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In the presence of a Na+-gradient (out > in), L-glutamic acid and L-and D-aspartic acids were equally well 
concentrated inside the vesicles, while no transport above simple diffusion levels was seen by replacement of 
Na + by K +. Equilibrium uptake values were found inversely proportional to the medium osmolarity, thus 
demonstrating uptake into an osmotically sensitive intravesicular space. The extrapolation of these lines to 
infinite medium osmolarity (zero space) showed only a small binding component in acidic amino-acid 
transport. When the same experiment was performed at saturating substrate concentrations, linear relation- 
ships extrapolating through the origin but showing smaller slope values were recorded, thus indicating that 
the binding component could be more important than suspected above. However, binding to the membrane 
was neglected in our studies as it was absent from initial rate measurements. Na+-dependent uphill transport 
of L-glutamic acid was stimulated by K + present on the intravesicular side only but maximal stimulation was 
recorded under conditions of an outward K +-gradient (in > out). Quantitative and qualitative differences in 
the K + effect were noted between pH 6.0 and 8.0. Initial uptake rates showed pH dependency in 
Na+-(out > in)+ K+-(in > out) gradient conditions only with a physiological pH optimum between 7.0 and 
7.5. It was also found that a pH-gradient (acidic outside) could stimulate both the Na+-gradient and the 
N a + +  K+-gradient-dependent transport of L-glutamic acid. However, pH- or K+-gradient alone were 
ineffective in stimulating uptake above simple diffusion level. Finally, it was found that increased rates of 
efflux were always observed with an acidic pH outside, whatever the conditions inside the vesicles. From 
these results, we propose a channel-type mechanism of L-glutamic acid transport in which Na + and K + 
effects are modulated by the surrounding pH. The model proposes a carrier with high or low affinity for Na + 
in the protonated or unprotonated forms, respectively. We also propose that K + binding occurs only to the 
unprotonated carrier and allows its fast recycling as compared to the free form of the carrier. Such a model 
would be maximally active and effective in the intestine in the in vivo physiological situations. 

Introduction 

Studies on the characterization of dicarboxylic 
amino-acid transport by the small intestinal 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; Mes, 4-morpholineethanesulfonic acid. 

mucosa in vivo or i'n vitro have been impaired by 
the rapid transamination of these amino acids in 
intact preparations [1,2]. However, the existence of 
a specific, sodium-dependent transport system for 
acidic amino acids was clearly demonstrated by 
the work of Schultz et al. [3]. Also, the presence of 
a system shared by L-glutamic and L-aspartic acids 
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is apparent from the report of two forms of di- 
carboxylic aminoaciduria [4,5], one of them affect- 
ing both renal and intestinal carriers [4]. Unex- 
pectedly, the introduction of brush-border mem- 
brane vesicles in the field of membrane transport, 
which allow the dissociation of transport from 
metabolic events [6], has mostly stimulated the 
reinvestigation of the characteristics of dicarbo- 
xylic amino-acid transport in the kidney [7-12]. 
To our knowledge, only one paper has dealt with 
this problem in the small intestine [13]. All these 
studies showed a strict requirement for Na ÷ in the 
carrier-mediated process and proposed an electro- 
neutral cotransport model according to the gradi- 
ent hypothesis [14-16] with a stoichiometry of one 
Na ÷ per glutamate anion transported [10,13]. It 
was also shown, in renal brush-border membrane 
vesicles, that a K+-gradient ([K+]i > [K+]o) could 
drive the uphill transport of acidic amino acids in 
the presence of Na+([Na÷]o = [Na÷]i) or increase 
the Na÷-gradient-dependent ([Na÷]o > [Na+]i) 
uptake of L-glutamate [8,9,12]. A Na÷-glutamate 
sympor t /K  ÷ antiport has been hypothesized with 
stoichiometries in relation with an electroneutral 
[9,12] or an electrogenic [8] system. Since the rheo- 
genicity has been unequivocally demonstrated in 
the rat by electrophysiological techniques [17], it 
could be species-specific [12]. A role for H ÷ ( O H - )  
has also been postulated in rabbit kidney [12]. 
Such studies are lacking for the intestine. 

In this paper, we examine the characteristics of 
ghitamic-acid transport by rabbit intestinal 
brush-border membrane vesicles with special em- 
phasis on the possible effects of Na ÷ , K ÷ and H ÷ 
( O H - )  on transport. Preliminary account of this 
work has been published in abstract form [18]. 

Materials and Methods 

Chemicals. All salts and chemicals for buffer 
preparation were of the highest purity available. 
Unlabeled amino acids were obtained from Sigma 
Chemical Company (L-glutamic acid), BDH 
Chemicals (L-aspartic acid) and Aldrich Chemical 
Company (D-glutamic and D-aspartic acids). All 
labeled compounds were from New England 
Nuclear Corporation as follows: L-[U-14C]glutam - 
ic acid (271-294 mCi/mmol) ,  L-[U-14C]aspartic 
acid (219 mCi/mmol) ,  D-[2,3-3H]aspartic acid (20 

Ci/mmol),  D-[U-~4C]ghicose (348-360 mCi /m-  
mol), D-[1-14C]mannitol (45 mCi /mmoi)  and D-[1- 
(n)- 3 H]mannitol (17-27.4 Ci/mmol).  

Preparation of brush-border membrane vesicles. 
The small intestine was removed from 1.8-2.3 kg 
male New Zealand white rabbits (Ferme Cunicole 
L6onard, Ste Cholastique, Qu6bec) and flushed 
with ice-cold 0.9% NaC1. The mucosa from the 
jejunum was scraped with a spatula on a cold glass 
plate. Brush-border membranes were purified by 
the calcium chloride precipitation method of 
Schmitz et al. [19] and brush-border membrane 
vesicles were obtained by the method of Hopfer et 
al. [6] as described previously for the mouse in- 
testine [20] but with the following modifications. 
P2 fractions were resuspended in the final resus- 
pension buffer for vesicles and vesicles were ob- 
tained as a P4 fraction after two 15 rain centrifuga- 
tions at 2000 × g  and 31000 ×g, respectively. 
Based on sucrase and alkaline phosphatase activi- 
ties and on glucose uptake determinations, these 
modifications allow a faster recuperation of vesicles 
without any loss in efficiency. Enrichment factors 
of the above enzyme activities with respect to the 
homogenate were 13.4 + 1.7 and 8.5 + 0.6, respec- 
tively (mean of 12 determinations). 

Transport studies. Uptake studies were carried 
out by the rapid-filtration technique of Hopfer et 
al. [6] as previously described for the mouse in- 
testine [20]. The freshly purified brush-border 
membrane vesicles were resuspended to a final 
protein concentration of 8-12 mg/ml  with the 
final resuspension buffer and an aliquot (400-600 
~g protein) was added to the incubation medium 
kept at room temperature (20°C) to start the 
transport experiments. The compositions of the 
final resuspension buffers for vesicles and the final 
concentrations in incubation media will be indi- 
cated in the legends of the figures. At time inter- 
vals, aliquots were taken from the incubation mix- 
ture and poured in 1 ml quenched ice-cold stop- 
solution (composition adjusted to experimental 
conditions as to match the final concentrations of 
the different species in the incubation media). The 
quenched mixture was then filtered on a pre-wetted 
and chilled 0.45 #m nitrocellulose filter (Sartorius 
SM 11306) and washed with 4 ml of nonradioac- 
tive ice-cold stop solution. Filters were dissolved 
and 3H and 14C radioactivities were determined as 



previously described [20] using a LKB (Model 
1215 rackbeta II) scintillation counter. Results are 
expressed as nmol solute up take / rag  protein. Ini- 
tial rates of uptake have been computed by linear- 
regression analysis or polynomial fitting of uptake 
time-courses from zero to 1 min (four points) 
using an Apple II desk computer and a curve fitter 
program (P.K. Warme, Copyright (C) 1980, Inter- 
active Microwave Inc.). 

Assays. Marker enzymes for the brush-border 
membrane,  sucrase (EC 3.2.1.48) and alkaline 
phosphatase (EC 3.1.3.1), were routinely essayed 
by the method of Dahlqvist [21] as modified by 
Llyod and Whelan [22] and by the method of 
Eichholz [23], respectively. Protein was measured 
according to Lowry et al. [24] with bovine serum 
albumin as standard. 

Results  

Uptake time courses of dicarboxylic amino acids 
Fig. 1 shows the zero-trans entry of 50 /~M 

L-[aac]glutamic and or L-[14C]aspartic acid or D- 
[ 3 H]aspartic acid as a function of time when mea- 
sured in initial gradient conditions of NaCI (top 
curves) or KCI (bottom curves). All substrates 
were taken up to the same extent by the vesicles 
and it is apparent, from the observed overshoots in 
the presence of a NaCI gradient as compared to a 
KCI gradient, that they were concentrated inside 
the vesicles against a chemical gradient by a Na ÷- 
dependent mechanism. The uptake was linear up 
to 1 min, reached a maximum around 10 rain and 
then decreased so slowly towards equilibrium val- 
ues that they were not reached at 90 min. In the 
other experiments, equilibrium values were re- 
corded at 3 h. It has to be noted, however, that 
different plateau values were always recorded be- 
tween NaC1 and KCI conditions (up to 12 h after 
initiation of uptake), so that some binding to the 
membrane was suspected in the presence of Na  ÷ . 
Other experiments have been conducted in which 
the 100 mM KC1 has been replaced by 100 mM 
choline chloride, 200 mM mannitol, or 100 mM 
sodium glutamate. It then appeared that the curves 
obtained under such conditions were all indis- 
tinguishable (results not shown), so that the curves 
drawn in K+-gradient  conditions in Fig. 1 are 
likely to represent simple diffusion. 
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Fig. 1. Uptake time courses of 50 #M L-glutamic acid (I),  
L-aspartic acid (A) and D-aspartic acid (zx) in 100 mM NaCI 
(top curves) or KCI (bottom curves). Final resuspension buffer 
for vesicles: 10 mM Tris-Hepes buffer (pH 7.5), 300 mM 
mannitol and 0.1 mM MgSO 4. Final concentrations in the 
incubation medium (250 lal): 10 mM Tris-Hepes buffer (pH 
7.5), 100 mM mannitol, 0.1 mM MgSO 4, 100 mM NaCI or 100 
mM KC1, 50 /xM substrates with 3.63, 2.74 or 5.48 gCi of 
L-[UJ4C]glutamic acid, l~-[UJ4C]aspartic acid or D-[2,3- 
3 H]aspartic acid, respectively. Each point is the mean of three 
experiments with different preparations of vesicles. 

Uptake as a function of osmolarity 
In order to evaluate binding contribution to 

dicarboxylic amino-acid transport, equilibrium up- 
take was measured at increasing osmolarities in 
the incubation medium by varying the extravesicu- 
lar concentration of mannitol. As shown in Fig. 2 
for 50 #M substrate concentrations (upper curves), 
this uptake was inversely proportional to the 
medium osmolarity and only minimal binding 
could be evaluated by extrapolation to infinite 
medium osmolarity (internal volume = 0). In order 
to remove any specific binding to the membrane 
from equilibrium uptake values, the same experi- 
ment was done at saturating substrate concentra- 
tions of 100 mM (lower curves in Fig. 2). In these 
conditions, extrapolation to infinite osmolarities 
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Fig. 2. Effect of medium osmolarity on equilibrium uptake of 
L-glutamic acid (0, O), L-aspartic acid (~',v) and a-aspartic acid 
(Ill,D) in the presence of 100 mM NaCl (e,v,I) or 100 mM 
sodium o-glutamate (O), L-aspartate (v) and D-aspartate ([3). 
Final resuspension buffer for vesicles: 10 mM Tris-Hepes buffer 
(pH 7.5), 50 mM mannitol and 0.1 mM MgSO 4. Final con- 
centrations in the incubation media (150/~1): 10 mM Tris-Hepes 
buffer (pH 7.5), 0.1 mM MgSO 4, 50 #M substrates with 2.18, 
1.65 or 3.27 FCi of L-[U-14C]glutamic acid, L-[U-14C]aspartic 
acid or D-[2,3-3Hlaspartic acid, respectively, 100 mM NaCl 
(closed symbols) or 100 mM NaOH-neutralized substrates (open 
symbols) and enough mannitol to get the desired osmolarities. 
Each point is the mean of two 50 #l aliquots taken up from the 
mixture after 4 h incubation. Linear-regression analysis was 
performed on an Apple I1 desk-computer using a curve-fitter 
program (P.K. Warme, Copyright © 1980, Interactive Micro- 
ware Inc.). Correlation coefficients (r) and slopes were, respec- 
tively: 0.982 and 0.0294 (I), 0.988 and 0.0281 (A), 0.997 and 
0.0268 (O), 0.996 and 0.00838 (O), 0.997 and 0.00696 (A), and 
0.981 and 0.00687 ([3). 

were not  different from zero. However, different 
slopes were obta ined  as compared to the previous 

experimental  condi t ions  even though the same in- 
ternal  osmolari ty (0.27 M) was used for both. We 
must  conclude that different apparent  internal  in- 
travesicular volumes have been recorded, thus 
demons t ra t ing  b ind ing  in nonsa tura t ing  condi-  
tions. By dividing the slopes by the internal  osmo- 
larity, it is possible to determine intravesicular  
spaces corresponding to 0.104 + 0.0048 and 0.0274 
+ 0.0031 n m o l / m g  protein  at 50 # M  and  100 m M  
substrate concentrat ions,  respectively, and then to 

calculate a b ind ing  cont r ibut ion  of 0.0766 + 0.0078 
n m o l / m g  protein by substraction.  In  the following 

experiments,  uptake values were not corrected for 

this b ind ing  as it represents only a small fraction 
of uptake. Moreover, it should be noted that this 

b ind ing  is likely to represent in ternal  b ind ing  as 

extrapolat ion of uptake curves from the early time 

points  goes through the origin. Thus, b ind ing  is a 

late event that should not  influence significantly 

the interpreta t ion of the results presented in the 

following sections. 

Interactions between Na + and K + for glutamic 
acid uptake at different p H  values 

The effects of Na  ÷ and K ÷ on glutamic acid 

t ransport  have been investigated as described in 
the legend of Fig. 3, and the following results have 
been obtained.  No  transport  was observed in the 
complete absence of Na  ÷ (choline in = choline 

out = 208 mM) or in the presence of K ÷ alone (in: 

choline 208 m M / o u t :  choline = 108 mM, KCI = 
100 m M  or in: K C l = c h o l i n e =  104 m M / o u t :  

choline = 204 mM, KCI = 4 m M  or choline = 104 
mM, KCI = 104 mM). Also, an outwardly directed 

Na  ÷-gradient  was unable  to increase uptake above 

the simple diffusion level either in the absence or 

presence of K ÷ (in: NaC1 = choline = 104 

m M / o u t :  choline = 204 mM, NaC1 = 4 m M  or 

choline = 104 mM, KC1 = 100 mM, NaCI = 4 mM 
or in: NaCI = KC1 = 104 m M / o u t :  choline = 200 

mM, KC1 = NaCI = 4 m M  or choline = 100 mM, 
KC1 = 104 mM, NaCI = 4 mM). These eight situa- 
t ions have been meaned  and called simple diffu- 

sion on Fig. 3. Glu tamic  acid uptake was, how- 
ever, elicited with Na  ÷ equil ibrated on both sides 
of the membrane  (in: NaC1 = choline = 104 
m M / o u t :  N a C l =  c h o l i n e = 1 0 4  mM), and K + 

outside (in: NaC1 = choline = 104 m M / o u t :  NaC1 
= 104 mM, KCI = 100 mM, choline = 4 mM) or 
equil ibrated (in: NaC1 = KC1 = 104 m M / o u t :  
Nac1 = KC1 = 104 mM) did not  modify it. These 
three si tuations appear as Na + equil ibrated in Fig. 
3. However, when an outwardly directed K +- 
gradient  was present (in: NaC1 = KC1 = 103 
m M / o u t :  NaCI = 104 mM, KCI --- 4 mM, choline 
= 100 mM), increased uptake rates were observed. 
The effect was small at pH 6.0 bu t  a slight over- 
shoot was present at pH 8.0. An  overshoot was 
also induced by the presence of an inwardly di- 



O3O 

025 

020 

o_ 

< 

0 

o 05 t/,~"1 

°0~5' ~ 6 9 12180 
05 TIME(rain} 

B 

07- 

06- 

05- 

E 

O4- 

03- 

--.?~. 

O5 TIME(mqn} 
12 180 

Fig. 3. Interactions between Na + and K + for glutamic acid 
uptake at pH 6.0 (A) and 8.0 (B). Final resuspension buffer for 
vesicles: 50 mM Tris-Mes (pH 6.0) or Tris-Hepes (pH 8.0), 0.1 
mM MgSO 4, and either 208 mM choline chloride, or 104 mM 
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rected Na+-grad ien t  (in: choline = 208 m M / o u t :  
NaC1 = 100 mM, choline = 108 mM) as already 
described (Fig. 1) and the effect was slightly in- 

creased at pH 6.0 or decreased at pH 8.0 by 
superposi t ion of a K+-grad ien t  in the same direc- 
t ion (in: choline = 208 m M / o u t :  NaC1 = 100 mM, 

KCI = 100 mM, choline = 8 mM). However, the 

N a - - d e p e n d e n t  uphill  t ransport  of glutamic acid 

was greatly s t imulated with K ÷ equil ibrated on 

both  sides of the membrane  (in: KCI = choline = 

104 m M / o u t :  NaC1 = 100 mM, KC1---104 mM, 

choline = 4 mM) and  still further increased when 
an outwardly K÷-grad ien t  was present  (in: KC1 = 
choline = 104 m M / o u t :  NaC1 = 100 mM, KC1 = 4 

mM,  choline = 104 mM). At pH 8.0, the last effect 

was visible on both  the initial  rate and the ampli-  
tude of the overshoot bu t  only max imum over- 

shoot values were affected at pH 6.0. It  also has to 

be noted that s t imulat ions  by K ÷ were more im- 
por tan t  at the basic p H  (note the scale difference 

between Fig. 3A and  B). 

Effect of pH on £-glutamic acid uptake 
The pH effect noted in the above studies was 

documented  by analyzing the uptake of L-glutamic 

acid at different pH values and the results of such 

an experiment  are shown in Figs. 4 and 5. In  

Na+-grad ien t  condi t ions  (Fig. 4A), a pH variat ion 
from 6.0 to 8.0 did not  inf luence greatly the init ial  

rates of uptake (Fig. 5). However, a pH of 9 was 
clearly inhibi tory (Figs. 4A and 5). The main  effect 

of increasing the pH was to delay the t ime at 
which the overshoot was ma x i mum and to increase 
the ampli tude of the overshoot. Decreased rates of 

KCl and 104 mM choline chloride, or 104 mM NaCI and 104 
mM choline chloride, or 104 mM NaC1 and 104 mM KC1. 10 
/~1 of these vesicles were introduced at time zero in 240 #1 of 
the different resuspension buffers containing 3.63 #Ci of L-[U- 
14C]glutamic acid (50 #M final). In these conditions, 16 ionic 
combinations were generated at each pH and analyzed for 
glutamic acid uptake. Only the significant results have been 
plotted. This is a representative experiment (out of two) per- 
formed the same day on the same preparation of vesicles for 
comparison purposes. Symbols have the following meanings 
(see text for exact composition inside and outside the vesicles 
in each case): simple diffusion (~), Na+-equilibrated (B), 
Na+-equilibrated with outward KS-gradient (I), inward 
Na ÷-gradient (e), inward Na ÷- and K s-gradients (O), inward 
Na+-gradient with KS-equilibrated (A), inward Na+-gradient 
with outward K +-gradient (,L). 
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efflux were also apparent  (Fig. 4A). The picture 

was quite different  in Na+- (ou t  > in) and K+-( in  

> out) gradient  condi t ions  (Fig. 4B). A clear effect 

on initial rates of  uptake was obta ined  in these 

condi t ions  and a p H  op t imum of 7.0-7.5 can be 

de termined  (Fig. 5). Also, the t ime delay in maxi-  

m u m  overshoot  values was not apparent  before 

p H  7.5 and the differences between the ampli tudes  

of  the overshoots  were not  so impor tan t  between 

p H  6.5-8.0. Decreased rates of  efflux at basic p H  

values were also more  apparent .  For  comparison,  

Fig. 4C shows the effect of  pH  on glucose trans- 

port  in Na+-g rad ien t  condit ions.  Increasing the 

p H  from 6.0 to 9.0 did not  affect either the initial 

rates of uptake or the efflux rates. However ,  a t ime 

delay in m ax im um  uptake values and an increased 

ampl i tude  of  the overshoots  were observed. 
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Fig. 4. Effects of pH on glutamic acid (A, B) and glucose (C) 
uptake in Na+-gradient (A, C) and Na +- +K+-gradient (B) 
conditions. Final resuspension buffer for vesicles: 10 mM 
Mes-Tris (pH 6.0) (0) or 6.5 (©) or 10 mM Hepes-Tris (pH 
7.0) (In) or 7.5 (E3) or 10 mM Tris-Hepes (pH 8.0) ( , )  or 9.0 
(,',), 0.1 mM MgSO,,, 208 mM choline chloride (A, C) or 104 
mM KC1 and 104 mM choline chloride (B). Final concentra- 
tions in the incubation media (250 p,l): 10 mM Mes-Tris (pH 
6.0) (o) or 6.5 (O) or 10 mM Hepes-Tris (pH 7.0) (m) or 7.5 02) 
or 10 mM Tris-Hepes (pH 8.0) ( , )  or 9.0 (r,), 0.1 mM 
MgSO 4, 100 mM NaCI and 108 mM choline chloride (A, C) or 
100 mM NaC1, 4 mM KCl and 104 mM choline chloride (B) 
and 50/~M L-glutamic acid with 3.63/~Ci of L-[U-14C]glutamic 
acid or 50 #M D-glucose with 3.33 /~Ci of o-[U-14C]glucose. 
Points shown are individual data points from the same prepara- 
tion of vesicles and are representative of the four (A) and the 
two (B, C) experiments performed in the same conditions. 
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Na +-gradient (O) and Na +- + K +-gradient (O) conditions. 
Initial rates have been computed from Fig. 4 by linear-regres- 
sion or polynomial fitting of the points up to 1 min (including 
0), as discussed under Material and Methods. 

Effects of pH gradients on glutamic acid uptake 
We have investigated the effect of pH-gradients 

on glutamic-acid uptake in different ionic condi- 
tions as described in the legends of Figs. 6 and 7. 
These experiments have been performed on the 
same day with the same preparation of vesicles for 
comparison purposes. In Fig. 6 are presented the 
results in Na+gradient conditions and the follow- 
ing observations have been made. First, as already 
noted in Fig. 4A, initial rates of glutamic acid 
uptake were not affected by the pH in the incuba- 
tion medium up to 0.5 min but higher overshoot 
values were recorded at pH 8.0 as compared to pH 
6.0. The effect seems partly due to higher efflux 
rates observed at the more acidic pH. Second, 
inwardly directed H+-gradient-stimulated initial 
rates of transport and gave the highest accumu- 
lation ratio observed in these experiments. On the 
contrary, outwardly directed H+-gradient de- 
creased the initial rate of transport and gave the 
lowest overshoot values. Again, higher efflux rates 
were obtained with an acidic pH outside. Finally, 
pH-gradient alone, whatever its direction, was in- 
effective in driving glutamic-acid uptake above 
simple diffusion values (Fig. 6, lower curve). In 
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Fig. 6. Effect of pH gradients on glutamic acid uptake in 
Na+-gradient (out > in) conditions. Final resuspension buffers 
for vesicles: 50 mM Tris-Mes (pH 6.0) (O,O,O), or Tris-Hepes 
(pH 8.0) (,,A,,x), 0.1 mM MgSO 4 and 208 mM choline chlo- 
ride. Final concentrations in the incubation media (250/~1): 50 
mM Tris-Mes (pH 6.0) (O,A,A) or Tris-Hepes (pH 8.0) (O,A,A), 
0.1 mM MgSO 4, 108 mM choline chloride, 100 mM NaCI 
(O,O,A,A) or choline chloride (O,A) and 50 ~M glutamic acid 
with 3.63 #Ci of L-[UJ4C]glutamic acid. Points shown are 
individual data points and are representative of the two exper- 
riments performed in the same conditions. 

Na+-gradient conditions and either inwardly di- 
rected K+-gradient or K ÷ equilibrated on both 
sides of the membrane, very similar results were 
obtained (results not shown) with highest uptake 
rates and highest overshoot values recorded for an 
inwardly directed H+-gradient, while the reverse 
was true for an outwardly directed H+-gradient. 
The only observed difference was a slight decrease 
in uptake rates at more basic pH even if higher 
overshoot values were seen at this pH. Again, this 
effect seems partly due to higher efflux rates ob- 
tained with more acidic pH outside. As in Fig. 6, 
pH-gradients alone had no effect on uptake. Fig. 7 
shows the results obtained when pH-gradients were 
combined with Na ÷- and K+-gradients of oppo- 
site directions (Na ÷ outside, K ÷ inside). A some- 
what different picture emerged in these conditions. 
First, initial rates of glutamic acid transport were 
stimulated by the basic pH as compared to the 
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Fig. 7. Effect of pH-gradients on glutamic acid uptake in 
Na+-(out > in) and K+-(in > out) gradient conditions, Final 
resuspension buffers for vesicles: 50 mM Tris-Mes (pH 6.0) 
(o ,©)  or Tris-Hepes (pH 8.0) (A,A), 0.1 mM MgSO 4, 104 mM 
choline chloride and 104 mM KC1. Final concentrations in the 
incubation media (250/~1): 50 mM Tris-Mes (pH 6.0) (e,zx) or 
Tris-Hepes (pH 8.0) ( - ,©) ,  0.1 mM MgSO4, 108 mM choline 
chloride, 100 mM NaCI and 50 #M glutamic acid with 3.63 #Ci 
of L-[UJ4C]glutamic acid. Points shown are individual data 
points from the same preparation of vesicles as used in Fig. 6 
and are representative of the two experiments performed in the 
same conditions. 

acidic one, an effect already noted in Fig. 4B. 
Second, an inwardly directed H+-gradient was 
unable to stimulate the initial rate above values 
recorded at pH 8.0 and an outwardly directed 
pH-gradient was not inhibitory when compared to 
pH 6 values. However, higher efflux rates were 
observed when an acidic pH was present on the 
external side of the membrane. Finally, pH-gradi- 
ents alone were unable to increase uptake above 
simple diffusion values (not shown as undis- 
tinguishable from the x axis). 

Discussion 

Recent studies have indicated that glutamine, 
rather than glucose, is the major respiratory sub- 
strate for the small intestine [25,26], so that L- 
glutamic acid is likely to play a central role in 
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Fig. 8. A possible mechanism 
rabbit jejenum. The carrier can 
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for glutamic acid transport in 
exist under protonated (CH) or 

unprotonated (C) forms. Only the protonated form can bind 
Na + with high affinity, while only the unprotonated form can 
bind K ÷ with high affinity. The full lines represent the fast 
equilibrium steps, while the single arrows represent more limit- 
ing steps, i.e., binding of Na ÷ to the carrier at basic pH 
outside, debinding of Na ÷ from HCNa at acidic pH inside and 
CK formation at acidic pH inside or outside. Double arrows 
are for the overall rate-limiting steps in a complete cycle (return 
of the protonated and unprotonated forms of the carrier). The 
affinity for glutamic acid is only controlled by Na ÷ binding. 

intestinal metabolism. Consequently, the uptake of 
this amino acid by the enterocyte is of crucial 
importance. Earlier in vivo and in vitro studies, 
using intact intestinal preparations, have failed to 
show net transport of anionic amino acids against 
a concentration gradient or tissue accumulation 
[1,2], and it is now clear that the rapid metabolism 
of these amino acids has precluded such demon- 
strations [25,26]. In order to circumvent this prob- 
lem, Schultz et al. [3] have used initial rate data, 
and so, could demonstrate active transport of acidic 
amino acids. In this paper, we have reinvestigated 
the characteristics of dicarboxylic amino-acid 
transport using isolated jejunal brush-border mem- 
branes vesicles in which it is possible to eliminate 
completely interferences due to metabolism [6]. 
Such an approach has been widely used to study 
L-glutamic acid transport in the kidney [7-12] but 
only poorly in the small intestine [13]. 

The results presented in this paper demonstrate 
the presence of a Na+-dependent, carrier-media- 
ted transport process for acidic amino acids in 
rabbit jejunal brush-border membranes. First, the 
presence of an inwardly directed Na+-gradient 



could elicit a 10-fold accumulation of substrates 
over medium concentrations inside the vesicles 
(Fig. 1). Also, when Na ÷ was present at the same 
concentration inside and outside the vesicles (Fig. 
3), a small stimulation of uptake was observed but 
no overshoot was recorded. Finally, when NaC1 
was replaced by equivalent concentrations of KCI, 
choline chloride, mannitol or sodium glutamate, 
uptake was very low and identical in all situations, 
so that it must represent simple diffusion as 100 
mM sodium glutamate saturated the carrier-medi- 
ated process (Fig. 1). The conclusion is then that a 
Na÷-gradient provides the driving force for the 
uphill transport of acidic amino acids and that 
Na ÷ is mandatory for uptake. This is in accor- 
dance with studies using rabbit [10,12] and rat [7] 
renal vesicles but at variance with earlier studies of 
Schultz et al. [3] with intact preparations of rabbit 
ileum or jejunum where unidirectional influxes 
were observed in the absence of Na ÷. In the latter 
case, it is possible that the results obtained in 
Na÷-free conditions have been obscured by the 
presence of Na ÷ trapped in the unstirred layer 
[27,28], a situation that would be amplified by the 
intracellular concentration of K ÷ (see below). 

The results of Fig. 1 also showed that the D- 
and t-stereoisomers of aspartic acid were trans- 
ported as efficiently as L-glutamic acid with the 
same transport characteristics for Na÷-gradient 
dependency. This contrasts with the earlier find- 
ings that L-stereoisomers of aspartic acid were 
much more rapidly absorbed in vivo than are the 
o-stereoisomers [29], though preferential use of 
L-stereoisomers for metabolism can explain these 
earlier conclusions. Our results suggest that the 
three acidic amino acids share the same carrier, in 
accordance with results obtained in the rabbit 
[10,12] or rat [30] kidney and rat intestine [13]. 
However, the possibility that D- and L-stereoiso- 
mers are transported via different systems has 
been raised [17] and more data will prove neces- 
sary to get a definite answer to this question in our 
system. 

When analyzing the results of Fig. 1, we also 
made the observation that equilibrium uptake val- 
ues were always higher in Na ÷ than in K + condi- 
tions, so that some binding was suspected. How- 
ever, this binding component of uptake seems to 
be a late event as extrapolation of the early time 
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points in uptake curves (up to 1 min) goes through 
the origin (this is true for all the figures presented 
in this paper). This impression was confirmed in 
Fig. 2 where extrapolation to infinite medium 
osmolarities gave low binding values of 5 pmol /mg  
protein for glutamic acid. This value contrasts 
with the 50 pmol /mg  protein found for the same 
amino acid in rat intestinal brush-border mem- 
brane vesicles [13]. The difference may be due to 
different surface properties of rat and rabbit mem- 
branes [31]. Fig. 2 also demonstrates that the 
binding component found in our system is likely 
to be on the internal side of the vesicles or tightly 
bound to the membrane, as saturating the system 
with cold glutamic acid gave different slopes and 
thus different apparent intravesicular volumes. In 
the first case, the binding could be due to internal 
binding proteins (like cytoskeleton structures), 
while in the second, it could occur on membrane- 
binding proteins, the carrier itself being a likely 
candidate. From the Na+-dependency of binding 
noted above, we favor the hypothesis of binding to 
the carrier. Such a Na+-dependent binding of 
glutamate to a glutamate carrier has been reported 
in the mechanism of glutamate transport in 
Escherichia coli B [32,33]. Clearly, more studies are 
needed to clearify this point which is of crucial 
importance for mechanistic (limiting step) consid- 
eration (see below). 

The specific effect of the Na÷-gradient in en- 
ergizing the uphill transport of L-glutamic acid 
suggests that the translocation of this amino acid 
was coupled to the flux of Na +, as observed in 
other systems [7,10,13]. However, the question as 
to whether it represents the only driving force in 
energizing the intravesicular accumulation of L- 
glutamic acid is of importance in the hght of 
recent findings that outward K÷-gradient [8,9] or 
inward H+-gradient (outward OH--gradient)  [12] 
could stimulate further the active transport of this 
amino acid. The effect of K ÷ has been first 
analyzed at pH 6.0 and 8.0 where glutamic acid is 
dissociated to 98% as [glutamate]-, so that the 
observed effects can only be attributed to events 
occurring at the membrane level (Fig. 3). It also 
has to be noted that C1- concentrations have been 
maintained equal on both sides of the membrane 
in these experiments in order to minimize mem- 
brane potential effects. In these conditions, we 
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were able to show that Na÷-gradient-driven L- 
glutamic acid uptake was only stimulated by in- 
travesicular K ÷ and that K÷-stimulation was 
greater under conditions of an outward K÷-gradi- 
ent. The second effect was more important at pH 
8.0 as compared to pH 6.0. This demonstration 
refutes the assertion that acidic amino-acid trans- 
port is not stimulated by a K÷-gradient in intesti- 
nal brush-border membrane vesicles (see discus- 
sion and footnote 2 in Ref. 9). Our results agree 
with a possible mechanism where K ÷ efflux is 
coupled to the Na÷-dependent  L-glutamic acid 
uptake [8,9,12] since K ÷ stimulation was higher in 
the presence of a K÷-gradient ([K~-] > [Ko+]) and 
was observed with an outward K÷-gradient in the 
absence of an inward Na÷-gradient ([Na÷]o = 
[Na ÷ ]i). However, these two effects are pH-depen- 
dent and more visible at basic pH. Interesting 
enough are the observations made in Figs. 4 and 5 
that initial rates of uptake were quite insensitive to 
pH variations in Na ÷ -gradient conditions but were 
highly dependent on pH when an outward K ÷- 
gradient was superimposed on the inward Na ÷- 
gradient. These pH dependencies are identical to 
those found by others [9,10] and suggest that K ÷ 
effect(s) is (are) modulated by pH. It should be 
mentioned that inhibition of the Na÷-H ÷ ex- 
changer at basic pH values cannot explain the 
observed pH effects, as shown in Fig. 4C, where 
initial rates of glucose uptake were identical from 
pH 6.0 to 9.0. As calculated from Gunther and 
Wright [34], only 9 and 20% of total Na ÷ flux 
would occur by N a ÷ / H  ÷ exchange at 100 mM 
NaCI concentration in the absence or in the pres- 
ence of a pH-gradient, respectively. It also appears 
that efflux rates of glucose were not modified in 
these conditions. However, some effect was seen 
on the amplitude of the overshoots and one should 
be cautious when looking to maximal overshoot 
values (Figs. 4, 6 and 7). 

These results can be integrated in a transport 
mechanism corresponding to the scheme of Fig. 8. 
In this model, the surrounding pH determines the 
existence of protonated (CH) and unprotonated 
(C) forms of the carrier which are interconvertible 
in a rapid equilibrium reaction (like it should be 
from the dissociation of an ionizable group on the 
protein). The unprotonated carrier has a low affin- 
ity for Na ÷ and a high affinity for K ÷ while the 

protonated carrier has a high affinity for Na + and 
a low (or no) affinity for K ÷ . Also, Na ÷ binding 
allows substrate (S) binding with high affinity 
while K ÷ binding does not, though permitting a 
fast recycling of the carrier as compared to its free 
forms, C and CH. In these conditions, the outside 
formation of CNa and the inside debinding of 
Na ÷ from HCNa may become rate-limiting (as 
compared to the other reactions) in more basic or 
more acidic conditions, respectively. Intermediary 
complexes CS, KCS and HCS have been excluded 
from the model as they are not transported (Figs. 
1 and 6). Finally, we have considered translocation 
of intermediary complexes CNa and HCNa as 
impossible from the results presented in this study. 
Also implicit in the model, from the rapid equi- 
librium through the membrane of complexes NaCS, 
HCNaS and CK, is the assumption that we are not 
dealing with a 'mobile-type' of carrier but with a 
'channel-type' where conformation changes allow 
the translocation [35]. 

This model is compatible with the following 
results: (1) K + stimulation with ([K~-] > [Ko]) or 
without ( [K~]= [Ko+]) K÷-gradient (Fig. 3); (2) 
higher stimulation by K ÷ at pH 8.0 than 6.0 in 
K"-gradient  conditions (Fig. 3); (3) greater inhibi- 
tory effect of outside K ÷ at pH 8.0 than 6.0 (Fig. 
3); (4) outward K÷-gradient-induced overshoot in 
the absence of Na+-gradient [Na~] = [Nao + ] at pH 
8.0 but only small effect at pH 6.0 (Fig. 3); (5) 
Independance of pH in Na÷-gradient conditions 
alone (Figs. 4 and 5); (6) higher activities of up- 
take obtained by increasing the pH in Na ÷- (in- 
ward) and K ÷- (outward) gradient conditions 
(Figs. 4 and 5); (7) increased rates of efflux with 
acidic conditions outside whatever inside condi- 
tions. The reverse is true with basic conditions 
outside (Figs. 4, 6 and 7). This is made possible by 
the dissociation of NaCS on the external side in 
acidic conditions, thus allowing accelerated ex- 
change of internal S. 

The model also predicts an increased rate of 
uptake in pH-gradient conditions (acidic outside) 
by shunting the two possible rate-limiting steps of 
Na+-binding outside (at more basic pH) and 
Na+-debinding inside (at more acidic pH). This 
was indeed observed (Fig. 6), except for outward 
K÷-gradient conditions (Fig. 7) where the in- 
creased rate of efflux observed with acidic pH 



outs ide  may  have h idden  the ac t iva tory  effect. The  
mode l  is also consis tent  with the inh ib i tory  effect 
observed  when these condi t ions  were reversed 
(basic  p H  outside,  acidic p H  inside) as in Fig.  6. 
Again ,  the effect may  have been  less visible in Fig. 
7 where  efflux rates were decreased  in condi t ions  
of  bas ic  p H  outside.  In  these exper iments ,  p H  
gradien ts  had  no inf luence in the absence of  N a  t 
(Fig.  6) or  in the presence of  K ÷ a lone (Fig.  7). 

This  is at var iance  with r epor ted  effects by  Sacktor  
[12] that  a O H - g r a d i e n t  (in > out)  effected the 
t rans ient  uphi l l  up take  of  L-glutamate,  even when 
K ÷ and  N a  t were dele ted  f rom the incuba t ion  
media .  The  presence of an O H - - L - g l u t a m a t e  ex- 
change  system in in tes t ina l  brush  borders  is then 
ru led  out. The  mode l  p resen ted  in Fig. 8 would  
p red ic t  an ac t iva tory  effect of a p H - g r a d i e n t  (acidic  
outs ide)  in the absence  of  N a  t and  K ÷ dr iv ing 
forces, by  shunt ing  of the ra te- l imi t ing  steps, as 
observed  with k idney  b rush -borde r  m e m b r a n e  
visicles [12]. A n  inh ib i to ry  effect should  be ex- 
pec ted  when the p H - g r a d i e n t  is reversed. 

In  conclusion,  we have demons t r a t ed  active 
t r anspor t  of  g lu tamic  acid  in rabbi t  intes t inal  b rush  
membranes  by  co t r anspor t  with N a  t which is 
ac t iva ted  b y  in ternal  K ÷ and  external  H ÷. A 
mode l  has been p r o p o s e d  that  accounts  for the 
results  p resented  and  allows the design of  new 
exper iments  for conf ronta t ion .  On a physiologica l  
po in t  of  view, this system appears  to be pH- regu-  
la ted in vivo. In  the j e junum,  where an acidic  
mic roc l imate  is present  at  the external  side of the 
m e m b r a n e  [36,37], the system will be max ima l ly  
ac t iva ted  and  the leak occurr ing  in these condi -  
t ions will be  minimized  by  the r ap id  me tabo l i sm 
of  g lu t ama te  [25]. In  the distal  i leum, with a more  
bas ic  surface p H  [37], the system is still very active 
bu t  backf lux  is m i n i m u m  in these condi t ions ,  thus 
keep ing  h igh  in t r ace l lu l a r  concen t r a t i ons  of  
g lu tamic  acid. 
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