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Na+-independent L-arginine uptake was studied in rabbit renal brush border membrane vesicles. The finding 
that steady-state uptake of L-arginine decreased with increasing extravesicular osmolality and the demonstra- 
tion of accelerative exchange diffusion after preincubation of vesicles with L-arginine, but not D-arginine, 
indicated that the uptake of L-arginine in brush border vesicles was reflective of carrier-mediated transport 
into an intravesicular space. Accelerative exchange diffusion of L-arginine was demonstrated in vesicles 
preincubated with L-lysine and L-ornithine, but not L-alanine or L-proline, suggesting the presence ot~ a 
dibasic amino acid transporter in the renal brush border membrane. Partial saturation of initial rates of 
L-arginine transport was found with extravesicular [arginine] varied from 0.005 to 1.0 raM. L-Arginine uptake 
was inhibited by extravesicular dibasic amino acids unlike the Na+-independent uptake of L-alanine, 
L-glutamate, glycine or L-proline in the presence of extravesicular amino acids of similar structure. 
L-Arginine uptake was increased by the imposition of an H + gradient (intravesicular pH < extravesicular pH) 
and H + gradient stimulated uptake was further increased by FCCP. These findings demonstrate membrane- 
potential-sensitive, Na +-independent transport of L-arginine in brush border membrane vesicles which differs 
from Na÷-independent uptake of neutral and acidic amino acids. Na+-independent dibasic amino acid 
transport in membrane vesicles is likely reflective of Na+-independent transport of dibasic amino acids 
across the renal brush border membrane. 

Introduction 

Studies of dibasic amino acid reabsorption per- 
formed using renal cortical slices established that 
active transport of dibasic amino acids, unlike 
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transport of other amino acids, could occur de- 
spite a lack of Na + in the incubation medium 
[1,2]. In contrast, studies which utilized micro- 
puncture techniques demonstrated definite Na +- 
dependency for dibasic amino acid transport in 
the isolated renal tubule [3]. It has been suggested 
that the seeming incongruity of these observations 
was due to the fact that the studies of amino acid 
transport in renal cortical slices and isolated tub- 
ules measured transport across both the brush 
border and basal-lateral membranes of the renal 
tubular cell. Thus, differences in characteristics of 
dibasic amino acid transport across the two mem- 
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branes, such as a difference in requirement for 
Na ÷ , could result in variable findings when trans- 
port across both membranes was studied utilizing 
different techniques [4,5]. 

In order to characterize the transport of dibasic 
amino acids across the renal brush border mem- 
brane in the absence of the basal-lateral mem- 
brane, the transport of t-arginine was studied in 
membrane vesicles isolated from the renal brush 
border. The presence of both Na+-independent 
and Na+-dependent uptake of L-arginine was 
established in one study [5]. The specificity of 
L-arginine transport systems for dibasic amino 
acids was demonstrated in this study by experi- 
ments which showed selective inhibition of initial 
uptakes of extravesicular L-[14C]arginine by 
extravesicular non-radioactively labelled dibasic 
amino acids. The interpretation of these findings 
was somewhat clouded by the acknowledged possi- 
bility that t-arginine bound to membrane vesicles 
at low substrate concentrations (0.1 raM). Experi- 
ments which might have provided evidence that 
L-arginine uptake at substrate concentrations be- 
low 0.1 mM consisted of transport of L-arginine 
into an intravesicular space and which might have 
provided a more definitive demonstration of L- 
arginine transporter specificity for dibasic amino 
acids, such as demonstration of accelerative ex- 
change of L-[l*C]arginine for intravesicular L- 
arginine and other dibasic amino acids, were not 
reported. 

A second study of L-arginine uptake into renal 
brush border membrane vesicles confirmed the 
presence of Na + -independent and Na + -dependent 
uptake of L-arginine. Significant binding of L- 
arginine to membrane vesicles was demonstrated 
in the absence of Na + , and consequently only 
Na + -dependent L-arginine transport in membrane 
vesicles was characterized in detail [6]. 

Our initial report of Na+-independent L- 
arginine uptake in renal brush border membrane 
vesicles reported an equilibrated uptake of 0.1 mM 
L-arginine which was exactly what would have 
been expected for the intravesicular accumulation 
o'f non-bound solute [7-9]. The present studies are 
reported, therefore, to readdress the issue of L- 
arginine binding to brush border membrane 
vesicles in the absence of Na + . In addition they 
further characterize Na+-independent L-arginine 

transport in brush border vesicles and distinguish 
it from the uptakes of other types of amino acids 
in the absence of Na ÷ . 

Materials and Methods 

Preparation of brush border membrane vesicles. 
Rabbit renal brush border membrane vesicles were 
isolated as described previously [8,10-13]. Follow- 
ing each of the last three centrifugations the mem- 
branes were suspended in a solution consisting of 
300 mM mannitol, 1 mM Hepes-Tris (1 mM Hepes 
adjusted with Tris hydroxide) or other solutions as 
indicated in the text. The quality of the prepara- 
tions was randomly evaluated by specific enzyme 
markers [9]. Enrichment of purified membrane 
vesicles compared to renal cortex homogenate was 
12-18-fold for trehalase and y-glutamyltransferase. 

Measurement of amino-acid transport. Uptake 
of amino acids was measured by a Millipore filtra- 
tion technique which has been previously de- 
scribed in detail [8,11-13]. In the present study 10 
#1 of membrane suspension were warmed for 1 min 
at 20°C and incubation at 20°C was initiated by 
the addition of 40 #1 of 300 mM mannitol, 1 mM 
Hepes-Tris (pH 7.5) or other solutions as indicated 
in the text, which contained L-[3H]arginine or 
other radioactively labelled amino acid and addi- 
tional constituents as indicated. The additions re- 
placed mannitol isosmotically. Incubations were 
terminated and the filters washed with 154 mM 
NaC1/1 mM Hepes-Tris (pH 7.5). Values for non- 
specific retention of radioactivity on the filters 
(less than 0.04% of the total radioactivity in the 
incubation mixture) were subtracted from the val- 
ues of the incubated samples. All incubations were 
carried out in triplicate with freshly prepared brush 
border membrane vesicles. Each experiment was 
performed on at least three separate occasions 
with different membrane preparations. 

Protein was assayed by the method of Lowry et 
al. [14] using bovine serum albumin as the stan- 
dard. 

Initial rates of amino acid uptake were mea- 
sured after 30 s of incubation and varied linearly 
with brush border membrane protein concentra- 
tions over the range used in experiments. 

Differences between means in Table I and II 
were analyzed using Dunnett's multiple compari- 
son procedure [15]. 



Identification and recovery of amino acids trans- 
ported in brush border vesicles. It has been previ- 
ously demonstrated that L-alanine, L-glutamate 
and L-proline are not metabolized by brush border 
membrane vesicles [12,13,16]. Following incuba- 
tion for 30s and 60 min with L-[3H]arginine or 
[3H]glycine, membrane vesicles were retained on 
Millipore filters and amino acids were extracted as 
described elsewhere [13]. The extracts were chro- 
matographed on thin-layer cellulose plates with 
solvent systems consisting of isopropanol/formic 
acid/water (40:2:10, v/v). Greater than 90% of 
the radioactivities taken up by membrane vesicles 
had R F values identical with authentic L-arginine 
or glycine after both 30 s and 60 min of incuba- 
tion. No other discreet radioactive spots were de- 
tected. These findings indicate that neither L- 
arginine nor glycine was metabolized by the mem- 
brane vesicles. 

Materials. L-[3H]Alanine (13.2 Ci/mmol), L- 
[3H]arginine (21.6 Ci/mmol), L-[3Hlglutamate 
(24.1 Ci/mmol), [3H]glycine (9.39 Ci/mmol), L- 
[3H]proline (29.6 Ci/mmol) and D-[3H]glucose 
(18.1 Ci/mmol) were obtained from New England 
Nuclear .  Carbonyl  cyanide p - t r i f l u o r o -  
methoxyphenylhydrazone (FCCP) was obtained 
from Pierce Chemical Co. Valinomycin was ob- 
tained from Sigma Chemical Co. Other chemicals 
were of the highest purity available from commer- 
cial sources. All solutions were filtered through 
0.45/~m Millipore filters prior to use [17]. 

Results 

Na +-independent transport of L-arginine in brush 
border membrane vesicles 

The uptake of 0.1 mM L-[3H]arginine in brush 
border membrane vesicles was determined as a 
function of time (Fig. 1). A steady state of L- 
arginine uptake was reached by 60 rain of incuba- 
tion. The uptake at steady state was 107 pmol 
L-[3H]arginine per mg membrane protein. The 
Na+-independent steady-state uptake of 0.1 mM 
D-[3H]glucose in brush border membrane vesicles 
was 98 pmol D-glucose per mg membrane protein 
(not illustrated) consistent with the findings of 
others [8]. Thus, the uptake of 0.1 mM L- 
[3H]arginine at steady-state approximated the up- 
take of 0.1 mM D-[3H]glucose, a solute believed 
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Fig. I. The uptake of 0.1 mM L-arginine in renal brush border 
membrane vesicles as a function of time. Uptake was measured 
in the absence of Na + . Data are expressed as mean ±S.E. 

not to bind to membrane vesicles [8,9]. 
The effect of extravesicular osmolality on L- 

[3H]arginine uptake at steady-state (60 rain) was 
determined by incubating brush border membrane 
vesicles in sucrose solutions of varying osmolalities 
so as to decrease intravesicular space (Fig. 2) [9]. 
The uptake of L-[aH]arginine was inversely pro- 
portional to extravesicular osmolality from 300 to 
860 mM. Extrapolation to infinite extravesicular 
osmolality (zero intravesicular space) estimated 
10% residual L-[3H]arginine uptake. Thus, 90% of 
L-[3H]arglnine uptake at steady state could be 
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Fig. 2. The effect of increasing extravesicular osmolality on the 
steady state uptake of 0.05 mM L-[ 3 H]arginine in brush border 
membrane vesicles. The extravesicular osmolality was adjusted 
with sucrose. Data are expressed as mean +-S.E. The solid line 
was calculated from all experimental points using the least- 
squares method (regression coefficient = 0.93). 
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TABLE I 

THE EFFECT OF INTRAVESICULAR AMINO ACIDS ON THE UPTAKE OF L-[3H]ARGININE IN BRUSH BORDER 
MEMBRANE VESICLES 

Renal brush border membranes were suspended in 300 mM mannitoL I mM Hepes-Tris with 0.02 mM non-radioactive amino acid, so 
as to allow transport on non-radioactive amino acid into the vesicles. Initial rates of 0.01 mM L-[3H]arginine transport and 
steady-state (60 rain) L-[3H]arginine uptakes were measured. The initial rate of L-[3H]arginine uptake in the absence of intravesicular 
amino acid was considered the control value (3.9±0.7 pmol L-arginine per mg protein per 30 s). Data arc expressed as mean -+ S.E. 
Differences between means were analyzed using Dunnett's multiple comparison procedure. 

Intravesicular amino acid Initial rate of L-[ 3 H]arginine uptake S t e a d y - s t a t e  L-[ 3 H]arginine uptake 
(% change from control) (pmol L-arginine per mg protein) 

None 0 14.7 ± 2.0 
L-Arginine 45.2~-6.3 a 12.2±4.2 
D-Arginine 2.1 ± 4.5 15.6 ± 3.4 
L-Lysine 39.1 --+6.7 a 11.2÷5.6 
L-Ornithine 36.7±6.0 a 16.7±2.4 
L-Alanine 1.8 ± 5.6 13.6 ± 3.2 
L-Proline 3.4 ± 5.2 16.6 -- 4.5 

a Different from control, P<O.OI 

accoun ted  for  by  int ravesicular  accumula t ion  of  
L-arginine. 

Add i t i ona l  evidence that  L-arginine up take  in 
renal  brush  b o r d e r  m e m b r a n e  vesicles represented  
t ranspor t  in to  an in t raves icular  space ra ther  than 
b ind ing  to membranes  was ob ta ined  f rom experi-  
ments  measur ing  accelerat ive exchange dif fus ion 
(Table  I). Brush bo rde r  m e m b r a n e  vesicles were 
suspended  dur ing  the final three centr i fugat ions  of  
the pur i f ica t ion  p rocedure  in 300 m M  manni to l  
1 m M  Hepes-Tr i s  solut ions  which conta ined  0.02 
m M  concent ra t ions  of non- rad ioac t ive ly  label led 
L-arginine D-arginine,  L-lysine, L-ornithine,  L- 
alanine,  L-prol ine or  no add i t ion  (pre incubat ion) .  
In  this manne r  the non- rad io labe l l ed  amino  acids 
were t ranspor ted  into  the in t raves icular  space. The  
ini t ia l  rates of  up take  of  0.01 m M  L-[3H]arginine 
were then measu red  in the m e m b r a n e  vesicles 
which had  been p re incuba ted  with non- rad ioac t ive  
a m i n o  acids and  in vesicles which were pre in-  
cuba ted  in mann i to l  solut ion alone. There  was a 
s ignif icant  s t imula t ion  of  the ini t ial  rate  of  L- 
[3H]arginine up take  over  that  measured  in the 
absence  of  p re incuba t ion  with amino  acid when 
the brush  borde r  m e m b r a n e  vesicles were prein-  
cuba ted  with L-arginine,  L-lysine, or  L-ornithine,  
bu t  not  D-arginine or  L-alanine or  L-proline.  This 
observat ion ,  consis tent  with a demons t r a t ion  of  

accelerat ive exchange diffusion,  provides  evidence 
that  at least  the difference between the L- 
[3H]arginine up take  measured  in the absence of  a 
p re incuba t ion  and  that  measured  fol lowing a L- 
a rg in ine  p re incuba t ion  is representa t ive  of  L- 
arginine  t r anspor t  in to  an in t raves icular  space [18]. 
In  addi t ion ,  the f inding that  the accelerat ive ex- 
change  of L-[3H]arginine was s t imula ted  by  in- 
t ravesicular  L-lysine and  L-ornithine,  but  not  L- 
a lan ine  or  L-proline,  is consis tent  with the pres-  
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Fig. 3. The relationship between L-arginine concentration and 
initial rates of uptake. Data are the means of five separate 
experiments. The solid line was calculated from all experimen- 
tal points using the least-squares method (regression coefficient 
=0.97). 



ence of a transport system specific for dibasic 
amino acids in the renal brush border membrane 
vesicles [ 19]. 

The relationship between L-arginine concentra- 
tion and initial rate of L-arginine uptake was non- 
linear over the range of 0.005 mM to 1.0 mM 
L-arginine, providing evidence for saturability of 
transport. A Lineweaver-Burk analysis of the con- 
centration dependence (Fig. 3) revealed an ap- 
parent K m of 161 /~M and apparent V of 78 pmol 
L-arginine per mg protein per rain. 

Effect of extravesicular amino acids on the initial 
rate of radioactively labelled amino acid uptake 

Table II shows the effects of different amino 
acids (5.0 mM) added extravesicularly to brush 
border vesicles, on the initial rates (30 s) of 0.025 
mM L-[3H]alanine, L-[3H]arginine, L-[3H] - 
glutamate, [3H]glycine, and L-[3Hlproline uptake. 
All uptakes were measured in mannitol media as 
described in Materials and Methods. When amino- 
acid uptake was measured in the presence of an 
initial Na + gradient (extravesicular N a + >  
intravesicular Na +) it was possible to demonstrate 
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maximal inhibition of initial rates of radioactively 
labelled amino acid uptake by amino acids of 
similar structure [12,13,16]. For example, the up- 
take of 0.025 mM L-[3H]proline was inhibited 
most by 5.0 mM L-proline and L-hydroxyproline 
[13]. In the present experiments, uptake of L- 
[3 H]arginine was clearly more selectively inhibited 
by amino acids of a similar structure (dibasic 
amino acids) than was the uptake of other amino 
acids. 

Effect of a transient H + gradient on L-arginine 
uptake 

Brush border membrane vesicles were sus- 
pended in solutions containing 225 mM mannitol/ 
50 mM Mes-Tris (pH 5.5) or 200 Mm mannitol/50 
mM Hepes-Tris (pH 7.5) during the final three 
centrifugations of the purification procedure. The 
uptake of 0.025 mM L-[3H]arginine in 200 mM 
mannitol/50 mM Hepes-Tris (pH 7.5) (vesicles 
suspended in pH 7.5 solution; no H + gradient) or 
205 mM mannitol/12.5 mM Mes/50 mM Hepes- 
Tris (pH 7.3) (vesicles suspended in pH 5.5 solu- 
tion; H + gradient) was measured in the presence 

TABLE II 

THE EFFECT OF EXTRAVESICULAR AM INO ACIDS ON THE I N I T I A L  RATE OF RADIOACTIVELY LABELLED 
A M I N O  ACID U P T A K E  

The effect of 5.0 m M  extravesicular non-radioactively labelled amino acid on the initial rate of  uptake of 0.025 m M  labelled amino 
acids was determined in the absence of Na  +. The uptake of 0.025 mM labelled amino acid in the absence of extravesicular 
non-labelled amino acid was designated 100% uptake. Data  are expressed as mean ± S.E. 

Relative rate of  labelled amino acid uptake (%) 

Extravesicular amino t-[3 H]Alanine L-[3 H]Arginine L-[3H]Glutamate [3 H]Glycine e-[3H]Proline 
acid 

None 100 100 100 100 100 
L-Alanine 81 ± 4 9 2 ± 6  87+-20 84±  11 84±  12 
L-Leucine 86±  6 9 5 ± 8  88 + 6 99 +- 8 95+- 3 

L-Arginine 98±  3 3 9 ± 2  130± 7 9 6 ±  5 8 1 ± 1 0  
L-Lysine 99±  3 4 1 ± 8  162± 8 9 9 ±  9 82+- 2 
t -Orni th ine  36 ± 7 

L-Glutamate 106+- 9 91-+2 100±11 73±  2 107+-18 
L-Aspartate 98-+--- 8 9 6 ± 8  74--  + 12 67±  3 109+- 12 

Glycine 100± 3 9 2 ± 6  92±  6 74±  3 94±15  

L-Proline 106± 1 102±7 113-+ 3 82±11 115-+11 
L-Hydroxyproline 101±10 107±8 95+- 6 107±11 104± 9 
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TABLE III 

THE EFFECT OF A H + G R A D I E N T  ON L-ARGININE UPTAKE 

Brush border membrane vesicles were suspended in solution containing 225 m M  manni to l /50  mM Mes-Tris (pH 5.5) or 200 mM 
manni to l /50  m M  Hepes-Tris (pH 7.5) during the final three centrifugations of the purification procedure and 0.025 L-[3H]arginine 
uptake was measured in the presence and absence of an H + gradient - F C C P  as described in the text. FCCP was added to brush 
border membrane vesicles in 95% ethanol. Ethanol alone was added to vesicles in experiments where FCCP was not utilized. Data are 
expressed as mean -+ S.E. Differences between means were analyzed using Dunnet t ' s  multiple comparison procedure. 

Experimental conditions Initial rate of L-arginine uptake 
(pmol L-arginine per mg protein per 30 s) 

Steady-state L-arginine uptake 
(pmol L-arginine per mg protein) 

No H + gradient 4.3 ±0.3 33.0±4.5 
No H +gradient + FCCP 4.8 J:0.5 34.3 +6.1 
H + gradient 6.4±0.5 a 43.3 +3.8 
H ~ g rad i en t+FCCP 8.7±0.9 b 39.3+2.3 

a H + g r a d i e n t > n o  H + gradient, P<0.05.  
b H + g r a d i e n t + F C C P > H  + gradient, P<0.05.  

and absence of 0.01 mM FCCP. FCCP is known 
to facilitate the movement of H + across mem- 
branes [20,21]. The initial rate of L-[3H]arginine 
uptake was significantly increased by the imposi- 
tion of an H ÷ gradient (intravesicular p H <  
extravesicular pH) and further increased by the 
addition of FCCP (Table III). 

Discussion 

The present studies demonstrate Na + -indepen- 
dent transport of L-arginine in rabbit renal brush 
border membrane vesicles. Though some binding 
of L-arginine to membrane vesicles may occur, the 
data strongly suggest that the bulk of L-arginine 
uptake represents transport into an intravesicular 
space. Thus: (a) the steady-state uptake of L- 
arginine was comparable to that of D-glucose, a 
solute which does not bind to brush border mem- 
brane vesicles; (b) the steady-state uptake of L- 
arginine decreased with increasing extravesicular 
osmolality; and (c) accelerative exchange diffusion 
was demonstrated after preincubation of mem- 
brane vesicles with L-arginine, but not D-arginine. 

These studies have confirmed that finding that 
Na+-independent L-arginine transport can be 
accelerated by induction of a lumen-negative 
membrane potential. The lumen-negative potential 
was induced by H + efflux in the face of an H + 
gradient (intravesicular p H <  extravesicular pH) 
and luminal electronegativity (H + efflux) was 

increased by FCCP [5,6]. L-arginine uptake was 
enhanced by the H + gradient and further enhanced 
by FCCP. 

Sodium inhibition of L-arginine transport in 
brush border membrane vesicles has been reported 
in the absence of experimental conditions which 
increase luminal electronegativity [5-7]. The pre- 
sent findings are consistent with the proposal that 
such inhibition is due to the induction of a lumen- 
positive membrane potential by Na + rather than 
to inhibition of L-arginine binding [5]. 

Previous studies of Na + -independent and Na ÷ - 
dependent L-arginine transport in brush border 
vesicles utilized inhibition of radioactively labelled 
L-arginine transport by extravesicular nonlabelled 
amino acids to argue for dibasic amino acid 
specificity of the L-arginine transport system. Al- 
though selective inhibition of t-arginine transport 
by extravesicular dibasic amino acids provides a 
strong argument for commonality of transport sys- 
tems, such inhibition could result from selective 
dissipation of the membrane potential (inside 
negative) by positively charged dibasic amino acids 
or by interference with L-arginine interaction with 
the membrane transport system by a mechanism 
other than competition for a common transporter. 
Thus inhibition of t-arginine uptake by extravesic- 
ular dibasic amino acids need not imply that the 
L-arginine transport system is shared by other 
dibasic amino acids. 

The present studies demonstrate that L-lysine 



and L-ornithine, but not L-alanine or L-proline, 
elicit accelerative exchange of L-[3H]arginine. 
These findings provide strong evidence that the 
Na t-independent L-arginine transport system in 
the brush border membrane is shared by other 
dibasic amino acids. 

Na + -independent uptake of L-arglnine in brush 
border membrane vesicles differs from Na t -  
independent uptake of L-alanine, L-glutamate, and 
L-proline in that: (a) initial rates of L-arginine 
uptake measured over a wide range of L-arginine 
concentrations exhibit partial saturability; and (b) 
the uptake of L-[3H]arginine is inhibited by ex- 
travesicular non-labelled dibasic amino acids. Thus 
Na t -independent L-arginine transport shares 
characteristics with Na+-dependent neutral and 
acidic amino acid and imino acid transport 
[12,13,16]. 

Na+-independent transport of L-arginine in 
brush border vesicles is likely reflective of Na +- 
independent transport of L-arglnine across the 
luminal membrane of the renal tubular cell. The 
finding of a characteristic Na +-independent trans- 
port of dibasic amino acids in preparations such as 
renal cortical slices probably reflects, at least in 
part, a characteristic Na +-independent transport 
of dibasic amino acids across the brush border 
membrane. 

Schultz et al. have suggested a model for dibasic 
amino acid transport across the luminal surface of 
the rabbit ileum in which the positively charged 
terminal amino group of a cationic amino acid 
substituted for Na + in the binding of the amino 
acid to its cell surface receptor prior to transport 
[22]. Thus, as first suggested by Fox et al. [I] the 
terminal cationic moiety of the dibasic amino acid 
was proposed to satisfy the requirement for trans- 
port that Na + satisfied for neutral and acidic 
amino acids. It is possible that the similarities 
between Na + -dependent transport of neutral and 
acidic amino acids in rabbit renal brush border 
vesicles and Nat-independent transport of the 
dibasic amino acid L-arginine can be explained by 
this model. This being the case, Na+-dependent 
and Na +-independent transports of L-arginine in 
membrane vesicles would be accomplished by a 
single transport system for dibasic amino acids. 
Nat-independent transport of L-arginine in iso- 
lated membrane vesicles and across the luminal 
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membrane of the renal tubular cell in vivo may, 
therefore, reflect the interaction of a positively 
charged amino acid with a membrane transport 
system the requirements of which for a positively 
charged moiety can be satisfied in this manner or 
by Na + . 
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