has two and Araf signals could be fitted by a single-exponential
components, a fast one (amplituge89%,7 = 15 ms) and component. The computed decay time constants were 405

a slow one £ = 260 ms). ms ATMG) and 309 msAraf) in comparison to 98 ms, the
In summary, two situations are apparent on comparing the fast component of thémel signal. The difference in peak
electrical responses. First, addition of Nans alone ANa) current and/or rate of decay are reminiscent of the lower

elicits a large transient current that includes a single and fastaffinity or rate of H-coupled co-transport of these sugars
exponential decay component. Second, the transient re-by MelB (6). Similarly, concentration jumps of TMG or
sponses triggered by a melibiose jump in the’ Naedium, raffinose carried out in the presence of 10 mM NaCl (traces,
by a Na& jump in the melibiose medium, or by a simulta- ATMG(Na) or Araf(Na)) yielded transient responses some-
neous N& and melibiose concentration jump include both a What smaller than that elicited by melibiostriel(Na)). The
fast and a slow exponential decay components. (Note: Thecurrent responses were fitted by two exponentials and are
slow decay component of a Ngump in melibiose medium dominated at shorter time by a fast and large peak current
is much smaller than that in the other two cases.) (decaying phaser = 15—22 ms). The slower component
Cosubstrate Specificitiest is well established that Melg ~ 1ad @ time constant of 380 ms for a melibiose jump, 507 ms
catalyses active transport of differemtgalactosides (e.g., for TMG, and 360 ms for raffinose. ThaTMG(Na) or
melibiose, raffinose) oB-galactosides (e.g., thio-methyl ~Amel(Na) peak currents had comparable magnitudes (340
galactopyranoside, TMG) but not of sucrose and can uge Na and 380 pA) and were higher than theaf(Na) one (190
Li*, or H* as coupling ions 34, reviewed in ref7). The PA). All the peak currents were significantly higher than
capacity of TMG, raffinose, or sucrose to trigger an electrical those recorded in Nafree media.
response was therefore compared to that of melibiose A Na  Also, a Li* concentration jump alone\Li) or in combi-
free or Na-containing media (Figure 2). A sucrose concen- nation with a sugar concentration jumpli Amel) gave rise
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FIGURE 4; Na" concentration dependence of the peak currents after
a jump to different Na concentrations in the absence and in the

Ficure 3: Dependence of the peak currents on the sugar concentra-Presence of the active sugar. In addition to the sugar and/or cation
tion. In addition to the sugar and/or cation given below, the 9iven below, the activating and the nonactivating solutions con-

activating and the nonactivating solutions contained 100 mM KP
and 0.1 mM DTT at pH 7.0Amel (solid circles) activating

tained 100 mM KPand 0.1 mM DTT at pH 7.0ANa (solid
circles): activating solution, NaCl at different concentrations and

solution, melibiose at different concentrations; nonactivating solu- 90 MM glucose; nonactivating solution, cholineCl at the same
tion, glucose at the same concentration as melibiose. The dashedgoncentration as that of NaCl and 50 mM glucose. The solid line

line represents a fit with a hyperbolic function; half-saturation
concentratiorKo "' = 22 mM. Amel(Na) (open circles): activating
solution, melibiose at different concentrations, 10 mM NacCl;

represents a fit using a hyperbolic model function; half saturation
concentratiorKq $¥2 = 2.1 mM. ANa(mel) (open circles): activating
solution, NaCl at different concentrations and 50 mM melibiose;

nonactivating solution, glucose at the same concentration as that?onactivating solution, cholineCl at the same concentration as that

of melibiose, 10 mM NaCl. Half-saturation concentratikgs"¢'
=3 mM.

of NaCl and 50 mM melibiose. Half saturation concentratig\?
= 0.6 mM.

to signals qualitatively and quantitatively comparable to those Mmembrane vesicle( = 0.5 mM, @5)). For reasons not

of their Na'-induced counterparts (data not shown).
Melibiose or Nd& Concentration Dependenc@s a first
approximation, the peak current is proportional to the

yet well understood, the value & 2 determined in the
above-mentioned and in our study is significantly higher than
the Na concentration required to produce half-maximal

translocated Charge (See be|ow)_ We have, therefore, deteryariation of MelB intrinsic fluorescence in proteoliposmes
mined the peak current as a function of the magnitude of (0.1 mM, (16, 22)).

the concentration jump. Figure 3 depicts the variation of the

peak current recorded,f on imposing melibiose concentra-
tion jumps of varying amplitude. Both in the presence or
absence of N§ the concentration dependence shown in the
figure was fitted using a hyperbolic functioh, & I,"®c/(c

+ Kog™); ¢ = melibiose concentration). The fit of the data
obtained in the presence of 10 mM Naielded a half-
saturation concentration for melibiose ki§ <" = 3 mM.
This Ko g™ value estimated from the electrical measurement
satisfactorily compares with the apparent affinity of MelB
for melibiose determined in binding experiments (0069
mM (7, 35)) or with the concentration of sugar inducing half-
maximal intrinsic fluorescence variation of MelB (1.2 mM
(16)). In Nat-free media, the data are best fitted by a
hyperbolic function using a half-saturation concentration for
melibiose ofKgg™ = 22 mM. This higherKy ¢ value
parallels the increasdd, for transport of 10 mM7T) or the
Kos™' of 11 mM in fluorescence studies in corresponding
Na-free media 16).

Figure 4 shows that the peak current also displays
saturation kinetics as a function of Naoncentration alone
(ANa). The determine#o ¥ of 2.1 mM is close to that of
1 mM reported for the Nainduced change in MelB intrinsic
fluorescence in proteoliposome&6f. When the experi-

Together, the electrical data show satisfactory correlation
between the concentrations of melibiose and/ct pladuc-
ing half-maximal peak current and either the half saturation
constants for melibiose transport and binding or the melibiose
concentration inducing half-maximal variations of MelB
intrinsic fluorescence. They also provide evidence for
cooperative interactions between the MelB cosubstrates with
the transporter.

Effect of NEM Active sugar transport or all facilitated
diffusion reactions (N&coupled sugar influx, efflux, or
exchange) catalyzed by MelB are inhibited upon acylation
of one (or more) cysteine residue of MelB by NEIZ 6,

36). In contrast, Na&-dependent sugar binding is not impaired
(9). To relate the transient electrical signals resulting from
changes in the concentration of the transported ion and sugar
substrates to given events of the transport cycle, the effect
of transient concentration jumps of the substrates was
analyzed in proteoliposomes incubated for 30 min with NEM
at a final concentration up to 2 mM. Figure 5 compares the
transient currents obtained by/fmelANa jump (20 mM
melibiose and 10 mM NaCl) before and after NEM treatment
at a final concentration of 1 mM. It is observed that acylation
of MelB does not prevent a transient charge translocation to
take place. However, while the control response includes both

ment was repeated in the presence of an excess of melibios@ fast and a slow decay components, the slow component

(ANa(mel)), theKq s for Na™ decreased to 0.6 mM. This latter
value compares well with the Naactivation constant of
sugar binding KN2 = 0.3—0.6 mM) estimated in right-side
out membrane vesicle9,(35) or in MelB proteoliposomes
(0.5 mM, @)). It is also of comparable magnitude to the
Na' activation constant for sugar transport in natiecoli

disappears once MelB has been reacted with the SH reagent.
The inset in Figure 5 indicates that in the case of the
AmelANa signal, the peak current is inhibited by about 10%
after 1 mM NEM. A similar disappearance of the slow
component and a small reduction of the peak current after
NEM incubation was also observed for thamel(Na) or
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the case for theAmel measurements The 400 ms time
constant corresponds most probably to the so-called “system
time constant” which describes charging of the liposome/
SSM compound membrane. A comparable value of 330 ms
has been found for liposomes containing™a"—ATPase

on a planar lipid membrane3g).

These arguments support the conclusion from the NEM
inhibition experiments namely that the two phases in the
decay of the electrical signal correspond to two distinct
processes in the reaction cycle of MelB: (1) substrate binding
(rapid phase) and (2) steady-state transport (slow phase). The
rapid phase is over within 20 ms. Because a maximal
permease turnover of about 6:2.3 s can be calculated
from previous kinetic experimentg)(and because the decay
of the rapid phase is limited by the solution exchange, the
underlying processes have to be much faster than 2kms (
> 50 sb. However, at certain conditions, the partial
reactions in the reaction cycle become so slow that they can
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Ficure 5: Electrical signals after a simultaneous 20 mM melibiose
and 10 mM NacCl concentration jumpNaAmel) before (0 NEM)
and after (1 mM NEM) addition of 1 mM NEM. In addition to the i
sugar and/or cation, the activating and the nonactivating solutions be rhesollved (ﬁee, e.g\mel, Figure 1). d

contained 100 mM KpPat pH 7.0. All solutions were DTT-free. The slow phase (400 ms) represents steady-state turnover

Inset: The peak current recorded after different concentration jump Of the transporter. This is most clearly demonstrated by the
protocols before (gray) and after incubation with 1 mM NEM fact that this slow component is absent after a Namp
(hatched) and after incubation with 2 mM NEM (white). Solution  carried out in the absence of melibiose (FigureANG)), a
e e ™ "Londition where no flow o charge across the membrane s
expected. Because of the capacitive coupling of the liposomes
via the SSM, steady-state turnover does not generate a
ANa(mel) signals. As noted in the inset, incubation of MelB stationary current but rather results in a transient electrical
with 2 mM NEM produces a further reduction of the current decaying with the system time const&sif)( We
AmelANa signal peak current to a value comparable to that have, therefore, the ability to discriminate between electro-
recorded after a Naconcentration jumpANa). Importantly, genic substrate binding and steady-state turnover of the
neither the amplitude nor the fast decay component of the exchanger.
response induced by/&Na jump was significantly modified Finally, we would like to draw attention to the fact that
by NEM. Finally, a similar signal reduction by NEM was the experiments in this work have been performed on a
observed when a sugar concentration jump was carried outliposome preparation where the protein is probably not
in the absence of Naions. Altogether, these observations uniformly oriented. It is known that MelB is asymmetritX
make it likely that the fast component of the transient current 14). Therefore, the properties determined in this study may
response is associated to charge transfer into the transportelbe averages of both the inside-out and right-side-out popula-
during cosubstrate binding while the slower component tions. On the other hand, a large asymmetry in activity may
reflects charge-transfer linked to a movement of the sub- lead to a situation where substrate (or charge) transport is
strates across the whole membrane. dominated by a single population. Whether this is true or
Electrical Signal Before establishing the possible relation- not is unknown. Selective side-directed inactivation of MelB
ship between the signal characteristics and different partial with impermeant SH reagents, for example, may provide a
reactions of the reaction cycle, it seems worthwhile to stress means to better correlate the electrical events and orientation
specific limitation and/or constraints imposed by the solution of MelB.
exchange and/or the recording technique on the elicited
signal. When a concentration gradient offNend melibiose
is applied to the liposome&(NaAmel), the electrical signal
consists of a rapid transient followed by a slowly decaying  The experiments reported in the present study represent
phase with a much smaller amplitude (see Figure 1). The the first direct measurement of the electrogenic activity of a
rapid and the slow phases decay with time constants2ef Na'-coupled solute membrane transporter from bacteria.
and ~400 ms, respectively. These two time constants are They were recorded at a variety of conditions that are related
not related to rate constants of the reaction cycle. The 20to different partial reactions of the transport cycle like'Na
ms time constant probably has to be assigned to the timeand/or melibiose binding to the permease and cosubstrates

DISCUSSION

resolution of the solution exchange. A similar limiting time
constant of~17 ms has been found previousBg|. Since

the decay of the signal is determined by an instrumental time
constant, it is approximately constant in most of the mea-

translocation across the membrane. This enables us to
identify electrogenic steps in the reaction cycle based on a
kinetic model proposed previously)(

Electrical Signals Correspond to the Reconstituted MelB

surements. Under these conditions, the peak current is proporTransporter The results show that transient electrical
tional to the translocated charge. Only when the electrogenicresponses from MelB proteoliposomes adsorbed on SSM can

reactions become slower tharb0 st (= (20 ms)') does

be selectively triggered by independent or concerted con-

the decay time increase and can the peak current no longercentration jumps of MelB substrates. The sign of the signals
be considered proportional to the translocated charge, as iorresponds to the transport of positive charge toward the
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interior of the liposomes in line with the anticipated influx somes/SSM surface that restrict complete equilibration of
of cations. Comparison and analysis of the different kinetics the added substrate at a time when the current reaches its
and of their modification after selective inhibition of the maximum value Z8). Also, a fraction of MelB transporters
transporter translocation step strongly suggest that chargewith inside-out orientation may partially increase the con-
transfer phenomena occur not only as a result of substratestants as they expose their low affinity internal binding sites
translocation across the membrane but also during bindingoutside 86).
of the substrates to the transporter. It is finally remarkable thatk,'@ obtained from the
Basically, two typical transient signal responses were electrical measurements is reduced by the presence of sugar
recorded on performing concentration jumps of monovalent (2.1 mM vs 0.6 mM) and thaK,<"®' decreases in the
cations and/or of sugar in the medium in contact with the presence of Naions (22 mM vs 3 mM). These data are
adsorbed MelB proteoliposomes. (1) Large and fast transientconsistent with cooperative interactions between the sub-
currents decaying monoexponentially are recorded upon astrates on MelB. The cooperative effect of Nan sugar
Na' or Li* concentration jumpANa or ALi). (2) Transient binding and transport by MelB is already well documented
biphasic current responses, including both a fast and a slow(7, 9, 16, 22, 36). The present data provide the first evidence
decay component, were observed wheneaweor 5-galac- for a cooperative influence of the sugar substrate on MelB
tosides were present, i.e., iimel, Amel(Na), AmelANa, affinity for the coupling cation.
and ANa(mel) experiments. The fast decay component of  Correlation of the Electrical Signal with Partial Reactions
the galactoside-induced transient response observed in thef MelB. Components of the observed currents or associated
presence of Naor Li* is replaced by a slower one in its charge transfers can be assigned to distinct steps of the
absence, making the overall response slower. transport mechanism by examining théla andANaAmel
Qualitative as well as quantitative analysis of the signals transient currents in the light of basic principles of the
provides evidence that the associated charge transfer promechanism of ion-linked solute cotransport and/or a 6-state
cesses involve the reconstituted MelB transporter. First, the ordered kinetic model as well as more specific properties of
electrical signals are selectively triggered by well recognized MelB (review in (7)). Upon addition of the coupling ion in
cation and/or sugar substrates of MelB (Figure 1, Figure 2). the absence of sugar substrat®N@), one expects Na
This is the case for two ions known to couple sugar transport binding to MelB but not its translocation across the mem-
by MelB, namely N& and Li" ions, which induce compa-  brane into the inner compartment. Accordingly, the fast and
rable fast {15 ms) transient currentda, ALi). Moreover, monophasic transient response recorded\ife (or ALi)
the Na'- or Li*-induced currents are converted into biphasic experiments must be linked to an ion-induced charge transfer
signals only when any of three established sugar substratesvithin the transporter and, more precisely, into a MelB
of MelB (melibiose, TMG, raffinose) are added before or domain that is electrically insulated from the external
together with the concentration jump. The signal consists of proteoliposome aqueous phase. Since the time constant of
a fast initial current component followed by a long lasting this current component (= 15 ms) is limited by the time
current component with a time constant of several hundred constant of the solution exchange (see above), the- Na
milliseconds. Incidentally, sugar-induced responses still induced charge transfer within MelB has a time constant of
exhibit a fast early current component once proteoliposomes15 ms or shorter, corresponding to a rate constant
are already equilibrated with the cations. Together with the 50 s*.
fact that currents elicited by the cation on MelB-free A second process, associated with cosubstrate translocation
liposomes are of negligible amplitude<%%), these data  across the membrane, can be identified from the slowly
further establish that electrostatic interaction of the ion with decaying component (35@&50 ms) of the biphasic responses
the negatively charged surface of the proteoliposome lipid induced by theAmelANa concentration jump. There, the
bilayer do not play a significant role. A direct involvement simultaneously added Niaand melibiose bind to MelB and
of MelB in the electrical currents is further suggested by are translocated downhill as an electrogenicNaupled
two observations. First, the coupling ion present during the melibiose inflow across the membrane. Such an inward
sugar challenge dictates the overall shape of the sugarNa"—melibiose translocation gives rise to a stationary current
induced current response, the response being much slowewhich is converted into a slow transient current decaying
when the coupling ion is Hinstead of Na or Li*. Second, with a time constant 0f~350 ms by the capacitive recording
the current response is modified by treatment with NEM, system 87). Clear independent support for this interpretation
which is known to interfere with the transport function of is provided by the observation that the slow current
MelB (Figure 5). component of theAmelANa response is suppressed upon
Complementary and more quantitative evidence for an selective inactivation of the translocation capacity of MelB
implication of MelB in the generation of the transient by NEM (Figure 5).
responses is brought about by the good correlation existing Combination of the two distinct charge-transfer processes
between the kinetic constants determined from the cosub-can account for the overall shape of the two additional current
strate dependence of the peak currents and the kineticresponses observed either on adding melibiose to proteoli-
constants previously obtained in sugar binding or transport posomes incubated in NgAmel(Na)) or on adding Nato
studies ¥, 35) or MelB intrinsic fluorescence measurements proteoliposomes incubated in melibios&Na(mel)). The
(16, 22). The half saturation constants determined from the persistence of a fast component of smaller amplitude in the
electrical measurements are in general about 2 times higherAmel(Na) response from proteoliposomes already equili-
than those estimated from the binding, transport, or biophysi- brated with 10 mM Na& may represent filling of unoccupied
cal studies measured at steady state. Part of the discrepancia” binding sites induced by the cooperative effect of
may result from unstirred layer effects at the proteolipo- melibiose on MelB affinity for N& (see Figure 4) or an
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independent electrogenic melibiose binding process. Furthersubstrate binding are a likely requirement for the direct or
experiments are needed to evaluate these possibilities. indirect cooperative interaction of cation and sugar. Since
In addition, the coexistence of a large fast and a small conformational transitions may lead to rapid intraprotein
slow components in response to a'Namp in the presence  charge transfers, we have to consider the possibility that only
of melibiose ANa(mel)) suggests a fast Nainding reaction a part of the charge translocation observed upohiading
followed by a rate limiting step, probably Naelease into is due to the displacement of NaSimilarly, electrogenic
the trans compartmen?,(36). sugar binding is an option that has to be kept in mind.
Finally, the current response to a melibiose jump infNa  Experiments aiming at the investigation of this mechanism
free medium Amel) includes a component decaying with  are currently underway by examining the electrical properties
~ 100 ms in place of the fast current component observed of MelB mutated on these aspartic acids or exhibiting
in Na-containing solution (15 ms). This may be assigned impaired cosubstrate translocation.
to cooperative H binding triggered by slow melibiose
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