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The Na*-dependent transport of 5-oxoproline into rabbit renal brush-border vesicles was stimulated by a K*
diffusion potential (interior-negative) induced by valinomycin. Na™* salts of two anions of different epithelial
permeabilities also affected S-oxoproline transport. These results show that the Na*-dependent 5-oxoproline
transport in renal brush-border vesicles is an electrogenic process which results in a net transfer of positive
charge. Maximum transport of 5-oxoproline occurred at an extravesicular pH of 6.0 to 8.0 and over that pH
range, S-oxoproline exists completely as an anion with a negative charge. The simplest stoichiometry
consistent with this process is, therefore, the cotransport of one 5-oxoproline anion with two sodium ions.
The presence of K* inside the vesicles stimulated the Na*-dependent transport of 5-oxoproline. This
stimulatory effect was specific for K™ and required the presence of Na*. The presence of Na™ gradient was
not mandatory for the K™ action. The stimulation by the intravesicular K+ was seen in the presence as well
as in the absence of a K* gradient. Therefore, the increased influx of 5-oxoproline was not coupled to the
simultaneous efflux of K*. The presence of K* in the extravesicular medium alone did not affect the
Na*-dependent transport of 5-oxoproline, showing that the site of K* action was intravesicular. Glutamate
did not interact with the Na*-dependent 5-oxoproline transport even in the presence of an outward K*
gradient.

Introduction

5-Oxoproline is an intermediate in the y-
glutamyl cycle, involved in the synthesis and de-
gradation of glutathione [1]. Chemically, it is a
cyclic lactam of glutamic acid. It is present in
mammalian tissues and body fluids, and mam-
malian kidney possesses an effective mechanism to
reabsorb this compound from the filtrate. We have
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recently demonstrated that the transport of 5-
oxoproline in rabbit renal brush-border membrane
vesicles is Na*-dependent and occurs against a
concentration gradient [2]. Many neutral amino
acids cause significant inhibition of its transport
while the acidic amino acids, glutamate and
aspartate, have no effect. Earlier studies from many
laboratories have shown that neutral amino acids,
which exist as zwitterions at physiological pH, are
transported in renal brush-border membrane
vesicles by a Na'-dependent mechanism that is
electrogenic [3-7]. On the other hand, acidic amino
acids which exist as anions with a net negative



charge at pH 7.4 are also transported by a Na*-
dependent mechanism, but the process is electro-
neutral [8]. 5-Oxoproline, like glutamate and
aspartate, exists as an anion at physiological pH.
However, these acidic amino acids do not compete
with 5-oxoproline for renal transport, whereas
neutral amino acids do. This suggests that the
mechanism of 5-oxoproline transport may be simi-
lar to the mechanism involved in the transport of
neutral amino acids.

Recently, it has been reported that, in addition
to an inward Na™ gradient, an outward K* gradi-
ent can stimulate the transport of glutamate in
rabbit [9] and rat [10] renal brush-border mem-
brane vesicles. Since 5-oxoproline is a cyclic lactam
of glutamic acid, it was of interest to study the
effect of K* on 5-oxoproline transport and to
compare it with that on glutamate transport. The
present paper reports that, in rabbit renal brush-
border membrane vesicles, (a) 5-oxoproline trans-
port is Na*-dependent and the process is electro-
genic, (b) the presence of K* inside the vesicles
stimulates the Na*-dependent 5-oxoproline trans-
port and (c) this stimulation is not affected by the
presence or absence of an outward K* gradient.

Methods and Materials

Rabbit renal brush-border membrane vesicles
were isolated using the CaCl, precipitation tech-
nique as described [11]. In experiments in which
the intravesicular medium was varied, the mem-
brane vesicles were preloaded by resuspending the
initial 43000 X g pellet and carrying out the entire
washing procedure in the desired medium. Unless
otherwise indicated, the media were prepared in 1
mM Hepes-Tris buffer, pH 7.5, containing the
required salts and mannitol was used to adjust the
osmolality of the media to 300 mosM. The purity
of the membrane vesicles was routinely de-
termined by assay of maltase and alkaline phos-
phatase, marker enzymes for brush-border mem-
branes. Contamination by basal-lateral mem-
branes was assessed by (Na'+ K*)-ATPase.
Brush-border membrane vesicles were consistently
enriched at least 10-fold [12,13]. Though traces of
(Na*+ K*)-ATPase activity were occasionally
present in the preparations, only those membranes
completely free of this contaminant were em-
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ployed in transport studies.

The procedure for the transport assay was es-
sentially the same as described previously [12]. The
assay was initiated by adding 40 ul of the brush-
border membrane suspension to 200 ul of trans-
port buffer. The transport buffer contained traces
of '“C-labeled S-oxoproline and sufficient un-
labeled 5-oxoproline to give a final concentration
of 25 uM. The experiments were regularly done in
duplicate and the variation between duplicate ex-
periments was always less than + 10% of the mean
value.

Protein was determined by the method of Lowry
et al. [14], using crystalline bovine serum albumin
as the standard.

5-Oxo-L-[U-"*C]proline (specific radioactivity,
278 mCi/mmol; radiolabel purity, > 99%) was
obtained from New England Nuclear. All other
chemicals were of the highest commercial grade
available. The membrane filters (pore size, 0.45
#m) used in transport assays were from Gelman
Scientific Inc., Ann Arbor, MI.

Results

Role of membrane potential in S-oxoproline trans-
port

5-Oxoproline transport in renal brush-border
membrane vesicles has been shown to be Na*-
dependent [2]. The role of a membrane potential
in the Na“-dependent transport of 5-oxoproline
was studied by examining the effect of Na* gradi-
ents using sodium salts of two anions (SO?~ and
C17) with different epithelial permeabilities. The
permeability coefficient of Cl™ is greater than that
of SO?~ [15). The magnitude of an interior-nega-
tive membrane potential produced by movement
of these anions into the intravesicular space would
be directly proportional to their permeability coef-
ficients and the difference in their concentrations
across the membrane. If 5-oxoproline/ Na*
cotransport is electrogenic, as is the Na*-depen-
dent transport of neutral amino acids, then the use
of these anions would affect the initial rates of
S-oxoproline transport. On the other hand, if 5-
oxoproline/Na* cotransport is electroneutral, as
is the Na*-dependent transport of glutamate, then
these anions would have no effect on 5-oxoproline
transport.
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The effects of these anions on the Na“*-depen-
dent transport of 5-oxoproline are shown in Fig. 1.
The initial rate of S-oxoproline transport measured
at 15 s was significantly greater in the presence of
a Na(l gradient than in the presence of a Na,SO,
gradient. These results, therefore, suggest that 5-
oxoproline/Na™ cotransport is significantly af-
fected by changes in the membrane potential. Since
the induction of a greater interior-negative mem-
brane potential by the more permeant anion Cl~
than by SO7 ™ resulted in stimulation of Na*-de-
pendent transport of 5-oxoproline, the S-oxopro-
line/Na™ cotransport across the brush-border
membrane should be associated with a net transfer
of positive charge.

When Na* was replaced by Li*, the transport
of S-oxoproline was very slow and the overshoot
phenomenon was absent. However, the initial rates
of transport were significantly greater in the pres-
ence of Cl~ than in the presence of SO}~ . This
shows that at least a part of S-oxoproline transport
under these conditions is electrogenic and carrier-
mediated. Li* may substitute for Na™ in the 5-
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Fig. 1. Effect of anions on 5-oxoproline transport. The mem.
brane vesicles were preloaded with 1 mM Hepes-Tris buffer,
pH 7.5 containing 300 mM mannitol. The transport buffer
contained 120 mM NacCl (@), 60 mM Na,SO, (O), 120 mM
LiCl (W) or 60 mM Li,SO, (O) and 30 uM labeled 5-oxoproline
in 1 mM Hepes-Tris buffer, pH 7.5. Mannitol was used to
adjust the osmolality.
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Fig. 2. Effect of valinomycin-induced K™ diffusion potential
(interior-negative) on the Na™-gradient-dependent 5-oxoproline
transport. The membrane vesicles were preloaded with 100 mM
K,80, in 1 mM Hepes-Tris buffer, pH 7.5. The transport
buffer contained 100 mM Na,SO, and 30 uM labeled 5-
oxoproline in 1 mM Hepes-Tris buffer, pH 7.5. Pretreatment
with valinomycin was done in ethanol. Final concentrations in
the incubation medium of valinomycin and ethanol were 10
pg/mg membrane protein and 0.17%, respectively, (@) or 0.17%
ethanol alone (O).

oxoproline/Na* cotransport system to some ex-
tent. Alternatively, it is possible that traces of Na*
were present as contamination in the lithium salts.

The question of whether the Na*-dependent
transport of 5-oxoproline is electrogenic or electro-
neutral was further probed by studying the effect
of K™ diffusion potentials generated by
valinomycin on 5-oxoproline transport. Fig. 2
shows the effects of a K* diffusion potential (in-
terior-negative) on Na*-dependent transport of 5-
oxoproline. In this experiment, the membrane
vesicles were preloaded with K ,SO, and the trans-
port was initiated by adding 40 ul of the mem-
brane suspension to 200 pl of the transport buffer
containing Na,SO,. This resulted in an outwardly
directed K™ gradient. Addition of valinomycin
under these conditions resulted in a 2-fold increase
in 5-oxoproline transport at the overshoot.
Valinomyein specifically induces the efflux of K*
down’ its chemical gradient, transiently generating



an interior-negative membrane potential. These re-
sults, together with the data on the anion effects
on S5-oxoproline transport, strongly indicate that
the Na*-dependent transport of 5-oxoproline is
electrogenic, and the process results in a net trans-
fer of positive charge. The data obtained in the
absence of valinomycin also indicate that preload-
ing the vesicles with K* may have a stimulatory
effect on the Na*-dependent 5-oxoproline trans-
port. This particular aspect was further investi-
gated and is discussed in the latter part of the
paper.

If this is the case, induction of an interior-posi-
tive membrane potential would be expected to
decrease the initial rates of 5-oxoproline transport.
For this experiment, the membrane vesicles were
preloaded with mannitol buffer and the transport
buffer contained Na,SO, and K ,SO,. Addition of
valinomycin would increase the influx of K* down
its electrochemical gradient, inducing a transient
interior-positive membrane potential. The results
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Fig. 3. Effect of valinomycin-induced K* diffusion potential
(interior-positive) on the Na *-gradient-dependent 5-oxoproline
transport. The membrane vesicles were preloaded with 300 mM
mannitol in 1 mM Hepes-Tris buffer, pH 7.5. The transport
buffer contained 50 mM Na,SO,, 50 mM K,80, and 30 uM
labeled 5-oxoproline in 1 mM Hepes-Tris buffer, pH 7.5.
Pretreatment with valinomycin in ethanol (@) or ethanol alone
(Q) was done as described in Fig. 2.
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of the experiment is given in Fig. 3. The initial
rates of 5-oxoproline transport were the same in
the presence and in the absence of valinomycin. At
longer periods of incubation, there was more 5-
oxoproline inside the vesicles in the presence of
valinomycin than in absence of valinomycin. How-
ever, the equilibrium level of 5-oxoproline was not
altered. These results show that induction of an
interior-positive membrane potential does not alter
the initial transport rates of S5-oxoproline and at
longer periods of incubation, it stimulates the
transport. This is not in agreement with the results
presented in Fig. 2. These apparently paradoxical
data can be explained, however, if it is assumed
that the increased influx of K™ in the presence of
valinomycin stimulates 5-oxoproline transport and
that this stimulation masks the inhibitory effects
of an interior-positive membrane potential on 5-
oxoproline transport.

Effect of potassium ions on 5-oxoproline transport

In order to test the hypothesis that the presence
of potassium inside the vesicles stimulates S5-
oxoproline transport, the effects of potassium ions
on S-oxoproline transport was systematically
analyzed. Our previous studies [2] have shown that
an inward Na™ gradient can energize the uphill
transport of 5-oxoproline in renal brush-border
membrane vesicles whereas an inward K* gradient
cannot. In the present paper, we studied the effects
of an outwardly directed K* gradient on the Na™
gradient-dependent S-oxoproline transport. The
membrane vesicles were preloaded with either 300
mM mannitol or 100 mM KCl and 100 mM
mannitol. The transport buffer contained 100 mM
NacCl and 100 mM mannitol. The results in Fig. 4
show that the presence of K* inside the vesicles
greatly stimulates the Na™ gradient-dependent
transport of 5-oxoproline, without affecting the
equilibrium level.

We then studied the necessary conditions for
the stimulation of 5-oxoproline transport by the
outward K* gradient. In the complete absence of
sodium, an outward K™ gradient did not increase
S-oxoproline transport (Fig. 5). The figure also
describes an experiment in which the effect of an
outward K* gradient was studied in the presence
of Na*, but in the absence of a Na* gradient
((Na*],=[Na™],). In the presence of Na*, but in
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Fig. 4. Effect of an outward K * gradient on the Na*-gradient-
dependent transport of 5-oxoproline. The membrane vesicles
were preloaded with either 300 mM mannitol (O) or 100 mM
KCl and 100 mM mannitol (@) in | mM Hepes-Tris ubffer, pH
7.5. The transport buffer contained 100 mM NaCl, 100 mM
mannitol and 30 uM labeled 5-oxoproline in 1 mM Hepes-Tris
buffer, pH 7.5.

the absence of a Na™ gradient, an outwardly di-
rected K* gradient markedly stimulated 5-
oxoproline transport, but there was no overshoot.
Thus, the stimulation of 5-oxoproline transport by
an outward K* gradient has an absolute require-
ment for Na*, but not for a Na* gradient.

The effects of the ratio of intravesicular con-
centration of K* to the extravesicular concentra-
tion of K* on Na*-gradient-dependent 5-oxopro-
line transport was then studied. The membrane
vesicles were preloaded with 75 mM KCl and 150
mM mannitol. The transport buffer contained 75
mM NaCl and different concentrations of KCl
and mannitol so as to vary the ratio [K™],/[K*],
from 1 to 6. The transport assay was done using 15
s incubation. Lowering the [K*],/[K*], from 6 to
1 did not affect the initial rates of S-oxoproline
transport (data not shown), thus indicating that
the stimulation is the result of the intravesicular
K™ rather than a K™ gradient.

That the potassium effect was an intravesicular
event is clearly shown from the results in Table 1.
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Fig. 5. Effect of an outward K* gradient on the Na*-depen-
dent (in the absence of a Na™ gradient) and Na*-independent
transport of 5-oxoproline. In one set of experiments, the mem-
brane vesicles were preloaded with 50 mM NaCl and 200 mM
mannitol (O) or 50 mM NaCl and 100 mM KCI (@) in | mM
Hepes-Tris buffer, pH 7.5. The transport buffer contained 50
mM NaCl, 200 mM mannitol and 30 pM labeled 5-oxoproline
in 1 mM Hepes-Tris buffer, pH 7.5. In another set of experi-
ments, the membrane vesicles were preloaded with 300 mM
mannitol ({7) or 100 mM KCl and 100 mM mannitol (B) in 1
mM Hepes-Tris buffer, pH 7.5. The transport buffer contained
300 mM mannitol and 30 pM labeled 5-oxoproline in 1 mM
Hepes-Tris buffer, pH 7.5.

The data describe the potassium effects on 5-
oxoproline transport in the presence ([Na‘] >
[Na®];) and absence ([Na*],=[Na™];,) of a Na*
gradient. In both these cases, when KCl was added
to the transport medium (extravesicular medium)
alone, it did not affect the S-oxoproline transport
into the vesicles preloaded with mannitol. How-
ever, when vesicles were preloaded with KCl, a 2-
to 3-fold increase in 5-oxoproline transport was
observed, and the stimulation was not affected by
the presence or absence of KCl in the extravesicu-
lar medium. Therefore, potassium must be present
inside the vesicles in order to elicit the stimulation.
That the stimulatory effect was specific for K* is
evident, because membrane vesicles preloaded with
tetraethylammonium chloride instead of KCl did
not show enhanced transport.

Fig. 6 illustrates the effect of potassium con-
centration inside the vesicles on the initial rates of
5-oxoproline transport in the presence of an in-



TABLE 1

37

EFFECTS OF INTRAVESICULAR AND EXTRAVESICULAR MEDIA COMPOSITION ON THE Na*-DEPENDENT 5-
OXOPROLINE TRANSPORT, IN THE PRESENCE AND ABSENCE OF A Na*-GRADIENT

The membrane vesicles were preloaded with the desired medium and the initial rates of transport (15-s incubation) were measured in
different media. The concentration of 5-oxoproline in the incubation medium was 25 uM. TEA Cl, tetraethyl ammonium chloride.

Expt. Intravesicular Extravesicular Transport
medium medium pmol /mg protein %
[Na*], > [Na™],
1 300 mM mannitol 75 mM NaCl
150 mM mannitol 17.0+0.7 100
2 300 mM mannitol 75 mM Na(l
75 mM KCl 20.8+0.5 122
3 75 mM KCl 75 mM NaCl
150 mM mannitol 150 mM mannitol 38.7+0.6 228
4 75 mM KCl 75 mM NaCl
150 mM mannitol 75 mM KCl1 41.5+0.7 244
5 75 mM TEA Cl 75 mM NaCl
150 mM mannitol 150 mM mannitol 21.8+0.2 128
[Na*],=[Na*],
1 50 mM NaCl 50 mM NaCl
200 mM mannitol 200 mM mannitol 46+1.0 100
2 50 mM NaCl 50 mM NaCl
200 mM mannitol 100 mM KCl 6.8+0.1 148
3 50 mM NaCl 50 mM NaCl
100 mM KCl 200 mM mannitol 13.3+0.8 289
4 50 mM NaCl 50 mM NaCl
100 mM KCl 100 mM KCl 16.0+0.7 348
5 50 mM NaCl 50 mM NacCl
100 mM TEA Cl 200 mM mannitol 55409 120

ward Na* gradient. In this experiment, the mem-
brane vesicles were preloaded with varying con-
centrations of KCI and the transport was assayed
using 15-s incubation in the presence of a Na™
gradient. Increasing concentrations of potassium
inside the vesicles result in increasing stimulation
of 5-oxoproline transport. Significant enhance-
ment of transport was seen at an intravesicular
potassium concentration as low as 0.5 mM. How-
ever, the stimulatory effect was a saturable process
and the system appeared to saturate at about 150
mM K™. An intravesicular concentration of KClI
as low as 5 mM resulted in half-maximal stimula-
tion.

Effect of extravesicular pH on 5-oxoproline trans-
port

The effect of extravesicular pH on Na*-gradi-
ent-dependent transport of 5-oxoproline was

studied in the presence of intravesicular K* (100
mM). The membrane vesicles were preloaded with
100 mM KCI and 100 mM mannitol in 1 mM
Hepes-Tris buffer, pH 7.5. Transport buffer con-
tained 100 mM NaCl and 90 mM mannitol in
either 10 mM acetate or 10 mM Hepes-Tris buffer
of varying pH. The extravesicular pH was thus
varied from 3.5 to 8.0 and the transport assay was
performed using a 15-s incubation. Fig. 7 shows
that the initial rate of 5-oxoproline transport in-
creased with increasing extravesicular pH and re-
ached a maximum value at pH 6.0 which remained
almost constant between pH 6.0 and 8.0.

Effect of glutamate on 5-oxoproline transport

Our earlier studies have shown that glutamate
does not inhibit 5-oxoproline transport in the pres-
ence of an inward Na* gradient [2]. However,
since an outward K* gradient stimulates Na*-de-
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Fig. 6. Effect of intravesicular K* concentration on the Na™*-
gradient-dependent transport of 5-oxoproline. The membrane
vesicles were preloaded with varying concentrations of KCl
(and mannitol to adjust the osmolality) in 1 mM Hepes-Tris
buffer, 7.5. The assay was done with 15-s incubations.
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Fig. 7. Effect of extravesicular pH on the Na*-gradient-depen-
dent transport of 5-oxoproline in the presence of intravesicular
K*. The membrane vesicles were preloaded with 100 mM KCl
and 100 mM mannitol in 1 mM Hepes-Tris buffer, pH 7.5. The
transport buffer contained 30 pM labeled S-oxoproline, 100
mM NacCl and 90 mM mannitol in 10 mM acetate buffer (pH
3.5-5.5) or 10 mM Hepes-Tris buffer (pH 5.5-8.0). The assay
was done with 15-s incubations.

pendent transport of glutamate [9,10] as well as
5-oxoproline, we studied the effect of glutamate on
Na™*-dependent 5-oxoproline transport in the pres-
ence of an outward K™ gradient. A 100-fold excess
of unlabeled glutamate did not have an inhibitory
effect on S-oxoproline transport under these con-
ditions. The initial rate (15-s incubation) of 5-
oxoproline transport was 50.5 £ 3.3 pmol/mg
protein in the absence of glutamate and 48.1 + 1.4
pmol/mg protein in the presence of glutamate.

Discussion

Maximum transport of S-oxoproline in the
presence of an inward Na® gradient occurs in
renal brush-border membrane vesicles at an ex-
travesicular pH of 6.0 to 8.0. Over that pH range,
5-oxoproline exists completely as an anion with a
net negative charge. Under these conditions, 5-
oxoproline/Na* cotransport is mediated by an
electrogenic mechanism. Since an interior-negative
membrane potential produced by anions or by
valinomycin stimulated Na*-dependent 5-oxopro-
line transport, 5-oxoproline/Na™ cotransport was
apparently associated with a net transfer of posi-
tive charge. This is in contrast to the Na*-depen-
dent transport of glutamate which also exists as an
anion at a similar pH range but whose transport is
electroneutral [8]. The simplest stoichiometry con-
sistent with the electrogenic transport of 5-
oxoproline would be the cotransport of two sodium
ions with one 5-oxoproline anion. Neutral amino
acids which exist as zwitterions are also trans-
ported by an electrogenic process and the simplest
stoichiometry in this case is the cotransport of one
zwitterion with one Na™. This being the case, the
interaction between S-oxoproline and neutral
amino acids during transport in renal brush-border
membrane vesicles [2] can be explained if one
assumes that a single transport system is involved
in the transport of these amino acids. The 5-
oxoproline anion and one Na* may satisfy the
requirements for binding with the same site of the
neutral amino acid carrier which binds the zwitte-
rions of the neutral amino acids. However, the
possibility that the mutual inhibition is the result
of competition between 5-oxoproline and the neu-
tral amino acids for a Na™ gradient or membrane
potential or both cannot be ruled out. Interest-



ingly, it has been shown that more than one Na*
ion is cotransported with each succinate, citrate
[16,17] or lactate [18] anion.

The present investigation also demonstrated that
the Na*-dependent transport of 5-oxoproline was
stimulated by intravesicular potassium. This stimu-
latory effect was specific for K* and requires the
presence of Na*. The presence of a Na* gradient
was not mandatory for the potassium action. In
this regard, the potassium effect on the Na*-de-
pendent S-oxoproline transport is similar to that
on the Na*-dependent glutamate transport [9).
However, the two systems differ in one important
aspect. In the case of Na*-dependent glutamate
transport, the stimulation was observed only in the
presence of an outwardly directed K* gradient.
The intravesicular potassium ions had no effect in
the absence of a K™ gradient (K*];, ={K™],). In
the case of S-oxoproline, the stimulation by the
intravesicular potassium was seen in the presence
as well as in the absence of a K™ gradient. In
addition, an outward K™ gradient could energize
the uphill transport of glutamate in the presence of
Na™, but in the absence of a Na™ gradient. How-
ever, an outward K™ gradient cannot provide the
driving force for the active transport of 5-oxopro-
line under similar conditions. As was evident from
Fig. 5, an outward K* gradient stimulated the
Na*-dependent 5-oxoproline transport in the ab-
sence of a Na™ gradient. However, the transport
did not occur against a concentration gradient as
evidenced by the lack of overshoot. These data
clearly demonstrate that the mere presence of K*
inside the vesicles caused stimulation of Na*-de-
pendent 5-oxoproline transport. These data also
explain why an induction of an interior-positive
K* diffusion potential by valinomycin did not
reduce the Na*-dependent transport of 5-oxopro-
line. Increased influx of K* in the presence of
valinomycin increased the intravesicular con-
centration of K* which stimulated 5-oxoproline
transport, and this stimulation nullified the inhibi-
tory effect of the interior-positive membrane
potential. This argument can be appreciated if one
realizes that an intravesicular K* concentration as
low as 0.5 mM can cause 60% enhancement of
5-oxoproline transport over the control value.

The role of K* in amino acid transport is not
well understood. Before the Na* gradient hypothe-
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sis for the active transport of amino acids and
sugars was postulated by Crane [19,20], an out-
ward K™ gradient was favored as the driving force
for accumulation of amino acids inside the cells
against a concentration gradient [21]. Even though,
now after two decades, the amino acid/Na*
cotransport has been firmly secured with experi-
mental evidence, the K% effects on amino acid
transport have not been completely resolved. This
subject has been reviewed in detail by Crane [22].

There are many reports on the effect of an
outward K* gradient on the Na*-dependent trans-
port of glutamate [9,10,23-25]). In bacterial sys-
tems [23,24], the cotransport of Na* and gluta-
mate was shown to be electroneutral and the pres-
ence of an outward K™ gradient stimulated this
transport. In rat brain synaptosomes [25], the
glutamate /Na™ cotransport was electrogenic and
an outward K* gradient was an absolute require-
ment for this transport. In renal brush border
membrane vesicles [9], Na*-dependent transport
of glutamate was an electroneutral process and
was stimulated by an outward K* gradient. The
stimulation had an absolute requirement for a K*
gradient. It was therefore hypothesized that the
glutamate/Na™ cotransport was coupled to the
efflux of K*.

In the case of 5-oxoproline, there was no abso-
lute requirement for the K* gradient to cause the
stimulation. Therefore, 5-oxoproline/ Na* co-
transport is not associated with the efflux of K*.
These data show that the intravesicular K™ accel-
erates the movement of the 5-oxoproline carrier in
the membrane, thus increasing the overall flux of
the carrier. As an alternate view, we may consider
that the presence of K™ inside the vesicles reduces
the efflux of 5-oxoproline by diminishing the rate
of recombination of 5-oxoproline and the carrier
at the inside of the membrane. However, the
extravesicular K* is not able to affect the rate of
binding at 5-oxoproline to the carrier at the out-
side of the membrane as is evident from Table I.

*We may, therefore, have to assume that the bind-

ing sites of the carrier are different at the inside
and at the outside of the membrane. This is possi-
ble in a nonmobile model of solute/Na™* cotrans-
port. According to this recently proposed model
[26-28], the transport protein(s) spans the mem-
brane bilayer and conformational changes, not the
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actual movement of the carrier as suggested by
Crane’s model [20], result in the translocation of
the solute across the membrane. The binding of
K™ to the carrier may also bring about changes in
the association and dissociation characteristics of
the carrier, thereby increasing the transport of the
solute. The mechanisms suggested above remain
hypothetical at present, and elucidation of the
actual mechanism at the molecular level must await
further experiments.

Acknowledgements

This study was supported in part by National
Institutes of Health Basic Research Support Grants
RR 05365 and AM 28389. We would like to thank
Miss Kathy Smith and Miss Ida O’Bryant for their
secretarial assistance.

References

—

Meister, A. (1973) Science 180, 33-39

Ganapathy, V., Roesel, R.A. and Leibach, F.H. (1982)
Biochem. Biophys. Res. Commun. 105, 28-35

Evers, J., Murer, H. and Kinne, R. (1976) Biochim. Bio-
phys. Acta 426, 598-615

4 Hammerman, M. and Sacktor, B. (1978) Biochim. Biophys.
Acta 509, 338-347

Rozen, R., Tenenhouse, H.S. and Scriver, C.R. (1979) Bio-
chem. J. 180, 245-248

Fass, S.J.,, Hammerman, M.R. and Sacktor, B. (1977) J.
Biol. Chem. 252, 583-590

7 Hammerman, M.R. and Sacktor, B. (1977) J. Biol. Chem.
252, 591-595

54

L2

W

=)

10

1

—

12

13

14

18

19

20

21

22

23

24

25

26

27

28

Schneider, E.G., Hammerman, M.R. and Sacktor, B. (1980)
J. Biol. Chem. 255, 7650-7656

Schneider, E.G. and Sacktor, B. (1980) J. Biol. Chem. 255,
7645-7649

Burckhardt, G, Kinne, R., Stange, G. and Murer, H. (1980)
Biochim. Biophys. Acta 599, 181-201

Malathi, P., Preiser, H., Fairclough, P., Mallett, P. and
Crane, R.K. (1979) Biochim. Biophys. Acta 554, 259-263
Ganapathy, V., Mendicino, J. and Leibach, F.H. (1981) J.
Biol. Chem. 256, 118~124

Ganapathy, V., Mendicino, J. and Leibach, F.H. (1981)
Biochim. Biophys. Acta 642, 381-391

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randali,
R.J. (1951) J. Biol. Chem. 193, 265-275

Singer, I. and Civan, M.M. (1971) Am. J. Physiol. 221,
1019-1026

Wright, S.H., Kippen, 1. and Wright, E.M. (1982) Biochim.
Biophys. Acta 684, 287-290

Wright, S.H., Kippen, 1. and Wright, E.M. (1982) J. Biol.
Chem. 257, 1773-1778

Barac-Nieto, M., Murer, H. and Kinne, R. (1980) Am. J.
Physiol. 239, F496--F506

Crane, R.K. (1962) Fed. Proc. 21, 891--895

Crane, R.K. (1965) Fed. Proc. 24, 1000-1006

Riggs, T.R., Walker, L. M. and Christensen, H.N. (1958) J.
Biol. Chem. 233, 1479-1484

Crane, R.K. (1977) Rev. Physiol. Biochem. Pharmacol. 78,
99-159

MacDonald, R.E., Greene, R.V. and Lanyi, J.K. (1977)
Biochemistry 16, 3227-3235

MacDonald, R.E., Lanyi, JK. and Greene, R.V. (1977)
Proc. Natl. Acad. Sci. U.S.A. 74, 3167-3170

Kanner, B.I. and Sharon, 1. (1978) Biochemistry 17,
3949-3953

Hopfer, U. and Groseclose, R. (1980) J. Biol. Chem. 255,
4453-4462

Turner, R.J. and Silverman, M. (1980) Biochim. Biophys.
Acta 596, 272-291

West, 1.C. (1980) Biochim. Biophys. Acta 604, 91-126



