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The effect of a variety of ions and other solutes on the accumulation of the /3-amino acid, taurine, was 
examined in rat renal brush-border membrane vesicles. Initial taurine uptake (15 and 30 s) is sodium-depen- 
dent with a typical overshoot. This Na + effect was confirmed by exchange diffusion and gramicidin inhibition 
of taurine uptake. External K + or Li + do not increase taurine accumulation more than Na+-free mannitol, 
except that the combination of external K + and Na + in the presence of nigericin enhances uptake. Of all 
anions tested, including more permeant ( S C N -  and NO3-) or less permeant (SO42-), chloride supported 
taurine accumulation to a significantly greater degree. Preloading vesicles with choline chloride reduced 
taurine uptake, suggesting that external CI -  stimulates uptake. Since this choline effect could be related to 
volume change, due to the slow diffusion of choline into vesicles, brush-border membrane vesicles were 
pre-incubated with LiCI, LiNO 3 and LiSO 4. Internal LiCl, regardless of the final Na + anion mixture, 
reduced initial rate (15 and 60 s) and peak (360 s) taurine uptake. Internal LiNO 3 or LiSO 4 with external 
NaCl resulted in similar or higher values of uptake at 15, 60 and 360 s, indicating a role for external CI - in 
taurine uptake in addition to Na + effect. Although uptake by vesicles is greatest at pH 8.0 and inhibited at 
acidic pH values (pH less than 7.0), an externally directed H + gradient does not influence uptake. Similarly, 
amiloride, an inhibitor of the N a + / H  + antiporter, had no influence on taurine accumulation over a wide 
variety of concentrations or at low Na + concentrations. Taurine uptake is blocked only by other fl-amino 
acids and in a competitive fashion. D-Glucose and p-aminohippurate at high concentrations (>  10-3 M) 
reduce taurine uptake, possibly by competing for sodium ions, although gramicidin added in the presence of 
D-glucose inhibits taurine uptake even further. These studies more clearly define the nature of the renal 
fl-amino acid transport system in brush-border vesicles and indicate a role for external C l -  in this uptake 
system. 

Introduction 

The fl-amino acid transport system in kidney is 
utilized to transfer the /3-amino acids /3-alanine, 
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fl-aminoisobutyrate and taurine, as well as the 
y-amino acid ~,-aminobutyrate across the tubular 
epithelium [1]. These fl-amino acids inhibit the 
uptake of one another in a competitive fashion in 
slices and tubules [2-4] but do not interact with 
a-amino acids or other organic solutes. A sodium 
(Na +) electrochemical gradient-dependent /3- 
amino acid transport system has been reported in 
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renal brush-border membrane vesicles having a 
specificity for fl-amino acids in mice, rabbits and 
rats [5-8]. The accumulation of fl-alanine and 
taurine is rather slow compared to that of D-glu- 
cose, since the peak of the overshoot appears at 4 
to 7 min [5-7]. Other characteristics of fl-amino 
acid transport by brush-border membrane vesicles 
have not been reported. In this study, we have 
examined the characteristics of taurine accumula- 
tion by brush-border membrane vesicles. 

Methods 

Animals. Sprague-Dawley rats (King Labs, 
Fitchburg WI) aged 58 to 60 days and weighing 
150-175 g were used in all studies. 

Membrane vesicle preparation. Renal cortex 
brush-border membrane vesicles were isolated by a 
series of differential centrifugations using a mod- 
ification of the method of Booth and Kenny [9]. 
Rats were placed under anhydrous ether anesthesia 
and exsanguinated; their kidneys were removed, 
decapsulated and placed in cold (4°C) saline) Re- 
nal cortex tissue was cut away. Samples of be- 
tween 1.5 and 6 g wet weight were homogenized in 
20 volume of 0.05 M D-mannitol, 2 mM Tris-HC1 
(pH 7.4) and 10 mM Hepes (Tris-Hepes-mannitol) 
for 5 min with a Sorvall omnimixer (setting 10) in 
an ice bath. Calcium chloride (final concentration 
10 mM) was added to aggregate the intracellular 
and basolateral membranes and stirred on ice for 
15 min. The details of membrane vesicle prepara- 
tion are given elsewhere [7,10]. Membrane vesicles 
were used for uptake studies on the day of 
preparation. 

Enzyme and protein determinations. Membrane 
purity was routinely assessed from the enrichment 
of y-glutamyltransferase and 5'-nucleotidase, 
markers for brush-border membranes [11,12]. 
Other enzymes examined were ouabain-inhibitable 
(Na++ K+)-ATPase [13] as a marker of baso- 
lateral membranes; lactate dehydrogenase [14] as a 
marker of microsomal membranes; succinyl cyto- 
chrome-c reductase [15] as a mitochondrial marker; 
acid (pH 4.8) phosphatase [16] and N-acetyl-/3-D- 
glucosaminidase [17] to indicate lysosomes, and 
DNA [18] to indicate nuclei. Protein was de- 
termined by the method of Lowry et al. [19] after 
precipitation in 6% trichloroacetic acid. 
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Amino acid uptake studies. Uptake of radioac- 
tive [3H]taurine and fl-[14C]alanine was assayed 
by a Millipore filtration technique [20]. In general, 
200/~g of membrane suspension was preincubated 
at 25°C for 30 to 45 min. Incubation was initiated 
by the addition of medium containing known 
amounts of unlabelled and radiolabelled taurine or 
fl-alanine; usually 0.5/~Ci was added. All incuba- 
tion media contained 300 mM mannitol, 1 mM 
MgSO 4, 10 mM Hepes/Tris (pH 7.4) and the 
other salts noted. After the desired time interval, a 
50-/~1 aliquot was placed on a prewetted 0.45-~tm 
Millipore filter (HAWP). The filtered sample was 
washed twice with 3.0 ml of iced wash solution; 
this entire process took 12 s. The iced 'stop solu- 
tion' contained 300 mM mannitol, 1 mM MgSO 4 
and Hepes/Tris (pH 7.4). Filters were dried over- 
night in scintillation flasks and then dissolved in 
Aquasol and counted for radioactivity in a liquid 
scintillation counter. The values for the non- 
specific retention of radioactivity were subtracted 
from values obtained after incubation with mem- 
branes. The number of cpm obtained using 
[3H]taurine seldom exceeded 20 cpm and, since 
more than 103 cpm were retained on the filter in 
most cases, this nonspecific retention was about 
2% of the specific amount found. 

Analytical Data comparisons were made with 
Student's t-test, linear regression analysis and 
analysis of variance using a desk-top computer 
with established programs (Texas Instruments 
Users Guide). Analysis of kinetics for transport 
functions was performed using WISAR (Madison, 
WI) modification of the method of Neal [21]. 

Materials. [3H]Taurine (spec. act. 23.1 Ci/mM) 
and fl-alanine were purchased from New England 
Nuclear (Boston, MA). Radiochemical purity was 
confirmed by one-dimensional TLC. All chemicals 
used to prepare media were reagent grade. 

Results 

Analysis of brush-border membrane prepara- 
tions from 58-60-day-old rats showed ~,-gluta- 
myltransferase and 5'-nucleotidase (markers of the 
brush-border surface) were 8.2- to 11.4-fold (n = 
30) and 5.9-fold (n = 30) enriched relative to the 
starting homogenate. No enrichment relative to 
the starting homogenate was found for other cell 
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membrane markers. The initial rate (15 and 60 s) 
of taurine uptake (10 ~tM), in the presence of a 
Na  + gradient, was proportional to the concentra- 
tion of membrane protein over the range of 5 to 13 
mg/ml .  

The uptake of taurine (50 ~tM) in the presence 
of an external Na + gradient (100 mM) was up to 
30-times higher than in the presence of a 100 mM 
LiC1 gradient (Fig. 1). An overshoot was not ob- 
served when the vesicles was preloaded with 100 
mM NaC1 in the absence of any external cation 
(289 mosM mannitol, 10 mM Tris-Hepes, 1 mM 
MgzSO4) or in the presence of a 100 mM KC1 
gradient. The uptake of taurine in the presence of 
external LiC1 or KC1 was not different, but was 
slightly higher than in the presence of mannitol 
( p  < 0.01) (Table I). Although LiC1 or KC1 sup- 
port this slightly higher level of taurine uptake, the 
accumulation certainly appears to be Na +-depen- 
dent. 

The uptake of taurine by brush-border mem- 
brane vesicles was measured in the presence of 
external NaC1 (100 mM) at various time intervals 
(15, 30, 45, 60 and 90 s) over the time-course of 
uptake at several concentrations (10, 25 and 50 
/~M) (Fig. 1). When uptake was compared in terms 
of concentration dependency at 15 s vs. 60 s, 
several findings became apparent. Although a large 
range of taurine concentrations was examined (10 
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Fig. 1. Uptake over time of [3H]taurine and unlabelled taurine 
(50 ~t M, final concentration) in brush-border membrane vesicles 
in the presence (O)  and absence (e) of a 100 mM external 
NaCI gradient. 100 mM LiCI (e) was used to replace NaC1 in 
the incubation. Each point represents the mean+ S.E. of 12-20 
determinations. 

TABLE I 

TAURINE UPTAKE (10 ~M) IN THE PRESENCE OF 
VARIOUS SALTS IN THE EXTERNAL MEDIUM 

Values represent means-+ S.E. (pmol /mg protein), with n = 12 
in each case. Vesicles were prepared in Tris-Hepes, pH 7.4 (10 
mM), MgSO 4 (1 mM) and mannitol (2989 mosM). Incubation 
took place in the presence of 100 mM of the salt. n.s., not 
significant. 

60 s 360 s P 
(60 vs. 360 s) 

NaCI 27.40 _+ 1.05 54.75 _+ 1.99 0.001 
KCI 2.01+0.18 a,h 4.50+0.22 ~.b 0.001 
L i C 1  1.77_+0.22 a,b 4.19--+0.18 a.b 0.001 
Mannitol 1.26_+ 0.03 b,c 2.25 -+ 0.17 bx n.s. 

a KC1 vs. LiCI: not significant. 
b Mannitol vs. NaCI, KCI vs. NaC1 and LiCI vs. NaCI: p < 

0.0002. 

KCI vs. mannitol, LiC1 vs. mannitol: p < 0.01. 

/zM to 5 mM), only one active uptake component 
was apparent, as we previously reported [7]. The 
K m of uptake (Na+-dependent  component) was 
the same at 15 s and 60 s (38 and 42/~M, respec- 
tively) using Eadie-Hoffstee analysis. The uptake 
rate is higher at 15 s than at 60 s when expressed 
in terms of a 60-s uptake rate, but the range of 
uptake values and the standard deviation of up- 
take are greater at 15 s so that these difference 
achieve minimal significance. For example, at 25 
/~M taurine, the uptake at 15 s is 44.84 _+ 7.6 (S.D.) 
p m o l / m g  proten per 60 s when expressed over 60 
s vs. 29.65 + 2.21 p m o l / m g  protein per 60 s when 
measured over 60 s, p < 0.05. Hence, for most 
experiments, we have chosen a 60-s sampling time. 

Additional evidence for transport of taurine 
into vesicles came from the use of the technique of 
exchange diffusion. Brush-border membrane  
vesicles were preloaded with unlabelled 2 mM 
taurine in the 300 mosM Tris-Hepes-mannitol 
medium or in the absence of the amino acid 
(control). At time zero, traces of [3H]taurine were 
added, and the 60-s rate of taurine was measured. 
Compared to the uptake in control of 74.18 _+ 1.33 
p m o l / m g  protein per min (n = 24), marked stimu- 
lation in the initial rate of taurine uptake (406 _+ 
5%, n = 24), was evident when the brush-border 
membrane vesicles were preloaded with taurine. 
Since accelerated exchange diffusion is present, it 
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is likely that the accumulation of taurine by 
brush-border membrane vesicles represents trans- 
port into vesicles rather than occupation of bind- 
ing sites. The Na ÷ ionophore, gramicidin, blocks 
the uptake of taurine by brush-border-membrane 
vesicles during the initial uptake phase, but not 
after equilibrium has been achieved (Table II). 
Thus, dissipation of the sodium gradient, in the 
initial phase of taurine accumulation, appears to 
significantly reduce the uptake of taurine. 

The non-electrogenic K+-H ÷ exchange iono- 
phore, nigericin, results in an augmentation of 
taurine accumulation under certain conditions. 
With NaC1 alone (control condition), the uptake 
of taurine was 36.41 + 0.73 pmol/mg protein per 
60 s (n = 12). Nigericin (100/~g/ml) added to this 
mixture results in an uptake of 36.39 +0.59 
pmol/mg protein per 60 s, not different from 
control. Nigericin (100 /~g/ml) plus external 23 
mM KC1 (with appropriate reduction in mannitol 
concentration) results in an uptake of 45.5 + 0.91 
pmol/mg protein per 60 s, P < 0.001 vs. control. 
Preincubation in the presence of KC1 (23 mM), 
with incubation using nigericin and external NaC1 
(100 mM), results in a lower uptake value of 
31.6 +_ 0.57 pmol/mg protein per 60 s, p < 0.01. 
Incubation with both internal (preincubation) and 
external (incubation) KC1 (23 mM) in the incuba- 
tion mixture gives an uptake value of 42.16 + 0.63 
pmol/mg protein per 60 s, significantly higher 

than the value in control (P < 0.01). Thus, exter- 
nal KC1 in addition to NaC1 enhances uptake in 
the presence of nigericin. 

The influence of various anions on taurine up- 
take is shown in Fig. 2. The membrane potential 
was varied using different sodium salts. Uptake in 
the presence of the relatively impermeant anion, 
SO 2- , was markedly reduced as compared to the 
uptake in the presence of a NaC1 gradient. Thus, 
uptake into a membrane whose inside is less nega- 
tive is reduced [22]. If the Na ÷ gradient uptake of 
solutes were electrogenic, the uptake of taurine 
should be lower with a less negative inside of the 
vesicle. However, using NaSCN or NaNO3, which 
are more permeant, one would anticipate a higher 
intravesicular negativity [23]. Yet, despite this 
higher intravesicular negativity, the accumulation 
of taurine is again reduced (Figs. 2A and 2C). 
Other sodium anions also were examined (sodium 
tartarate, sodium acetate and sodium pyrophos- 
phate) none of which supported taurine uptake to 
a level higher than that found using sodium sulfate 
(data not shown). Indeed, the accumulation of 
taurine is clearly greatest in the presence of sodium 
chloride. 

In order to determine whether taurine transport 
is chloride-dependent the effect of intravesicular 
chloride on taurine uptake was examined. Vesicles 
were preloaded with choline chloride (100 mM) 
and 100 mosM Tris-Hepes-mannitol for 30 min 

TABLE I1 

I N F L U E N C E  OF GRAMIC1DIN ON T A U R I N E  ACCU-  
M U L A T I O N  

Brush-border membrane  vesicles were incubated in 100 mM 
NaCI, 97 mM mannitol, 2 mM  Tris-Hepes (pH 7.4), 1 m M  
MgSO 4 and 10/~M taurine for the times shown. Taurine uptake 
values represent m e a n s +  S.E. of six experiments (n = 6) per- 
formed in triplicate. 

Time Condition Taurine uptake 
( p m o l / m g  protein) 

60 s Control 32.97 + 1.64 
60 s +20.3 #g  gramicidin 23.30+__0.55 " 

per mg protein 
45 rain Control 11.99+0.44 
45 rain + 20.3/~g gramicidin 13.07 + 1.68 

per mg protein 

a p < 0.01. 
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Fig. 2. Uptake over time of taurine (10 #M) in the presence of 
various sodium salts. Uptake by brush-border membrane 
vesicles is examined in the presence of: (A) NaSCN, (B) 
Na~SO4, and (C) NaNO 3. Each point represents the m e a n +  
S.E. of 12 determinations. 
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Fig. 3. Uptake over time of taurine (10 #M) in the presence 
(©) or absence (o) of an internal choline chloride prior to 
incubation in an external 100 mM  NaC1 gradient. Each point 
represents the mean ± S.E. of 12 determinations. 

and then incubated in a medium containing exter- 
nal 100 mM NaC1. The time-dependent uptake of 
10/~M taurine was reduced as compared to vesicles 
preincubated in 300 mosM Tris-Hepes-mannitol 
(Fig. 3). A reduction of approx. 20% was evident 
between 60 and 360 s. When vesicles were pre- 
loaded with choline sulfate or thiocyanate, no 
change in taurine uptake was found upon subse- 
quent incubation in a 100 mM NaC1 external 

medium, the values being within 2% of those ob- 
tained using NaC1 alone. 

Since choline is a slowly permeant cation and 
might influence uptake due to volume effects, we 
employed other salts (Na + and Li +) to define the 
relative roles of internal and external C1- on 
taurine accumulation (Fig. 4). Chloride was pre- 
loaded into the vesicles using NaC1 or LiC1 in the 
30-rain preincubation phase. Compared to control 
conditions (mannitol in /NaCl  out), taurine uptake 
after the addition of a variety of external salts 
(NaC1, NaNO3, NaSCN, LiC1 and LiSO4) during 
the incubation step is significantly reduced at 15, 
60 and 360 s. Uptake is minimal when the prein- 
cubat ion/ incubat ion  combination consists of 
L i + / L i  +. By contrast, after preincubation in 
LiNO 3 or LiSO4, addition of external NaC1 results 
in taurine accumulation similar to (LiNO3) or 
higher than (LiSO 4) the mannitol/NaC1 control at 
the same time intervals, These results are con- 
sistent with the notion that external CI- in the 
presence of Na + results in maximal taurine up- 
take. 

The pH dependency of taurine accumulation is 
shown in Table III. Preincubation of vesicles at 
pH 5.5 and then incubation at pH 7.4 does not 
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Fig. 4. The effect of various Li ÷ and Na ÷ salts on taurine uptake over time. Shown to the left of the symbol legend is the 
preincubation salt, with the incubation salt to the right. Brush-border membrane vesicles were preincubated in a medium containing 
100 mM Na or Li salt, 89 m M  mannitol, 10 mM  Tris-Hepes (pH 7.4), 1 mM MgSO4 for 30 min. The incubation mixture included 100 
mM Li or Na salt, 89 m M  mannitol, 10 m M  Tris-Hepes (pH 7.4), 1 mM MgSO4 and 10/.tM taurine. Each point represents the 
mean_+ S.E. of 12 determinations. An asterisk (*) indicates values different from mann i to l /NaCl  by p < 0.01. 



TABLE III 

EFFECT OF pH AND pH GRADIENT ON TAURINE 
ACCUMULATION BY BRUSH-BORDER MEMBRANE 
VESICLES 

Brush-border membrane vesicles were preincubated in 287 mM 
mannitok 10 mM Tris-Hepes at the pH indicated and 1 mM 
MgSO 4 for 45 min prior to incubation. The incubation mixture 
included 100 mM NaC1, 87 mM mannitol, 10 mM Tris-Hepes 
at the pH indicated, 1 mM MgSO 4 and 10 ~M taurine, n.s., not 
significant. 

pH-in pH-out Uptake (pmol /mg protein per 60 s) 

5.5 7.4 27.93 +- 1.70 (n = 12) 
7.4 7.4 30.10___ 1.09 (n = 12) 

5.0 5.0 3.25+_0.11 a (n =12) 
5.5 5.5 3.87+__0.32 a (n =12) 
6.0 6.0 4.36+_0.13 ~ (n =12) 
6.5 6.5 10.875:0.70 ~ (n =12) 
7.0 7.0 26.62+1.43 ~ (n =12) 
7.5 7.5 31.80 +_ 2.02 ( n = 12) 
8.0 8.0 37.42 +- 2.44 ( n = 12) 

n.S .  

n . s .  

Different from pH 8.0 by p < 0.001, 

alter taurine uptake. Thus, an outward directed 
H ÷ ion gradient does not alter taurine accumula- 
tion. Preincubation of vesicles at a variety of pH 
values (using 10 mM Tris-Hepes pH adjusted) 
followed by incubation with radiolabeled taurine 
and an external 100 mM NaC1 gradient at the 
same pH does influence uptake. Taurine accumu- 
lation is low at pH 5.0 and gradually rises to reach 
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a peak at pH 8.0. Thus, accumulation is favored 
by a more alkaline pH. 

Amino acid inhibition. The effect of other amino 
acids on taurine accumulation is shown in Table 
IV. a-Amino acids (at 500 ~M) do not alter the 
uptake of 10/~M taurine over 60 s of incubation. 
All B-amino acids tested (hypotaurine, B-alanine 
and B-aminoisobutyric acid) significantly (p < 
0.001) reduced the uptake of taurine. Hypotaurine 
and B-alanine (not shown) inhibit taurine uptake 
in a competitive fashion, as seen in a Dixon plot 
(Fig. 5) [24]. Taurine thus appears to be trans- 
ported across the brush border membrane by a 
B-amino acid group specific mechanism. The K i of 
this inhibition is approx. 100 ~tM. In addition, the 
accumulation of 10 #M B-alanine uptake was 
blocked by taurine. Na+-dependent fl-alanine up- 
take reaches a peak at 6 min (45.3 + 1.3 pmol/mg 
protein per 6 min). In the presence of 5.0 mM 
taurine, this uptake is reduced to 9.1 + 0.3 
pmol/mg protein. Thus, the accumulation of 
another B-amino acid is blocked by taurine. 

Influence of other inhibitors. D-Glucose in- 
fluences the uptake of taurine as depicted in Fig 
6A. Using 5.0 mM D-glucose, the Na+-dependent 
uptake of taurine at 10 and 250 /~M taurine is 
reduced over the first six minutes of taurine accu- 
mulation. After this time, D-glucose does not in- 
fluence taurine uptake. As shown in Fig. 6A, in 
the absence of Na +, no inhibition of taurine up- 
take by glucose is evident. Under the conditions of 

TABLE IV 

Na+-DEPENDENT TAURINE UPTAKE USING 50 ttM TAURINE AND 500 btM OF THE OTHER AMINO ACIDS 

Each value is the mean +- S.E. of 12 determinations. 

Taurine uptake (pmol /mg protein per 60 s) 

Taurine alone + other amino acid 
(control) 

% of control 

Methionine 119.92 + 2.21 99.49 +- 5.06 82.92 
Cysteine 137.59 +_ 1.95 131.69 + 9,03 95.71 
Leucine 137.97 + 5.11 128.07 + 5,16 92.82 

a-Amino- 
isobutarate 93.29 + 4.74 92.25 _+ 3,97 98.88 

fl-Amino- 
isobutarate 93.29 +_ 4.74 62,88 _ 3.62 67.40 

/3-Alanine 113.11 _+ 4.60 44,11 + 0.90 39.02 
Hypotaurine 113.11 _ 4.60 22.22 +- 0.06 19.64 
a-Alanine 137.59 +- 1.95 129.64 +_ 5.03 94.22 
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Fig. 5. Dixon plot of taurine uptake in the presence of varying 
concentrations of hypotaurine (ordinate). Each point represents 
the mean_+ S.E. of 12 determinations. 

this experiment (100 mM extravesicular LiC1), D- 
glucose does not influence taurine accumulation. 
Accordingly, the inhibition of taurine uptake by 
D-glucose results from inhibition of the Na+-de - 
pendent taurine transport system. By Dixon plot 
analysis, glucose inhibits taurine uptake in a com- 
petitive fashion with a K i of 5.5 mM (Fig. 6B). 

To further explore this supposed competition of 
taurine and D-glucose for Na ÷, gramicidin (16 
/.tg/ml medium) was added over a wide variety of 
glucose concentrations (10 #m to 7.0 mM). As 
shown in Table V, both gramicidin alone and 2.0 
mM D-glucose inhibit taurine uptake at two con- 
centrations (10 and 50 ffM). The addition of 
gramicidin to D-glucose always resulted in greater 
inhibition of uptake than using gramicidin alone 
or glucose alone. 

The transport inhibitor amiloride selectively 
blocks the Na ÷ site of the renal microvillus mem- 
brane N a + / H  ÷ exchanger [25]. This diuretic does 
not influence the time course of 10/.tM (data not 
shown) and 250 #M taurine (Fig. 7A). Over the 
amiloride concentration range 10 -s to 9- 10 -3 M, 
no influence of amiloride on 10 #M taurine uptake 
was evident (Fig. 7B). These findings indicate that 
this diuretic does not inhibit the Na+-dependent 
cotransport of Na ÷ taurine. 

Since amiloride does not influence the sodium- 
proton exchanged at high sodium concentrations, 
the accumulation of taurine in a medium contain- 
ing 10 mM NaCI was examined with and without 
9.0 mM amiloride. No influence of amiloride on 
taurine uptake under the conditions of low NaC1 
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Fig. 6. (A) Na+-dependent  uptake over time of taurine in the 
presence (O)  and absence (e) of 5 mM D-glucose at 10 /tM 
(left) and 250 y M  (right) taurine. Each point represents the 
mean_+S.E, of 12 determinations. (B) Dixon plot of taurine 
uptake over 60 s in the presence of varying concentrations of 
D-glucose. The lines are drawn using the least-squares method. 
Each point represents the mean_+ S.E. of 12 determinations. 

TABLE V 

E F F E C T  OF  G L U C O S E  A N D  G R A M I C I D I N  ON 
T A U R I N E  A C C U M U L A T I O N  

Incubation under usual conditions. Each point is the mean_+ 
S.E. of 12 determinations. 

Taurine uptake 
( p m o l / m g  protein per 15 s) 

10 #M taurine 50 #M taurine 

Control 18.3 _+0.60 40.14_+4.31 
2.0 mM D-glucose 10.98 _+ 0.38 a 26.55 _+ 2.68 " 
Gramicidin (16 # g / m l )  14.96 _+ 0.62" 27.36 _+ 1.67 d 
2.0 mM D-glucose plus 

gramicidin (16 p,g/ml) 8.81 + 0.33 a.b 17.95 _+0.71 a,b 

" Different from control, p < 0.01. 
b Different from D-glucose alone or gramicidine alone, p < 0.05. 
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determinations. 

was found (Table VI). 
The prototype organic anion, p-aminohippurate  

(PAH) was examined for its influence on taurine 
accumulat ion (Fig. 8A, B). p -Aminohippura te  at 9 
m M  completely blocks the Na+-dependen t  uptake 
of taurine. However, this inhibition of  initial up- 
take is found only at high concentrat ions of p- 
aminohippurate ,  at 10 -3 M or higher. At 45 min, 
when equilibrium has been achieved, uptake of  
taurine is lower in the presence of  9 m M  p- 
aminohippurate ,  potentially indicating an effect 
independent  of the effect on the Na+-dependen t  
phase (60 s) of taurine accumulation. 

TABLE VI 

TAURINE UPTAKE AT 10 mM EXTERNAL NaCI, IN- 
FLUENCE OF AMILORIDE 

Incubation in medium containing 10 mM NaC1, 277 mM 
mannitol, 10 mM Tris-Hepes (pH 7.4) and 1 mM MgSO 4. Each 
point is the mean+S.E, of 12 determinations. 

Time Taurine uptake 
(pmol/mg protein) 

Control With 9.0 mM p 
amiloride 

15 s 0 . 8 4 + : 0 . 0 3  0.77+0.03 n.s. 
60 s 1.30+:0.06 1.22-t-0.04 n.s. 
6 min 2.89 + 0.10 2.77 + 0.11 n.s. 

45 min 5.585= 0.24 5.62 + 0.17 n.s. 

Discussion 

Interact ion of  taurine with the brush-border  
surface has been examined in the mouse [6] and 
rat [7], where accumulat ion of taurine is sodium- 
dependent  and selective for /3-amino compounds .  
The sodium-dependent  K m for uptake in mouse is 
17/~M and 40/~M in rat brush-border  membranes.  
N o  consistent evidence was found for a second 
high-gm, low-affinity uptake site, seen in slices 
[26,27], since subtraction of that component  of 
uptake accounted for by diffusion alone (uptake in 
the absence of a NaC1 gradient) did not  indicate 
net uptake at taurine concentrat ions in excess of 
500 /~M in this study or our previous study [7]. 
H a m m e r m a n  and Sacktor [5] examined/3-alanine 
accumulat ion and also demonstrated a sodium-de- 
pendent  overshoot for this B-amino acid. Further  
characteristics of  the membrane  transport  site for 
B-amino acids have not been well-defined. 

Taurine accumulat ion by vesicles represents up- 
take rather than binding, since at equilibrium (45 
min) the uptake of  taurine is inversely related to 
the osmolarity of the medium when the nonper-  
meant  disaccharide sucrose is employed [7,10]. Ex- 
trapolat ion to infinite osmolari ty indicated that 
membrane  binding accounted for less than 5% of 
the total taurine accumulated. Sonicated mem- 
branes took up essentially the same amount  of  
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taurine, indicating minimal binding by two inde- 
pendent methods. The current study indepen- 
dently supports the idea that the uptake of taurine 
into brush-border membrane vesicles is Na+-de - 
pendent, since mannitol, K + or Li + did not sup- 
port an overshoot and since accelerated exchange 
diffusion of taurine is evident after preloading the 
membranes with this fl-amino acid. If taurine were 
bound to the membrane, preloading would inhibit 
the uptake of radiolabelled taurine. Thus, en- 
hanced exchange diffusion can best be explained 
by transport across a membrane surface [28,29]. 

The effect of the sodium and potassium iono- 
phores, gramicidin and valinomycin, have been 
examined [5-7]. Hyperpolarization of the intraves- 
icular space by valinomycin enhances the uptake 
of taurine and fl-alanine after imposition of a 
potassium outward gradient. Whether the potas- 
sium outward gradient alone enhances Na+-de - 
pendent fl-amino acid uptake was not addressed 
by these studies, but an intravesicular greater than 
extravesicular potassium gradient has been shown 
to enhance the uptake of L-glutamate, an acidic 
amino acid [30]. In the current study, we used 
gramicidin, which dissipates the sodium gradient, 
and found reduced brush-border membrane ves- 
icle accumulation of taurine. This effect of 
gramicidin occurs during initial uptake, since no 
difference in accumulation between gramicidin- 
treated and non-treated membranes is evident at 
equilibrium (45 min). 

Further insight is gathered from the use of 
nigericin, where this K+-H + exchange modifier 
enhances taurine uptake only in the presence of 
external KC1. Internal KC1 or the absence of KC1 
modifies this nigericin effect, and internal KC1 
actually results in lower taurine accumulation. This 
effect of external KC1 is not gradient-dependent in 
that enhanced accumulation is evident where 
(KCI)i o equals (KC1)out. To summarize these iono- 
phore effects, taurine uptake is enhanced by inter- 
nal KC1 in the presence of valinomycin, reduced in 
the presence of gramicidin and enhanced by 
nigericin with external KC1. 

The effects of valinomycin, gramicidin and 
nigericin may be related to changes in membrane 
potential. Accordingly, we examined the effect of 
several anions which are either more SCN- ,  N O r )  
or less (SO42-) permeant than C1-. Of all anions 

examined, the uptake in the presence of C1- was 
greatest. This effect of C1 suggested a role for 
this anion in the activation of the Na+ / t au r ine  
cotransport system, as has been described for the 
Na+/g lyc ine  cotransport systems in teleost and 
rat vesicles [31,32]. Chloride in these systems 
stimulates cotransport when placed on the external 
side. To explore the sidedness of CI influence, 
vesicles were preloaded with choline chloride, re- 
sulting in a 20% reduction in taurine uptake. 
Choline chloride preincubation studies are poten- 
tially marred by the relative impermeability of 
choline. Thus, both Li + and Na + salts were used 
to preload the vesicles. Internal LiC1 or NaCI led 
to a reduction in taurine uptake regardless of the 
external Li + or Na + salt used. Preloading with 
LiSO 4 or LiNO 3 actually resulted in similar or 
higher uptake during the overshoot in the presence 
of NaC1. Hence, the effect of CI appears to be on 
the external side of the membrane, as has been 
described in the flounder [33]. The manner in 
which C1- acts is uncertain but may involve some 
change in membrane confirmation and only acts 
in conjunction with Na + . 

Existence of a taur ine /H + antiport system was 
not found to influence taurine uptake, given the 
failure of amiloride, even at concentrations as high 
as 9- 10 3 M and in the presence of low external 
NaC1. Kinsella and Aronson [25] reported no ef- 
fect of amiloride on either D-glucose or alanine 
uptake by rabbit brush-border membrane vesicles. 
Amiloride is felt to be a selective inhibitor for the 
renal microvillus membrane N a + / H  + exchanger 
[34] and clearly does not alter the Na+-dependent 
taurine transport system. Further, taurine uptake 
in membranes preincubated at pH 5.0, producing 
an 800:1 proton outward gradient, is unaltered. 
Thus, preloading the vesicle with protons by pre- 
incubation in media whose pH is under 7.4 has no 
influence on taurine uptake despite an H+-in 
greater than H +-out proton gradient which can be 
transported by a reversible N a + / H  + exchanger 
[35]. However, it should be noted that the electro- 
genic proton pump in rat renal brush-border mem- 
brane vesicles is ATP-driven [36,37]. Since these 
experiments were carried out in the absence of 
ATP, some interaction between taurine accumula- 
tion and a proton pump cannot be absolutely 
ruled out. 



That other r-amino acids, and not a-amino 
acids, inhibit the accumulation of taurine is in 
accord with the existence of a B-amino acid trans- 
port system proposed from studies in numerous 
mammalian species [2-6] including man [38]. This 
competitive interaction between various B-amino 
acids is also expressed at the brush border surface 
in mouse [6] and rabbit [5]. By Dixon plot analy- 
sis, hypotaurine inhibits taurine uptake in rat 
vesicles in a competitive fashion. 

The inhibition of the Na÷-dependent compo- 
nent of taurine uptake by D-glucose is similar to 
the interaction between glucose, alanine and phos- 
phate described by Barrett and Aronson [39]. They 
concluded that alanine and glucose inhibited phos- 
phate as an indirect effect of solute-induced 
changes in the transmembrane electrochemical 
Na ÷ gradient rather than as a result of any com- 
petition for a carrier that could transfer these 
solutes or from allosteric interactions. It is likely 
that glucose and taurine compete for the Na ÷ 
gradient, particularly since D-glucose and taurine, 
which have no structural similarities, appear to 
exhibit competitive inhibition. The D-glucose in- 
hibitory effect is seen after 15-s incubation (initial 
rate) and the addition of gramicidin, which dis- 
sipates the Na ÷ gradient, further blocking taurine 
uptake. The finding of additive effects of D-glu- 
cose and gramicidin indicates that interaction with 
Na ÷, an indirect effect on taurine transport, is 
more likely than a direct interaction of D-glucose 
with the taurine transport system, since gramicidin 
affects the Na ÷ gradient. The absence of any 
effect of glucose on taurine in the presence of a 
100 mM LiC1 gradient further indicates this com- 
petition for the Na ÷ gradient. 

p-Aminohippurate is considered to be a proto- 
type substance for the weak organic anion secre- 
tory system. Since p-aminohippurate is actively 
accumulated by cortex slices and by rabbit kidney 
basolateral membrane vesicles [41,42], the baso- 
lateral surface appears to be the principal location 
of p-aminohippurate transport. Sodium-energized 
p-aminohippurate transport is found only in baso- 
lateral membranes, since no 'overshoot' is found 
when brush-border vesicles are used [41]. We find 
that p-aminohippurate, at concentrations at or ex- 
ceeding 10-3 M, will inhibit taurine accumulation 
by brush-border membrane vesicles. These results 
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suggest some interaction between taurine uptake 
and a compound transported by the organic anion 
transport mechanism. However, even at 100-fold 
higher concentrations of p-aminohippurate, taurine 
uptake is inhibited by only 70%, and complete 
inhibition is found using 9 mM p-aminohippurate, 
a 9000-fold higher level of inhibitor. 

In conclusion, taurine is taken up by brush- 
border membrane vesicles by a Na÷-dependent, 
r-amino-acid-specific transport system. Gramici- 
din impairs taurine uptake, but no effect of 
amiloride or an intravesicular-to-extravesicular 
proton gradient is found. D-Glucose at high levels 
blocks taurine uptake, possibly by competition for 
a Na + gradient. Some interaction between taurine 
uptake and the weak organic anion transport 
mechanism is indicated by PAH inhibition, albeit 
at very high inhibitor concentrations. Finally, 
taurine uptake is maximal when C1- is the anion 
used and present on the external surface of the 
vesicle, since internal C1- actually lowers taurine 
uptake. 
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