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Sodium-Dependent Binding of p-Nitrophenyl a-D-Galactopyranoside
to Membrane Vesicles Isolated from Salmonella typhimurium?

Hajime Tokuda and H. Ronald Kaback*

ABSTRACT: p-Nitrophenyl a-D-galactopyranoside is a com-
petitive inhibitor of sodium-dependent methyl 1-thio-8-D-
galactopyranoside transport in whole cells and membrane
vesicles prepared from Salmonella typhimurium G-30 grown
on melibiose (K; &~ 7 uM in whole cells and 0.4 uM in mem-
brane vesicles). However, the compound is not transported to
a discernible extent by either intact cells or membrane vesicles.
Binding of p-nitrophenyl «-D-[6-H]galactopyranoside to
membrane vesicles has been measured by flow dialysis under
various conditions. When D-lactate is added to vesicles at low
sodium concentrations, ligand binds with a Kp =~ 3.2 uM, and
a total of about 0.2 nmol is bound per mg of membrane protein
at saturating concentrations of ligand. With optimal sodium
concentrations in addition to D-lactate, both the affinity and
the number of binding sites observed at saturation increase (Kp
~ 0.6 uM and about 0.8 nmol per mg of membrane protein).

The use of impermeant galactoside analogues has yielded
unique information regarding the dynamics of the solute-
specific component of the 3-galactoside transport system in
membrane vesicles isolated from Escherichia coli (for reviews,
cf. Schuldiner et al., 1976b; Schuldiner & Kaback, 1977).
These studies indicate that 90% or more of the Jac carrier

* From the Laboratory of Membrane Biochemistry, The Roche Institute
of Molecular Biology, Nutley, New Jersey 07110, Received August 16,
1977.
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Furthermore, ligand binding can be induced by imposition of
a potassium diffusion gradient (K*i5 > K¥qy) in the presence
of valinomycin and sodium ion. Binding studies as a function
of pH and titration studies with valinomycin, nigericin, and
monensin indicate that binding varies with the electrochemical
proton gradient (AZu+) with a bias toward the electrical
component (AW¥). Moreover, when the effect of these iono-
phores on the kinetics of binding is investigated, it is clear that
AY and the sodium gradient (ApNa) function in different
capacities with respect to ligand binding. A¥ (interior nega-
tive) appears to perturb the porter directly, altering its inter-
action with sodium so as to allow the cation to effect an increase
in binding affinity, while ApNa (Na*,, > Na%i,) increases
the number of binding sites independent of Amp+. It is con-
cluded that sodium binding precedes solute binding and
translocation.

protein (i.e., M protein) is cryptic to ligand unless the mem-
brane is “energized”. Oxidation of electron donors which drive
transport in the vesicles leads to the generation of an electro-
chemical gradient of protons (AL +) across the vesicle mem-
brane [interior negative and alkaline] (Ramos et al., 1976;
Ramos & Kaback, 1977a-c) and a dramatic increase in the
number of binding sites for (/V-dansyl)aminoalkyl [-thio-3-
D-galactopyranosides (Reeves et al., 1973; Schuldiner et al.,,
1975a-c, 1976a, 1977) and p-nitropheny! ¢-D-galactopyran-
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oside [NPG]! (Rudnick et al., 1976). Similarly, azidophenyl
galactoside dependent photoinactivation of lactose transport
requires generation of A+ (Rudnick et al., 1975a,b). Many
of these effects are mimicked by artificially induced ion dif-
fusion potentials of appropriate polarity (Schuldiner et al.,
1975a; Rudnick et al., 1975b), but dilution-induced carrier-
mediated lactose efflux also causes increased dansyl galacto-
side binding in a manner which is apparently independent of
Ay + (Schuldiner et al., 1975a). In any event, based on these
observations and others (Ramos & Kaback, 1977¢), it has been
suggested that the lac carrier protein or part of it may be
negatively charged. As emphasized, however, it is not possible
to determine whether the effect of energization is due to an
increase in the accessibility of the carrier, an increase in its
affinity for ligand, or both (Schuldiner et al., 1975a; Rudnick
et al.,, 1976). One reason for this difficulty is that proton
movements are probably responsible for the generation of
Aup+ as well as the recognition and symport of substrate
(Mitchell, 1973; Harold, 1972; Kaback, 1976). For this and
other reasons, we focused attention on the sodium-dependent
a-galactoside transport system in Salmonella typhimurium
[TMG permease 1] (Prestidge & Pardee, 1965; Stock &
Roseman, 1971; Tokuda & Kaback, 1977).

Membrane vesicles isolated from S. typhimurium G-30
grown in the presence of melibiose catalyze active transport
of methyl 1-thio-g8-D-galactopyranoside (TMG) in the pres-
ence of D-lactate and sodium or lithium (Tokuda & Kaback,
1977). Since accumulation of TMG is apparently dependent
upon sodium or lithium gradients and TMG-dependent sodium
uptake is also observed under certain conditions, it is clear that
this system exhibits properties which are typical of many so-
dium-dependent cotransport systems in eucaryotic cells
(Schultz & Curran, 1970; Crane, 1978). On the other hand,
cation gradient-dependent TMG accumulation in this system
is not dependent upon sodium, potassium-stimulated ATPase
activity, but varies with the Azy+ generated as a result of D-
lactate oxidation. Moreover, the vesicles catalyze D-lactate-
driven sodium efflux in a manner which is consistent with the
operation of a proton/sodium (lithium) antiport mechanism
(Tokuda & Kaback, 1977). The results suggest a sequence of
coupled reactions in which sodium (lithium)/TMG symport
(i.e., cotransport) is driven by Agy+ through the mediation of
a proton/sodium (lithium) antiport mechanism which serves
to maintain low intravesicular sodium or lithium concentra-
tions. Thus, in this system, the movements of protons and so-
dium function in different capacities—proton movements give
rise to Aup+, while sodium is involved in the recognition and
symport of solute.

Although o-nitrophenyl 8-D-galactopyranoside is widely
used to assay the activity of the 8-galactoside transport system
in E. coli, the results presented here demonstrate surprisingly
that NPG is not accumulated significantly by the sodium-
dependent a-galactoside transport system in S. typhimurium.
However, NPG is a potent competitive inhibitor of cation-
dependent TMG accumulation, and binding studies utilizing
high specific activity [6-*H]NPG demonstrate that it binds
to TMG permease Il under appropriate conditions.

! Abbreviations used: NPG, p-nitrophenyl a-D-galactopyranoside;
TMG, methyl 1-thio-8-D-galactopyranoside; CCCP, carbonyl cyanide
m-chlorophenythydrazone; TPMP*, triphenylmethylphosphonium
(bromide salt); Afipg+, the electrochemical gradient of protons; AY, the
electrical potential across the membrane; ApH, the pH gradient across
the membrane; ApNa, the sodium gradient across the membrane; P,
phospho.
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Experimental Section
Methods

Growth of Cells and Preparation of Membrane Vesicles.
S. typhimurium G-30 (Gal E~) was grown in the presence and
absence of melibiose, and membrane vesicles were prepared
as described previously (Tokuda & Kaback, 1977).

Transport Assays. Uptake of ['“C]methyl 1-thio-3-D-
galactopyranoside (TMG) (7.1 mCi/mmol) and [6-3H]NPG
(121 mCi/mmel) was determined by rapid filtration using
Millipore Cellotate filters (Tokuda & Kaback, 1977). The
filters were dissolved in 10 mL of Instabray counting fluid
(Yorktown Research) and counted in a Beckman LS-100
liquid scintillation spectrometer.

Binding Measurements. Binding of [6-*H]NPG was mea-
sured by flow dialysis as described by Colowick & Womack
(1969) and modified by Schuldiner et al. (1976a; Rudnick et
al.,, 1976). The flow rate was 6.0 mL per min and fractions of
1.7 mL were collected.

Measurement of ApH and AY. ApH and AV were deter-
mined by assaying the accumulation of [1,2-'4C]acetate (54
mCi/mmol) and [*H]triphenylmethylphosphonium (TPMP™*)
[bromide salt] (4.36 Ci/mmol), respectively, using flow dial-
ysis (Ramos et al., 1976; Ramos & Kaback, 1977a-¢; Tokuda
& Kaback, 1977).

Protein Determinations. Protein was measured as described
by Lowry et al. (1951) using bovine serum albumin as a stan-
dard.

Sodium Determinations. A 1.0-mL sample of membrane
vesicles suspended in 0.05 M potassium phosphate (pH 6.6)
at about 2 mg of protein per mL was boiled for 15 min. De-
natured material was removed by centrifugation, and the so-
dium content of the supernatant was determined by ion chro-
matography using a Dionex Corp. instrument (Model P-14)
(Small et al., 1975).

Materials

[6-3H]NPG was prepared as described (Kennedy et al.,
1974; Rudnick et al., 1976). [FSH]TPMP™* was prepared by the
Isotope Synthesis Group at Hoffmann-La Roche, Inc., under
the direction of Dr. Arnold Liebman (Schuldiner & Kaback,
1975). ['"*C]TMG and [1,2-14C)acetate were purchased from
New England Nuclear. Valinomycin and carbonyl cyanide
m-chlorophenylhydrazone (CCCP) were obtained from Cal-
biochem. Nigericin and monensin were donated by Dr. J.
Berger of Hoffmann-La Roche, Inc. All other materials were
of reagent grade and obtained from commercial sources.

Results

NPG is not accumulated but inhibits TMG uptake com-
petitively. As shown previously (Stock & Roseman, 1971;
Tokuda & Kaback, 1977) and in Figure 1, intact cells grown
in the presence of melibiose (A) and membrane vesicles pre-
pared from these cells (B) catalyze active transport of TMG
in the presence of lithium [or sodium (not shown)]. Under
identical conditions, little or no NPG is taken up in either case,
and there is no stimulation by sodium or lithium. It is also
noteworthy that intact cells hydrolyze NPG at very low rates
as judged by the release of the chromogen p-nitrophenol.?
Moreover, when the cells are treated with toluene or sonicated,
these low rates of NPG hydrolysis are completely abolished

% S. typhimurium G-30 grown on melibiose as described in Methods
hydrolyze NPG at a rate of 2.5 nmol per mg of dry weight per min. In
comparison, E. coli ML 30 grown on lactose hydrolyze o-nitropheny!
B-D-galactopyranoside and p-nitrophenyl 8-D-galactopyranoside at a rate
of 35 nmol per mg of dry weight per min,
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FIGURE I: Transport of TMG and NPG by S. typhimurium G-30 cells
(A) and membrane vesicles (B). (A) Cells grown on melibiose (Tokuda
& Kaback, 1977) were washed and resuspended in 0.1 M potassium
phosphate (pH 6.6) to a final concentration of 1.1 mg of protein per mL.
Aliquots (25 pL.) were diluted to a finai volume of 50 L containing, in
final concentrations, 0.05 M potassium phosphate (pH 6.6) and 0.01 M
magnesium sulfate. After 30 s to 1 min preincubation at 25 °C in the
presence (@, A) or absence (©, A) of 20 mM lithium chloride, [*C]TMG
(7.1 mCi/mmol) [a, a] or [6-*H]INPG (121 mCi/mmol) [®, O] was
added at final concentrations of 1.3 mM and 0.4 mM, respectively. In-
cubations were continued at 25 °C for the times indicated, and the reac-
tions were terminated and assayed as described (Tokuda & Kaback, 1977).
(B) Membrane vesicles were prepared from melibiose-grown cells (Tokuda
& Kaback, 1977) and suspended in 0.1 M potassium phosphate (pH 6.6)
to a final concentration of about 4 mg of protein per mL. Transport was
assayed in the presence of 20 mM potassium D-lactate with (@, A) and
without (O, A) 20 mM lithium chloride as described (Tokuda & Kaback,
1977). Concentrations of [1*C]TMG (4, A) and [6-3H]NPG (®, A) are
given above.

for unknown reasons.? Further evidence indicating that NPG
is not transported will be presented below.

Although it is not accumulated, kinetic data provide a strong
indication that NPG binds to the «-galactoside porter (data
not shown). When the initial rate of TMG uptake is measured
as a function of TMG concentration in the absence and pres-
ence of various concentrations of NPG, the compound causes
an increase in apparent K, without significant alteration in
Vmax, and the apparent K; can be calculated to be approxi-
mately 0.4 uM. Similar data were obtained with intact cells,
except that the apparent K| is approximately 7 uM. Possibly,
the decreased sensitivity of the transport system in whole cells
to inhibition by NPG is related to the partial inability of NPG
to penetrate the outer membrane.

NPG binding is dependent upon Aup+ and sodium or
lithium ion. When D-lactate is added to the upper chamber
of a flow dialysis apparatus containing induced G-30 vesicles
(Figure 2A, closed symbols), the concentration of [6-*H}NPG
in the dialysate decreases slightly, indicating that the vesicles
bind a small amount of the galactoside without added sodium*
or lithium. After equilibrium is achieved in the presence of
D-lactate, addition of 20 mM sodium chloride or lithium
chloride (not shown) causes a dramatic decrease in the dialy-
zable concentration of NPG, and over 50% of the ligand is
bound.® When excess unlabeled NPG is added, the concen-

3 1t is clear, however, that the lack of NPG hydrolysis by permeabilized
cells is not due to the operation of a P-enolpyruvate-P-transferase-me-
diated transport system coupled to a P-a-galactosidase, as is the case for
(3-galactosides in Staphylococcus aureus (Kennedy & Scarborough, 1967;
Hengstenberg et al., 1967). Supplementation of permeabilized cells or
sonic extracts with P-enolpyruvate at various concentrations does not result
in the release of p-nitrophenol from NPG.

* Analysis of the sodium content of vesicle suspensions as described in
Methods demonstrates that they contain approximately 0.5 mM sodium.
None of the values given for sodium in this paper have been corrected for
this background contamination.

3 Although lithium-dependent NPG binding is not shown, it is important
that NPG bindings observed in the presence of sodium and lithium ion are
essentially identical. Since lithium stimulates the steady-state level of
TMG accumulation significantly better than sodium (Tokuda & Kaback,
1977), this observation supports the argument that NPG is not accumu-
lated in the intravesicular pool.
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FIGURE 2: D-Lactate-induced, sodium-dependent binding of [6-*H]NPG
by S. typhimurium G-30 membrane vesicles. (A) NPG binding by vesicles
prepared from cells grown in the presence (®) and absence (O) of meli-
biose was measured by flow dialysis as described previously (Schuldiner
etal., 1976a, 1977; Rudnick et al., 1976) and in Experimental Procedure.
The upper chamber contained 0.05 M potassium phosphate (pH 6.6), 0.01
M magnesium sulfate, and membrane vesicles (4 mg of protein per mL)
in a total volume of 0.8 mL., and oxygenated 0.05 M potassium phosphate
(pH 6.6) was pumped from the lower chamber. The experiment was ini-
tiated by addition of [6-*H]NPG (2380 mCi/mmol) to the upper chamber
at a final concentration of 4 uM. Where indicated, potassium D-lactate,
sodium chloride, and nonradioactive NPG were added to the upper
chamber to yicld final concentrations of 20 mM, 20 mM, and 0.94 mM,
respectively. The stock solutions were sufficiently concentrated such that
the volume of the upper chamber was increased by less than 3%. Fractions
of 1.7 mL were collected and assayed for radioactivity by liquid scintil-
lation spectrometry. (B) The effect of NPG concentration on NPG binding
in the presence (@) and absence (a) of added sodium ion was measured
by flow dialysis as described in A, except that 20 mM sodium and potas-
sium D-lactate were used, respectively. Each experimental point represents
the results of an individual flow dialysis determination in which binding
was measured at a given concentration of [6-3H]NPG (2380 mCi/mmol).
The quantity of NPG bound was calculated as described (Schuldiner et
al., 1976a). (C) Data shown in B plotted according to Scatchard (1949).
(®) Sodium D-lactate, 20 mM; (A) 20 mM potassium D-lactate.

tration of [6-*H]NPG in the dialysate increases markedly and
approximates the level observed in the absence of D-lactate and
sodium chloride. Although not shown, potassium or choline
chloride are completely ineffective when added in place of
sodium or lithium chleride, and addition of CCCP (10 uM,
final concentration) instead of unlabeled NPG also causes
release of most of the bound ligand (cf. Figure 3). Finally,
D-lactate and sodium or lithium chloride elicit no change in
the dialyzable concentration of NPG when added to uninduced
G-30 vesicles (Figure 2A, open symbols), demonstrating that
binding is dependent upon the presence of TMG permease
11.

The stimulatory effect of sodium exhibits saturation kinetics
when NPG binding is measured as a function of increasing
sodium chloride concentrations, and the concentration of so-
dium chloride required to produce half-maximal stimulation
of binding is achieved at about 1.1 mM (not shown). This value
compares favorably with the sodium concentration required
for half-maximal stimulation of TMG transport (Tokuda &
Kaback, 1977).

The Kp for NPG binding and the number of binding sites
were also investigated (Figure 2). In these experiments, binding
was measured as a function of [6-*H]NPG concentration in
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FIGURE 3: Effect of valinomycin-induced potassium efflux on NPG
binding by induced G-30 vesicles. Membrane vesicles prepared as de-
scribed in Experimental Procedure were centrifuged and resuspended in
0.1 M potassium phosphate (pH 6.6) to a concentration of 58 mg of protein
per mL. An aliquot (0.17 mL) was added to the upper chamber of a flow
dialysis apparatus which already contained 0.63 mL of 0.1 M choline
phosphate (pH 6.6) and 0.01 M magnesium sulfate, and 0.1 M choline
phosphate (pH 6.6) was pumped from the lower chamber for 5 min before
the inception of the experiment. At this time, [6-*H]NPG (2380 mCi/
mmol) was added to the upper chamber at a final concentration of 3 uM,
and, after equilibrium was achieved, valinomycin, sodium chloride, CCCP,
and nonradioactive NPG were added sequentially at final concentrations
of 12.5 uM, 20 mM, 12.5 uM, and 0.94 mM, respectively.

the presence of potassium D-lactate and sodium D-lactate
(Figure 2B). The results are also plotted as described by
Scatchard (1949) [Figure 2C]. In the absence of added sodi-
um* or lithium, the Kp is approximately 3.2 uM and the
number of binding sites observed at saturating concentrations
of NPG is about 0.2 nmol per mg of membrane protein. In
contrast, when sodium D-lactate is added, the Kp is approxi-
mately 0.6 uM and the maximum number of binding sites is
0.8 nmol per mg of membrane protein. Clearly the Kp value
obtained in the presence of D-lactate and sodium ion is similar
to the K; obtained with respect to competitive inhibition of
TMG uptake. In addition, although data will not be presented,
it should be emphasized that TMG competitively inhibits NPG
binding with a K; of about 1 mM. Since the Kp for NPG is
similar to its K; with respect to TMG transport and the K; for
TMG with respect to NPG binding is similar to the K, of the
transport system for TMG (Tokuda & Kaback, 1977), it is
likely that NPG binds to the same site in TMG permease 11
that catalyzes the translocation of TMG.

Previous studies on the /ac carrier protein in E. coli mem-
brane vesicles demonstrate that imposition of a potassium
diffusion gradient across the membrane in such a manner that
a AV (interior negative) is established results in the appearance
of high affinity binding sites for dansyl galactosides (Schul-
diner et al., 1975a) and 2’-N-(2-nitro-4-azidophenyl)ami-
noethyl 1-thio-8-D-galactopyranoside dependent photoinac-
tivation (Rudnick et al., 1975b). Generation of AV in this
manner causes binding of NPG in this system as well provided
sodium is present (Figure 3). In the experiment shown, induced
G-30 vesicles prepared in potassium phosphate were placed
in the upper chamber of the flow dialysis apparatus and choline
phosphate was pumped through the lower chamber. [6-3H]-
NPG was then added, and, after equilibrium was achieved,
valinomycin and subsequently, sodium chloride, CCCP, and
unlabeled NPG were added sequentially to the vesicles. On
addition of valinomycin, a small amount of binding is observed
which is markedly enhanced by addition of sodium chloride.
The binding equilibrium achieved under these conditions is
considerably more unstable than that observed in the presence
of D-lactate (Figure 2), an effect which presumably results

% CONTROL
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FIGURE 4: Effect of osmolarity on TMG accumulation and NPG binding.
Steady-state levels of [4C]TMG accumulation (O) by induced G-30
vesicles were determined at 10, 15, 20, 30, and 40 min as described pre-
viously (Tokuda & Kaback, 1977) and in Figure 1B, except that 20 mM
sodium D-lactate was used rather than potassium D-lactate and sodium
chloride, and sucrose was added in given concentrations. In the absence
of sucrose, the vesicles accumulated 52 nmol of TMG per mg of membrane
protein. NPG binding (@) was measured by flow dialysis as described in
Figure 3A, except that 20 mM sodium D-lactate was used rather than
potassium D-lactate and sodium chloride, sucrose was added in given
concentrations, and [6-3H]NPG (2380 mCi/mmol) was used at a final
concentration of 6.7 uM. In addition, 0.1 M potassium phosphate (pH 6.6)
containing sucrose at the same concentration as that present in the upper
chamber of the flow dialysis apparatus was pumped from the lower
chamber. In the absence of sucrose, 0.7 nmol of NPG was bound per mg
of membrane protein. Data are presented as a percentage of control
samples incubated in the absence of sucrose.

from the transient nature of the ion diffusion gradients
(Schuldiner & Kaback, 1975). In any event, CCCP accelerates
the release of ligand, although a small but significant fraction
remains bound and is released only after addition of unlabeled
NPG.

Effect of Osmolarity on NPG Binding Relative to TMG
Transport. The effect of osmolarity on the steady-state level
of solute accumulation has been used as a means of differen-
tiating transport from binding (Hopfer & Sigrist-Nelson, 1974;
Lever, 1976). Since the absolute level of solute accumulation
is dependent upon the volume of the intravesicular space, solute
accumulation should be more sensitive to changes in osmolarity
than binding. The data presented in Figure 4 illustrate the
effect of increasing sucrose concentrations on D-lactate-in-
duced, sodium-dependent TMG accumulation and NPG
binding under the same conditions. Although increasing su-
crose concentrations inhibit NPG binding to a significant ex-
tent, it is evident that TMG accumulation is affected much
more severely. As such, these observations provide additional
support for the contention that NPG is bound but not accu-
mulated in the intravesicular space.

Effect of Variations in Aiy+, AV, ApH, and ApNa on
NPG Binding. Both E. coli (Ramos et al., 1976; Ramos &
Kaback, 1977a,b) and S. typhimurium (Tokuda & Kaback,
1977) membrane vesicles generate a large ApH (interior al-
kaline) as a result of D-lactate or reduced phenazine metho-
sulfate oxidation, and this component of Agy+ (and as a result,
Apy+ itself) varies dramatically with external pH, while AW¥
remains essentially constant. D-Lactate-induced, sodium-
dependent NPG binding does not vary markedly with external
pH, but exhibits a relatively flat pH profile (data not shown),
suggesting preferential dependence on AV,

ApH and AW can be varied reciprocally in the presence of
the ionophores valinomycin and nigericin, and these manipu-
lations have provided a powerful means of investigating the
coupling between individual transport systems and Any+ or
its components (Ramos et al,, 1976; Ramos & Kaback,
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FIGURE 5: D-Lactate-induced, sodium-dependent NPG binding in the
presence of valinomycin and nigericin. Induced G-30 vesicles were sus-
pended in 0.1 M potassium phosphate at given pH values as described
previously (Tokuda & Kaback, 1977). NPG binding was determined by
flow dialysis at pH 5.5 (@), 6.6 (O), and 7.5 (A) as described in Figure
6. After binding equilibrium was achieved in the presence of sodium D-
lactate, valinomycin (A) or nigericin (B) was added to given final con-
centrations, and the amount of NPG binding was determined. In the ab-
sence of ionophores, the following quantities of NPG were bound (in nmol
per mg of membrane protein): 0.41 at pH 5.5;0.54 at pH 6.6; 0.37 at pH
7.5.

NPG bound (% CONTROL)
3]

TABLE I: Effect of Valinomycin and Nigericin on ApH, AV, Auy+,
and NPG Binding at pH 6.6.

NPG

AV bind-

lonophore ApH? (% control) Afg+¢  ing
Valinomycin, 3 uM 74 29 54 26
Nigericin, 0.1 uM 0 135 58 79

@ ApH was determined from flow dialysis experiments carried out
with [1,2-14C]acetate as described previously (Tokuda & Kaback,
1977) and in Methods. The control value obtained in the absence of
ionophores was about =65 mV. & AW was determined from flow di-
alysis experiments carried out with [*H]TPMP* as described pre-
viously (Tokuda & Kaback, 1977) and in Methods. The control value
obtained in the absence of ionophores was about ~50 mV. ¢ Afy+ was
calculated from ApH and AV as described previously (Tokuda &
Kaback, 1977). The control value obtained in the absence of iono-
phores was —115 mV. 4 NPG binding was measured as described in
Figure 3, except that 20 mM sodium D-lactate was used rather than
potassium D-lactate and sodium chloride, and 0.1 M potassium
phosphate (pH 6.6) was pumped from the lower chamber. The control
value was 0.5 nmol per mg of membrane protein.

1977a-c; Tokuda & Kaback, 1977). When this approach is
applied to D-lactate-induced, sodium-dependent NPG binding,
the results shown in Figure 5 are obtained. NPG binding re-
sponds to increasing concentrations of valinomycin (Figure
5A) and nigericin (Figure 5B) in a manner that is generally
similar to the effect of these ionophores on Any+ (Tokuda &
Kaback, 1977). That is, NPG binding is progressively inhibited
or relatively unaffected by increasing concentrations of either
ionophore at external pH values of 5.5, 6.6, and 7.5. Moreover,
it is clear that the inhibitory effect of valinomycin increases
with external pH, while inhibition by nigericin disappears as
external pH is increased. Thus, as external pH is increased,
NPG binding becomes progressively more dependent upon AY¥
(which remains constant) and less dependent upon ApH (which
decreases drastically as external pH is increased over this
range).

Although NPG binding appears to vary with Auy+ pri-
marily, there is a bias toward AV even at pH values below pH
7.5. This point is illustrated best by the data presented in Table
| where the effects of fixed concentrations of valinomycin and
nigericin on NPG binding and A+, A¥, and ApH at pH 6.6
are tabulated. Inhibition of NPG binding by valinomycin
correlates reasonably well with the effect of the ionophore on
AWV, Nigericin does not stimulate binding as it does AV, but
it is evident that this ionophore completely dissipates ApH and
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FIGURE 6: Effect of valinomycin and monensin on the kinetics of D-lac-
tate-induced, sodium-dependent NPG binding. NPG binding by induced
G-30 vesicles was measured at given concentrations of [6-*H]NPG as
described in Figures 3B and 6. Studies were carried out in the absence of
ionophores (@) and in the presence of 0.45 xM valinomycin (&) or 0.45
#M monensin (0). The data obtained were plotted according to Scatchard
(1949). Although the vesicles used previously were relatively insensitive
to 0.45 uM valinomycin (cf. Figure 5 in Tokuda & Kaback, 1977), this
concentration of valinomycin reduced A¥ by about 70% in the prepara-
tions used in these experiments.

that it inhibits Azy+ more effectively than NPG binding.

The observations presented in Figure 6 are derived from
experiments in which [6-*H]NPG binding was determined at
various concentrations in the presence of sodium D-lactate
alone and with given concentrations of valinomycin or mon-
ensin, Data obtained with control samples incubated in the
absence of ionophores are similar to those presented in Figure
2 (i.e., the Kpis about 0.8 uM and the number of binding sites
at saturation is 0.85 nmol per mg of membrane protein). When
AV is diminished by addition of valinomycin (Tokuda & Ka-
back, 1977), the K increases to approximately 3.2 uM, while
the number of binding sites observed at saturation remains
relatively high (i.e., about 0.7 nmol per mg of membrane
protein). On the other hand, when the sodium gradient (ApNa)
is dissipated by addition of monensin (Ashton & Steinrauf,
1970), the Kp remains unaltered, while the maximum number
of binding sites is diminished to about 0.3 nmol per mg of
membrane protein.

Since a significant number of high affinity binding sites is
observed in the presence of monensin (i.e., under conditions
where ApNa is abolished), it is possible to determine the effect
of sodium itself on the kinetics of NPG binding in the absence
of ApNa. Thus, when NPG binding is studied in the presence
of monensin and two concentrations of sodium chloride (Figure
7), it is apparent that sodium decreases the K for NPG but
has little or no effect on the number of binding sites at satu-
rating NPG concentrations.

Given the observation that valinomycin increases the K p for
NPG binding without significant change in the number of
binding sites, the ionophore would be expected to inhibit the
initial rate of TMG transport in an apparently competitive
fashion. This predicition is borne out by the data presented in
Figure 8 where it is shown that valinomycin increases the ap-
parent K, for TMG transport without a discernible change
in Vmax.® Although not shown, monensin inhibits noncom-

6 On the other hand, when the steady-state level of TMG accumulation
is measured as a function of TMG concentration, valinomycin does not
affect the TMG concentration at which half-maximal steady-state levels
of accumulation are observed, and double-reciprocal plots exhibit a
“noncompetitive” pattern. Thus, if NPG binding represented accumulation
in the intravesicular pool, valinomycin would be expected to alter the
number of binding sites rather than the Kp.
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FIGURE 7: Effect of sodium on the kinetics of NPG binding in the pres-
ence of monensin. NPG binding at given concentrations of [6-*H]NPG
was measured in the presence of potassium D-lactate as described in Figure
3B, except that 0.5 uM monensin was present and the sodium chloride
concentration was 20 mM (O) or 0.5 mM (@). The data are plotted as
described by Scatchard (1949).
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FIGURE 8: Effect of valinomycin on initial rates of TMG uptake by in-
duced G-30 vesicles. Initial rates of {!*C]TMG uptake were measured as
described in Figure 2, except that valinomycin was also added at the fol-
lowing final concentrations: (@) no valinomycin added; (a) 0.2 uM; (O)
0.4 uM. The values obtained are presented as a double reciprocal plot.

petitively (i.e., Vinax is depressed without a significant change
in the apparent K ).

NPG Binding in the Absence of b-Lactate. Addition of 20
mM sodium chloride to a concentrated suspension of induced
G-30 vesicles which have been equilibrated with [6-*H]NPG
results in a sharp decrease in the concentration of ligand in the
dialysate, followed by partial release of ligand and a new
equilibrium (Figure 9A). Addition of excess unlabeled NPG
at this point causes release of ligand, and the concentration of
NPG in the dialysate quickly returns to the control level. The
data presented in Figures 9B and 9C indicate that binding
induced by addition of sodium chloride is not due merely to the
presence of sodium per se, but to ApNa. Thus, CCCP inhibits
the absolute amount of binding by about 35% without altering
the shape of the curve, while monensin inhibits binding much
more potently and abolishes the “overshoot”. Since CCCP
increases the proton permeability of the vesicles, it seems likely
that its effect on NPG binding is related to collapse of AW
(interior negative) induced by a chloride diffusion potential
(Grollman et al., 1977; Lever, 1978). Monensin, on the other
hand, catalyzes proton/sodium exchange (Ashton & Steinrauf,
1970) and thereby collapses ApNa. The small amount of
binding observed in the presence of monensin approximates
the difference in the curves obtained without and with CCCP
(i.e., curve A minus curve B) and presumably represents the
contribution of the chloride diffusion potential in the presence
of sodium. It is also important that NPG binding is not ob-
served on addition of potassium or choline chloride (D) nor
with vesicles prepared from uninduced cells (E).
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FIGURE 9: Sodium gradient-induced NPG binding. Induced (A-D) and
uninduced (E) G-30 vesicles were suspended in 0.1 M potassium phosphate
(pH 6.6) containing 0.01 M magnesium sulfate to a final concentration
of 12 mg of protein per mL. Aliquots (0.8 mL) were placed in the upper
chamber of a flow dialysis apparatus and 0.1 M potassium phosphate (pH
6.6) was pumped from the lower chamber. At the inception of the exper-
iments (i.e., 0 on the abscissa), [6-3H]NPG (2380 mCi/mmol) was added
to the upper chamber to a final concentration of 3 uM. After equilibrium
was achieved, sodium chloride (A, B, C, and E) or potassium (or choline)
chloride (D) [first arrow] and then nonradioactive NPG (second arrow)
were added to final concentrations of 20 mM and 0.94 mM, respectively.
In the experiments shown in B and C, CCCP (B) and monensin (C) were
added to the upper chamber to final concentrations of 13 uM and 5 uM,
respectively, 5 min prior to the start of the experiment. Although curves
A through E are displayed in decreasing order, the levels of radioactivity
obtained initially in the dialysate (fraction 10) were approximatety 6500
cpm in each case (i.e., curves A through E should be superimposed).

c 05 .
EEOA—
z .HD-N
3 i,
:‘2 02 EE

o
=

FIGURE 10: Effect of ApNa on the kinetics of NPG binding. For each
experiment point shown, a separate flow dialysis experiment was carried
out with induced G-30 vesicles in the presence of CCCP as described in
Figure 9B, except that [6-3H]NPG was added to the upper chamber at
the concentrations given on the abscissa. Maximum binding of NPG was
observed at around fraction 25 (cf. Figure 9B) in each case, and the
quantity of NPG bound was calculated from this point. Inset: Data plotted
according to Scatchard (1949).

ApNa-Induced binding of NPG in the presence of CCCP
can be quantitated as described in Figure 10.The data pre-
sented in the body of the figure demonstrate that NPG binding
under these conditions is a saturable function of NPG con-
centration. Furthermore, when the data are treated according
to Scatchard (1949) [Figure 10, inset], the Kp is calculated
to be about 14 uM and there are approximately 0.6 nmol of
NPG bound per mg of membrane protein at saturation. Thus,
imposition of ApNa induces the appearance of a large number
of binding sites but their affinity is relatively low.

Discussion

NPG as a Nonpenetrating Ligand Which Binds to TMG
Permease I1. Although not as complete as the arguments that
certain ligands bind to the /ac carrier protein in E. coli mem-
brane vesicles but are not translocated (for reviews, cf.
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TABLE 1I: Summary of NPG Binding under Various Conditions.
NPG binding

No. binding sites

Experimental Kp (nmol/mg of
conditions AV ApNa Na (uM) protein)
1. D-Lactate? + IR v 3.2 0.2
2. D-Lactate + NaCl + + + 0.7 0.8
3. (2) + monensin¢  + - + 0.7 0.3
4. (2) + 14 + + 3.2 0.7
valinomycin®
5. NaCl + CCCP¢ - + + 13.8 0.6

2 Data obtained from Figure 2. # The sodium concentration under
these conditions is 0.5 mM (cf. footnote 4 in the text). < Data obtained
from Figure 6. ¢ Under these conditions, AV is reduced by about 70%
(cf. legend to Figure 6). ¢ Data obtained from Figure 10.

Schuldiner et al., 1976b; Schuldiner & Kaback, 1977), the
evidence presented here suggests that NPG behaves similarly
with respect to the a-galactoside porter in S. typhimurium
G-30 vesicles. Clearly, the ligand competitively inhibits TMG
transport with a Kj that is comparable to its binding constant.
Moreover, TMG competitively inhibits NPG binding with a
K that is similar to the K, of the transport system for TMG.
The contention that NPG is not translocated is somewhat more
tenuous, however, and is based on the following evidence: (i)
The ligand is not accumulated to a significant extent by either
whole cells or membrane vesicles when transport is assayed by
standard filtration techniques, and there is no stimulation by
sodium or lithium ion; (ii) NPG is hydrolyzed very slowly by
intact cells;2 (iii) although lithium stimulates TMG accumu-
lation significantly better than sodium, both cations stimulate
NPG binding to essentially the same extent;’ (iv) steady-state
levels of TMG accumulation are inhibited more drastically
than NPG binding by increasing osmolarity; and (v) vali-
nomycin increases the Kp for NPG binding and the K, for
TMG transport, but has no effect on the TMG concentration
which yields half-maximal steady-state levels of accumula-
tion.® Unfortunately, neither NPG binding nor TMG accu-
mulation is inhibited by /V-ethylmaleimide or p-chloromer-
curibenzenesulfonate, both of which react directly with the /ac
carrier protein in E. coli and displace bound ligand (Reeves
et al., 1973; Schuldiner et al., 1975b; Rudnick et al., 1976).
Thus, it has not been possible to demonstrate directly that
chemical inactivation of the a-galactoside porter causes release
of bound ligand.

Previous studies on the 3-galactoside transport system in-
dicate that there are 1 or 2 nmol of /ac carrier protein (i.e., M
protein) per mg of membrane protein (Jones & Kennedy, 1969;
Reeves et al., 1973; Schuldiner et al., 1975a,¢, 1976a, 1977,
Rudnick et al., 1976). On the other hand, the studies reported
here demonstrate that there are about 0.8 nmol of TMG per-
mease I per mg of membrane protein (Figures 3 and 8). [t is
important to note, however, that most of the studies on the /ac
carrier protein were carried out with membrane vesicles pre-
pared from the ML strain of E. coli. These vesicles contain
little contaminating outer membrane protein (Kaback, 1971),
while vesicles prepared from S. typhimurium by the methods
used here may contain as much as 50% outer membrane (Os-
born et al., 1972). Thus, it seems probable that both porters
are present to approximately the same extent in their respective
membranes.

NPG Binding. Studies on the /ac carrier protein (cf.
Schuldiner et al., 1976b; Schuldiner & Kaback, 1977) and
other transport systems (Ramos & Kaback, 1977b,c; Tokuda
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& Kaback, 1977) in isolated membrane vesicles indicate that
carrier molecules play a dynamic role in coupling the transport
of solutes to the electrochemical ion gradients which provide
the driving force for accumulation. Experiments presented here
(pertinent results of which are summarized in Table [I) provide
a strong indication that a similar statement is justified with
regard to the a-galactoside porter in S. typhimurium vesicles.
In order to generate a maximum number of high affinity
binding sites for NPG, it is apparent that Afiy+, sodium, and
ApNa are necessary. Moreover, it seems highly likely that these
components of the total driving force function in different
capacities. Monensin, an ionophore which collapses ApNa and
stimulates or has no effect on AW¥,” diminishes the available
number of binding sites without altering their affinity in the
presence of D-lactate. Sodium, when added in the presence of
D-lactate and monensin (i.e., when AV is present but ApNa
cannot be established), increases the affinity of the available
binding sites. On the other hand, imposition of ApNa (Nay;
> Naj,) in the absence of AW gives rise to a large number of
binding sites which have relatively low affinity for NPG. In
summary, therefore, it appears that sodium per se increases
the affinity of the porter for ligand but only if A¥ (interior
negative) is present and ApNa increases the number of binding
sites independent of AW, These conclusions are consistent with
the effect of valinomycin which diminishes (but does not
abolish) A¥ and presumably has little or no effect on ApNa
(Tokuda & Kaback, 1977). In the presence of this ionophore,
the vesicles exhibit little change in the number of binding sites,
but the Kp for NPG is increased about fourfold. Stated oth-
erwise, diminution in A¥ appears to block sodium from in-
creasing the affinity of the carrier for NPG, although ApNa
which is unaffected maintains a relatively large number of
NPG binding sites.

These results do not lead to an elucidation of sodium/TMG
symport in molecular terms, but they do suggest certain im-
portant conclusions regarding the translocation mechanism.
From this and previous work (Tokuda & Kaback, 1977), it
seems apparent that Agy+ has both direct and indirect effects
on the «-galactoside porter. Through the mediation of the
proton/sodium antiporter, Ay + is responsible for the gener-
ation of ApNa, the immediate thermodynamic driving force
for sodium/TMG symport. In addition, ApNa in itself can
increase the number of NPG binding sites on the external
surface of the membrane. However, Afrpy+ (preferentially AW)
also has a direct effect on the porter which alters its interaction
with sodium so as to allow the cation to effect an increase in
binding affinity for NPG. Since sodium-dependent NPG
binding is induced by an artificially imposed A¥ (interior
negative), it is tempting to suggest that this porter, like the /ac
carrier protein (Schuldiner et al., 1975b; Rudnick et al,,
1975a,b, 1976), may be negatively charged, and that the
electric field across the membrane induces a conformational
change which exposes or increases the affinity of a sodium
binding site. Although the observation that ApNa increases
the number of NPG binding sites in the absence of A+ would
seemingly favor the latter interpretation, it is premature to
speculate since we have not measured sodium binding per se.
In any event, the results taken as a whole provide an indication
that sodium binding occurs prior to binding and translocation
of solute.

Despite certain obvious conceptual similarities between
sodium/TMG symport and proton/lactose symport, obser-

7 Monensin has effects on A, ApH, and Auy+ which are essentially
the same as those reported for nigericin (cf. Figure 5 in Tokuda & Kaback,
1977).
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vations presented here indicate that some of the analogies may
break down when the mechanisms are scrutinized in more
detail. Transport of 3-galactosides (Kepes, 1960; Barnes &
Kaback, 1970) and binding of various nonpenetrating ligands
by the lac carrier protein (Schuldiner et al., 1975a-c, 1976a;
Rudnick et al., 1976) are blocked by sulfhydryl reagents, and
it has been demonstrated directly (Fox & Kennedy, 1965) that
the lac carrier protein contains a sulfhydryl group which is
essential for activity. In contrast, sodium-dependent TMG
transport and NPG binding are completely impervious to in-
hibition by N-ethylmaleimide, p-chloromercuribenzenesul-
fonate, and other sulfhydryl reagents. With the 3-galactoside
transport system, only a small number of binding sites are
detected in the absence of energization, and generation of Apy+
causes an increase in the number of binding sites without a
change in Kp (Rudnick et al., 1976). Furthermore, variations
in AY¥ and addition of inhibitors such as dinitrophenol, cyanide
(Schuldiner et al., 1975a), and nigericin (Robertson, D. E.,
Tokuda, H., & Kaback, H. R., in preparation) decrease the
number of binding sites without a change in Kp. Alternatively,
dissipation of AV in this system effects a decrease in affinity
for NPG with little change in the number of binding sites and
collapse of ApNa decreases the number of binding sites without
a change in Kp. Finally, acidification of the external medium
causes no increase in binding of 2’-(N-dansyl)aminoethyl 1-
thio-8-D-galactopyranoside by the lac carrier protein
(Schuldiner et al., 1975a), while ApNa increases the number
of NPG binding sites in this system.
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