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The uptake of famine by luminal membrane vesicles from pars eonvoluta and pars recta o! rabbit proximal tubule was 
examined. In pars convolnta, the transport of taudne was characterized by two Na+-dependent (Kml = 0.086 raM, 
Kin2 = 5.41 raM) systems, and one Na+-independent (K  a = 2.~ ~'] mM) system, which hi the presence of an inwardly 
dh~ctnd H +-gradient was able to drive the transport of {aurine into these vesicles. By contrast, in luminal membrane 
vesicles from pars recta, the transport of taurine occurred via a dual transport system (Kmt --~ 0.012 mM,  K=z = 5.62 
raM), which was strictly dependent on Na +. At acidic pH with or without a H +-gradient, the Na+-depandant flux off 
{auriae was drastically reduced. In both kind of vesicles, competition experiments only showed inhibition of the 
Na+-dependant high-affinity {amine transporter in the presence of ~'.alanine, whereas there was no significant 
inhibition with a-amino acids, indicating a fl-amino acid specific transport system. Addition of fl-alanine, L-alanine, 
L-proline mul glyeine, hut not L-serine reduced the H +-dependent uptake of famine to approx. 50%. Moreover, only the 
Na+-dependent high-affinity transport systems in both segments specifically required CI- .  Investigation of the 
stnlehlomet~ indicated 1.8 Na + : l e l  - : 1 famine (high affinity), I Na+: I taurine 0ow affinity) and I n +: I taurine in 
pars convolu{a. In pars recta, the data shewed 1.8 N a + : l  C I - : I  {aurine (high afrmity) and 1 N a + : l  {amine (low 
affinity). 

Introduction 

Taurine is the major free intracellular amino acid 
present in most mammalian tissue [1[. Substantial evi- 
dence now indicates that taurine plays an important  
functional role in retinal, in cardiac and skeletal muscles 
as well as serving tasks in endocrine function and in 
neurotransmission [1-3]. Renal responses to changes in 
dietary taurine intake suggest that this amino acid is a 
conserved metabolite and that the kidney plays a con- 
siderable role in whole body taurine homeostasis [4-6]. 
Studies on the mechanism of renal tubular transport of 
taurine showed that almost 90% of the filtered load is 
reabsorbed in the proximal tubule [7], by Na+-depen - 
dent high-affinity transport in the brush-border mem- 
brane [8-10]. However, Na+-depandent uptake of 
taurine by vesicles from pars convohita or whole cortex 
also specifically requires CI -  [11 13] which has been 
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suggested to stimulate taurine flux primarily by facili- 
tating the formation of the translocated solute carrier 
complex whereas the uphill transport of tancine is driven 
mainly by the Na+-gradient, and is sensitive to the 
membrane potential owing to a negatively charged 
empty carrier [14]. However, in contrast to previous 
reports we observed in preliminary experiments that the 
uptake of tanrine in vesicles from pars convohita of 
rabbit proximal tubule was mediated by both a ttigh- 
and low-affinity Na+-dcpendent and an intermediate 
affinity Na÷-indqpendent, but  electrogenic transport 
systems. Concentrated uptake by the Na÷-independent 
system was found to be dependent on a H+-gradient, 
which operates equally well both in the presence and 
absence of Na +. In pars recta, the preliminary experi- 
ments indicated the existence of more than one Na÷-de - 
pendent transport component. Thus, taurine transport 
has not been studied in sufficient detail, also with 
regard to regional differences in the proximal tubule, 
cation and anion dependence, and stoichiomctry, to 
permit conclusions at the present stage. The present 
investigation attempts to fill in this gap by providing 
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transport data from supposedly transport homogeneous 
,~reparations of the kidney. 

Materials and Methods 

Materials 
Tamine. fl-alanine, I.-alanine. L-proline, L-serine and 

glycine, Trisma base, Hepes, and Mes were purchased 
from Sigma Chemical Co., St. Louis, MO, U.S.A. Ra- 
dioactive [l,2-3H]taurine (specific activity 1.30 T B q /  
mmol) was obtained from Amersham International pie. 
(Buckinghamshire, U.K.). These and all other reagents 
were of A.R. grade. 

Preparation and enzymic characterization of renal luminal 
membrane vesicles 

Luminal membrane vesicles were isolated from pars 
convohita (cortex corticis) and from pars recta (outer 
stripe of outer medulla) of the proximal tubule of rabbit 
kidney according to the method already described [15]. 
Briefly, outer cortical tissue was obtained by cutting 
slices < 0.4 mm thick from the surface of the kidney. 
Stdps of outer medulla approx. 1 mm thick (repre- 
senting predominantly pars recta) were dissected from 
outer stripe of outer medulla. We always prepared lumi- 
nal membrane vesicles from outer cortical and outer 
medullary tissue from the same kidneys and the two 
preparations were performed in parallel by use of the 
Ca2+-precipitation procedure previously described by 
Sheikh and Moiler [15]. Usually the vesicles were sus- 
pended in a solution containing 310 mM mannitol and 
15 mM Hepes-Tris buffer (pH 7.5) but in a series of 
experiments designed to test the effect of low pH lumi- 
nal membrane vesicles were prepared and suspended in 
a solution containing 310 mM mannitol and 15 mM 
Mes-Tris buffer (pH 5.5). The purity of the membrane 
vesicle preparation was examined by electron mi- 
croscopy [16] and by measurement of specific activities 
of various enzyme markers as previously described [17]. 
Average enrichment in specific activity (final pel le t /  
liomogenate) of leucine aminopeptidase (a brush-border 
membrane marker) was 13-fold, while that of Na ÷-, 
K+-ATPase (a basolateral marker) and succinate dehy- 
drogenase (a mitochondrial marker) both were < 0.5. 
The amount of protein was determined by the method 
of Lowry et al. [18] as modified by Peterson [19] with 
serum albumin (Sigma Chemical Co., St. Louis, MO, 
U.S.A.) as a standard. All solutions used in this study 
were sterilized before use. No bacterial contamination 
of membrane vesicle preparations was found after in- 
cubating the samples on blood-agar plates and by elec- 
tron microscopy. 

Uplake experiments 
The uptake of taurine by various vesicle preparations 

was studied by Millipore filtration [201. The details of 

the individual experiments are given in the legends to 
the figures. Briefly, the uptake of radioactive taurine 
was studied as follows: 20 /zl of luminal membrane 
vesicle suspension were added at time zero to 100 p,l of 
incubation medium containing radioactively labelled 
ligand and other constituents as required. Transport of 
taarine into vesicles was stopped by addition of 1 ml 
ice-cold stop solution consisting of either 155 mM NaC1 
or 155 mM KCI dissolved in 15 mM Hepes-Tris buffer 
(pH 7.5) or in 15 mM Mes-Tris buffer (pH 5.5), in the 
low pH experiments. The resulting suspension was 
rapidly filtered through a Millipore filter (HAWP 0.45 
/~m) which was washed twice with 2.5 ml of ice-cold 
buffer. The filter was dried overnight and radioactivity 
was counted in a liquid scintillation counter (LKB-Wal- 
lac 1218 RackBeta) after addition of Filter Count TM 

(Packard Instrument International SA. Ziirich, Switzer- 
land). Correction for non-specific binding to the filter 
and membrane vesicles was made by subtracting from 
all uptake data the value of a blank obtained by filter- 
ing denatured membranes (boiled for 2 ntin) added to 
an incubation tube containing radioactive taurine. 

In a series of experiments in which Na + coupling 
ratio with taurine was examined, precautions were taken 
to ensure that any effects due to variations in trans- 
membrane electrical potential were minimized by 
short-circuiting the membrane. In these experiments 100 
mM KSCN was present in both intravesicular and 
extravesicalar media. Besides, valinomyein at a con- 
eentratlon of 12.5 m g / g  protein was added as a stock 
solution of 25 g / l  in ethanol. As shown by Turner and 
Moran [21], the presence of 100 mM KSCN equilibrium 
together with this concentration of valinomyein is suffi- 
cient to short-circuit transmembrane electrical potential 
differences. 

In another series of experiments examining the stoi- 
chiometry of the Na+/taurine ¢otransport mechanism 
for chloride, vesicles were preineubated with valinomy- 
cin (12.5 mg/g  protein) and loaded with K-gluconate in 
order to clamp membrane potentials at potassium diffu- 
sion potential. 

Calculations 
The Michaelis-Menten kinetics of the uptake of vari- 

ous concentrations of taurin¢ were analysed. Theoretical 
saturation curves were fitted to the experimental data 
using a computer-analysed statistical iteration proce- 
dure [22]. 

In order to determine the ion : taurine stoichiometry 
we used the "activation method' [23]. Here, one mea- 
sures the stimulation of substrate (taurine) flux by in- 
creasing concentrations of activator (Na +, H + or CI-) ,  
The data were analyzed by the equation [24]: 

Flux = V~,,IA]"/(K~.5 + [AI ~ ) 



The equation assumes the existence of n essential coop- 
erative site(s) for the activator A per taurine sile. 
According to this equation a plot of flux/[A]" against 
flux for the correction of n will yield a straight line with 
slope I/K(~s. 

Resul t s  

Cation dependence of taurine uptake by h;minal mem- 
brane vesicles from pars convoluta 

By the use of the spectrophotometric method [25] 
and with the experimental protocol recently described 
(for details see Fig. 1 of Ref. 26), we found that the rate 
of uptake of taurine in vesicles from pars convoluta was 
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Fig. t. Catlon-dependent uptake of taunne by himmal memhmne 
vesicles from pars eonvoluta as studied by Millipore filtration. (Panel 
AI 20 pl of vesicle suspension prepared in 310 mM mtmitot, 15 mM 
Hepes-Tris IpH 7.5), were incubated at different time inte~als in 100 
~l of incubation medium c~talning 155 mM NaCI in 15 mM M~Tris 
hufhir (pH 5.5) (Cu~ t(O)l or in IS mM Hepe~Tsis buffer IpH 7.5) 
(cu~e 2 (Q)I. Curve 3 (&l shows the effect of Na *-gradient-dependent 
uptake of taurine at a low pH, but in the absence of a H ~ gradient 
(pHi. = phi ,  = 5.5). In these experiments the vesicles were prepared 
in 310 mM mannitol, 15 mM M~-Tris buffer (pH 5.5), and incubated 
in 155 mM NaCI in 15 mM Mes-Tris buffer (pH 5.5) at di[fe~t time 
intervals. Media contained 0.2 vM [l,2-ZHltaurine and unlabelled 
taurine reaching 12 #M (final concentration). (Panel B) The experi- 
mental conditions were essentially the same as in P~nal A except that 
NaCI is replaced by KCI at pH 5.5 (curve lIZ]0 and 7.5 (curve 2 (ll D 
and all the vesicles were prepared in 310 mM mamfitol. 15 mM 
Hepcs-Tris (pH 7.5). Results are given as mean values±$.D, of five 
experiments. In those cases where vertical bars are absent, standard 
deviations are smaller than the graphical representation of the mean. 
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elcctrogenic and mediated by both Na'-dependent and 
Na -independent systems (not shown). 

Figs. 1A and [B summarize the results of a series of 
experiments in which the effect of various cations on 
the uptake of radioactive taurine was investigated. Fig. 
1 A describes the uptake of taurine by membrane vesicles 
~n d',e presence of a Na+-gradient (curve 2) and a Na ÷ 
plus H* gradient (curve IL Na÷-dependent uptake of 
taurine reaches an equilibrium value after 120 min. A 
maximal accumulation over the equilibrium value was 
observed after 5 min of incubation in the presence of a 
Na +-gradient. Imposition of a H+-gradient (extravesicu- 
lar > intravesieular) in addition m Na ÷ results in an 
increased transient uptake of taurine (compare curve 1 
with curve 2) and maximal accumulation is observed 
already after 1 rain of incubation. Curve 3 shows the 
Na +-gradient-dependent uptake of taudne at lower pH, 
but in the absence of H*-gradient (i.e. pH i = pH 0 = 5.5) 
by luminal membrane vesicles. It is seen that the H +- 
gradient dependent extra uptake of taarine is abolished 
under these experimental conditions. 

The effect of H + and K* gradients on the renal 
uptake of radioactive taurine is shown in Fig. lB. The 
purpose of performing these experiments was to ex- 
amine whether a H + gradient in the absence of Na 
can drive uphill transport of taurine in membrane 
vesicles from this segment of proximal tubule. It is 
interesting to note that inwardly directed H*-gradient 
stimulated the uptake of taurine (curve 1) and maximal 
accumulation of amino acid is observed already after 1 
rain of incubation. By contrast, no transient accumula- 
tion of taurine was observed in the presence of a K +- 
gradient (curve 2), when the extravesieular pH was 
equal to intravesicular pH (i.e. pH = 7.5). 

In preliminary experiments we observed that the 
Na +-dependent uptake of taurine at increasing medium 
concentrations of the amino acid (0.010-10 raM) by 
vesicles from pars convoluta occurred via a dual trans- 
port system. By contrast, the uptake of taurine in the 
presence of a KCI gradient (pHo. t = pHi .  = 7.5) ex- 
hibited simple diffusion properties that were propor- 
tional to medium concentration of taurine under these 
conditions (not shown). We calculated the uptake of 
taurine in the presence of a Na+-gradient alone, but for 
the sake of clear visualization the uptake values ob- 
tained at low medium taurin¢ concentration (0.01-0.20 
raM) are plotted in Fig. 2A, and a relatively high 
medium concentration (0.2-10.0 rnM) is given in Fig. 
2B. The following kinetic parameters were obtained 
from these data: Kmt = 0.086 4- 0.009 raM, Kmx = 5.41 
_+ 0.48 raM, and Vm~ 1 = 0.12 5:0.03 and Vm= 2 = 5.14 _+ 
0.44 nmol/mg protein per 20 s. 

Fig. 2(2 depicts the uptake of taurine at increasing 
medium concentrations ranging from 0.010 to 10 mM in 
the presence of a H+-gradient alone. It is apparent from 
the curve that in the absence of Na  +, the H ÷ gradient 
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Fig. 2, CaliOn-dependent uplake of Iaurinc at increasin~ concentra- 
lions by lumenal membrane vesicles from p3rs convolute. (P~oel A) 
Uptake of increasing concenlra0ons of taurine in the pre~ence of a 
Na+-gradient alone. The results are given as the uptakes measured in 
]55 mM NaCL t5 mM HepeJPrls (pH 7.5l minm the uptakes in 155 
mM KC1, 15 mM Hepes-Tris (pH 7.5). The media contained 1 /aM 
11,2JHltaurine and varlou~ concentrations of unlabelled taurine rang- 
ing from fl.01 to 0.20 mM (final concentration). (Panel B) The 
expefimenlal conditions "~ere essentially the same as in Panel A 
ex~pl thai the media contained 1 #M [t.2-~H]taurine and vafinus 
cnncenlrations of unlahelled taurine ranging from 0.20 to 10.0 mM 
(final concentrallon). (Panel C) Uplake of irtcreaslng concentrations 
of taurine (linal concentration O.0t-10.0 raM) in the presence of a 
H*-gradient alone. The results are given as the uplake~s measured in 
155 mM KCI, 15 mM Me.~-Tris (pH 5.5) minus the uptakes in 155 
mM KCI. 15 mM Hepes-Tfi~ (pH 7.5). In the insel Ihe results are 
shown in an Eadie-Hofstce plot. V represents the rate of Iransport at 
substrate concentralion S. Results are given as mean values ± $.D. of 
five experiments. In those cases where vertical bars are absent, stan- 
dard devialions are smaller than the graphical represenlalion 

of the mean. 

markedly enhanced the uptake of taurine in vesicles 
i'fom pars conwhita. The kinetic parameters calculated 
from these data were as follows: K.~ = 2.87 _+ 0.24 mM 
and V~.~ = 11.54± 1.20 nmol/mg protein per 20 s. 
Inset in the figure shows the Eadie-Hofstee analysis of 
the experimental data and a straight-line relationship is 
obtained for taurine transport, suggesting that the H +- 
gradient dependen~ uptake of the amino acid occurs via 
a single transport system. 

Effect of different neutral amino acids on the uptake of 
taurine by luminal membrane vesicles from pars ¢on~oltaa 

The uptake of radioactive taurine (1 ~tM) in the 
presence of a 129 mM NaC1 gradient (pHin = pilau t = 
7.5) and unlabelled neutral amino acids was measured 
(not shown). The concentration of amino acids tested as 
inhibitor was chosen to correspond to the half-satura- 
tion constant for their renal transport [26,27-30]. It was 
found that only addition of ,8-alanine (2.7 raM) reduced 
the uptake of taurine to 24.2 5: 7.9% of the control value 
(20 s uptake value). L-Alanine (2.1 mM), L-proline (0.57 
mM), giycine (6.7 mM), and L-serine (3.7 raM) did not 
significantly inhibit the influx of taurine (uptake 93.1 5: 
8.2%, 95.1 5: I0.8%, 100.2 + 10.0%, and 86.8 4-10.1%, 
respectively). Furthermore, we investigated the effect of 
above-mentioned amino acids on the H+-gradient de- 
pendent transport of taurine (not shown). Here, NaCl 
was replaced by KCI (PHout=5.5, pr im=7.5) .  The 
presence of ,8-alanine (3.9 raM), t-alanine (4.4 mM), 
L-proline (0.54 mM), or glycine (3.9 mM) decreased the 
uptake of taurine to 43.8 +_ 10.2%, 44.8 5: 9.4%, 55.4 + 
9.5%, 58.0 4-9.9%, respectively. On the other hand, 1.- 
serine (3.7 mM) did not change the uptake (i.e. 96.9 +_ 
6.95). In both kinds of experiments, the gradient driven 
uptake values given have been corrected for a passive 
diffusion component. Results are given as mean values 
_+ S.D. of five experiments. 

Pattern of taurine uptake by luminal membrane vesicles 
from pars recta 

By the use of the spectrophotometric method [25] we 
found that the rate of uptake of taurine in vesicles from 
pars recta was a strictly Na+-dependent and electro- 
genie process (not st,3wn). 

Fig. 3 describes the uptake of radioactive taurine by 
luminal membrane vesicles from pars recta after incuba- 
tion for different lengths of time in the presence of 
various cation gradients. The transient accumulation of 
taurine is only seen in the presence of Na+-gradient 
alone (curve 1). Incubation at lower pH without H +. 
gradient (curve 3) abolished the Na÷-depcndent 'over- 
shoot' of taurine in vesicles from pars recta. We have 
also studied the effect of combined gradient of Na  + 
and H + (pHo~t=5.5, p H i a - 7 . 5  ) on the uptake of 
taurine in vesicles from pars recta. The results of these 
experiments showed that application of H+-gradient 
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Fig. 3. Cation-dependenl uptake of laurine by luminal membrane 
vesicles from pars recta as studied by Milfipore filtration. 20 p,f of 
vesicle suspension prepared in 310 mM mannitol. 15 mM Hepes-Tri~ 
{pH 7.5), were incubated at different time intervals in I00 /~1 of 
incubation mixture consisting of 155 mM NaCI in 15 mM Hepe~Trls 
buffer (pH 7.5) (Cu~e I 10)), of 155 mM KCI in 15 mM Hepes-Tds 
buffer (pH 7.5} (Curve 2 (11)), or of 155 mM KCI in ~5 mM Mes-Tris 
(pH 5.5) (Cmwe 4 (O)). Curve 3 to t  shows the effect of Na+-gradiem 
dependent uptake of taurine at a low pH but in the absence of a H ~ 
gradient (pHin = pHoo t - 5.5). In these experiments the vesicles were 
prepared in 310 mM mannitok 15 rnM Mes-Tris buffer (pH 5.5), and 
incubated in t5S mM NaCI in 15 mM Me~Tris (pH 5.5). Media 
contained g.2 pM [1,2-JHitaurine and unlabelled taurine reaching 75 
pM (final concentrations). Results are given as mean values+ S,D. of 
five experiments, In thor.e c a ~  where vcrti~l bats are absent, stan- 
dard deviations are smaller than the graphical representation 

of the mean. 

dras t ica l ly  reduced  the  renal  a c c u m u l a t i o n  of  t au r ine  
( n o t  shown) .  

I n  a series o f  e x p e r i m e n t s  we  f o u n d  t h a t  the  N a + - d e  - 
p e n d e n t  up t ake  of  radioact ive  t aur ine  at  inc reas ing  
m e d i u m  c o n c e n t r a t i o n s  of  the  a m i n o  ac id  ( 0 . 0 1 - 1 0  m M )  
by  vesicles f r o m  p a r s  rec ta  was charac te r ized  by  two  
t r a n s p o r t  sys tems ( n o t  shown) .  T h e  u p t a k e  of  t aur ine  in  
t he  presence  o f  a KC1 g r a d i e n t  (pHia  ~ pHo~ t -  7.5) 
s h o w e d  s imple  d i f fus ion  proper t ies .  T h e  N a + - g r a d i e n t  
d r iven  up t ake  values of  t au r ine ,  cor rec ted  for the  passiv 
d i f fus ion  c o m p o n e n t ,  resul ted  in  the  fo l lowing  kinet ic  
pa r ame te r s :  Km] = 0.012 _+ 0.005 m M ,  Kin2 = 5.62 + 
0.55 r a M ,  a n d  V.n~t = 0 . 2 8 + 0 . 0 3  a n d  Vmaxz=4.15_+ 
0.38 n m o l / m g  p ro t e in  p e r  20 s. 

Effect  o f  different neutral  amino  acids on the uptake  o f  
taurine in vesicles f rom pars  recta 

T h e  effect  of  va r ious  neu t ra l  a m i n o  ac ids  o n  the  
N a + - d e p e n d e n t  up t ake  o f  t au r ine  in  l umina l  m e m b r a n e  
vesicles f r o m  par s  rec ta  was  s tud ied  ( n o t  shown) .  T h e  
e x p e r i m e n t a l  cond i t ions  were  the  s a m e  as  in  p a r s  con-  
voluta .  O n l y  f l - a lan ine  (0.16 r a M )  reduced  the  up t ake  of  
t au r i ne  c o m p a r e d  to  the  up t ake  in the  absence  of  test  
c o m p o u n d  (25.0 + 10.5%). N o  effect  was  observed  w i t h  
L-a lan ine  (0.24 m M ) ,  L-prol ine  (0.16 r aM) ,  glycine (0.34 
r a M )  o r  t - s e r i n e  (0.37 r a M )  (i.e. up t ake  90.1 + 11.2%, 
89.5 + 9.9%, 94.2 _+ 11.7%, a n d  99.7 + 7.2%, respec-  
tively. 
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A nion d~pendence o f  routine uptake  t)y luminal  membrane  
ve~icle~ f rom par t  convoluta 

The  use of d i f fe ren t  a n i o n s  results  in a var ia t ion  of  
the m e m b r a n e  potent ia l .  U p t a k e  in the  presence  of  the  
relatively i m p e r m e a b l e  an ion ,  g iucona te ,  would  be  ex- 
pec ted  to  be  m a r k e d l y  reduced  as c o m p a r e d  to the  
up take  in the  presence  of  a C1 -g rad i en t  since the  
m e m b r a n e  po ten t ia l  is less nega t ive  a n d  the  t r a n s p o r t  of  
t aur ine  is an  e lect rogenic  process.  U s i n g  N O 3 ,  w h i c h  is 
a m o r e  p e r m e a b l e  an ion ,  one  wou ld  expec t  a n  increased  
up t ake  of t aur ine  because  intravesicular ly i t  is m o r e  
negat ively charged .  T h i s  is also the  case if  one  examines  
the  N a + -dependen t  tow-af f in i ty  a n d  the  H + - d e p e n d e n t  
t r anspo r t  systems wh ich  c o n f i r m  the  e lec t rogenic i ty  of  
these c o m p o n e n t s  (Tab le  1). However ,  the  up t ake  of  
t au r ine  a t  I /zM is r educed  aga in ,  i n d i c a t i n g  the  pres-  
ence  of  a h igh-a f f in i ty  t au r ine  t r anspo r t  sys tem depen -  
d e n t  o n  b o t h  N a  + a n d  C I -  ions.  T h e  s a m e  sys tem was 
f o u n d  to be  s t imula t ed  by p o t a s s i u m  di f fus ion  po t en t i a l  
caused by the  presence  o f  va l inomyc in  ( n o t  shown) .  

Stoiehiometry o f  Na +. H + and  CI - dependent  taurine 
transport in vestcles f rom pars  convoluta 

Fig.  4A shows  the  results  o f  a representa t ive  exper i -  
m e n t  w h e r e  the  ini t ial  f lux of  1 I.IM tau r ine  was  mea-  
sured  as a func t ion  o f  N a  + c o n c e n t r a t i o n  over  the  r a n g e  
0 to  200 raM.  T h e  s igmoida l  shape  of  the  p lo t  o f  t au r ine  
up t ake  vs. s o d i u m  c o n c e n t r a t i o n  sugges ts  t h a i  m o r e  
t h a n  o n e  N a  + is associa ted w i t h  the  t r a n s p o r t  process.  
Fig. 4B shows  two  plots  for  the  d a t a  o f  Fig.  4A assum-  
ing  n values of 1 a n d  2 (see calculat ions) .  T h e  inse t  in 
Fig,  4B  shows  a series o f  p lo ts  w i t h  values of  n r a n g i n g  
f r o m  1.5 to  1.9. A value  o f  n o f  1.8 p rov ided  the  bes t  fit 

TABLE [ 

Effec~ of anions on the uptoke of f~Jne  in luminal membrane i.esic/es 
fr~s pars convoluta 

V~icle~ were prepared in a solution containing 310 mM manndol and 
15 mM Hepes-Tris (pH 7.5). Measuring the Na ÷-d¢pendem uplake of 
routine, the incubation media contained 15 mM Hepes-Tds (pH 7.5), 
155 mM of one of the ~ ions  listed below, as Na + salt. 1 rtM 
[t.2-3Hllaudne and unlabellcd taurin¢ reaching the final concentra- 
tion as shown in the lable. Me,using the H+-dependent uptake of 
taurine, the experimental conditions were essentially the same as 
mentioned above except that Na + is replaced by K + and the incuba- 
tion media contained 15 mM Mes-Tris (pH 5.5). Solute uptakes at 20 
s were normalized to uptake obzerved in the presence of NaCI or KCI, 
respectively. Results al~ given as mean values±S.D, of five experi- 
ments. 

Anion Solute uptake relative In that in CI - medium 

Na %dependent uptake H +-dcpendc'at uptake 

l ~M tandnc 3 znM tautinc l p~M tauline 

CI - 1.13(I 1.130 1.00 

NO 3 0,69±0.05 1.26~0.11 L44±0.13 
Ghiconate 0.28 ± B.fi5 0.fi5 ± 0.06 0.13±0.04 
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Fig. 4. Effect or Na + concentration on the uptake of tontine by luminal membrane vesicles from pars convoluta. Vesicles were preincubated in 15 
mM Hepes-Tris buff~ (pH 7.5L containing 100 mM K$CN, 700 mM mam~itol and valinomycin at a concentration of 12.5 mg/g  protein. The 
incubation media contained 15 mM Hepes-Trls, 100 mM KSCN, 300 mM ma~'mitol ~ d  various concentrations of NaCl ranging from 0 to 200 mM 
(final ~n~ntratthn). Choline replaced sodium isosmolically to obtain the various sodium concentrations studied, The composition of the stop 
buffer was 15 mM Hcp~-Tris (pH 7.5), 4OO mM mannitoI and 300 mM NaCI. The uptake was studied at two different concentrations of taurlr~. 
Aft uptake values were c o ~ t e d  for uptake in the absence of a Na ÷ gradient. (Panel A) Plot of flux versus Na ÷ concentration for l #M 
ll,2-3H]taurine. (Panel B) Plots of flux/INa + ] # versus flux for n = 1 (It,) and n = 2 (o) for the high-affinity system (t v,M). The inset shows a 
series of plots of Ilux/[Na + ]# against flux for different values of n ranging from 1.5 In 1.9. The units of [Na + ] are M. (Panel C) Plot of flux versus 
Na ÷ concentration for 1 gM [1,2-3H]taufine and unlobell~l laurlne reaching a final concentration at 3 raM. The curve shows the diflorcnc¢ 
between flmx at 3 mM and 1 pM. (pa:lel D) Plots of flux/[Na + ]" versus flux for ~t = 1 (@) and n ~ 2 (0) fur the low-affinity system (3 mM minus 
1 .~M). (Panel E) Double-logarit hmic (Hill-type) plot. F is the uptake at a given Na + concentration and F~ is the maximal uptake at the saturating 
Na ) concentraliOn (the intercept of the regression llne with the abscissa in Panel D). The results shown are from a representative 

experiment ( n 4). 

to these  da ta ,  sugges t ing  t h a t  approx ,  two N a  + ions  are 

involved in t he  t r ans loca t ion  o f  t au r i ne  in  vesicles f r o m  

pars  convolu ta .  

I n  o rde r  to  s t u d y  the  c o u p l i n g  ra t io  o f  N a  + to  b o t h  

t he  h i g h . a f f i n i t y  a n d  low-af f in i ty  t r anspor t e r s  we mea-  

sured  the  initial  f lux o f  1 # M  a n d  3 m M  taur ine .  I t  
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Fig, 5. Effect o[ H + gradient (cxtravesicular > intravesicular) on the 
uptake of taurine by luminal membrane vesicles from pars convoluta. 
The vesicles were preincubated wilh 155 mM KCI in 15 mM Hep~- 
Tris (pH 7.5). The incubation media contained 0.g FM [1.2 ~Hltaurine 
and 155 mM KCI in various Hepes-Tris or Mes-Tris buffer solutions 
with pH ranging flx~m 7,5 to 5.0. The quantities plotted in the figure 
are the tl + gradient dependent component of flux. i.e. all uptake 
valu~ were correcled [or the uplak¢ in the ab~nce of a H + gradient 
(pH.~ = pHi. = 7.5). Plols of flux/[H ~ ] vs. flux for n = I (ll). n = 2 
(O) are shown. The results shown arc from a representative experi- 

men I ( n = 4), 
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(Fig.  4C).  The  cor rec ted  flux values show a Michael is -  
M e n t e n  type dependence  o n  N a  ~ concen t r a t ion .  Fig. 
4 D  indicates  tha t  an  n value  of I provides  the  best  fit 
to these data .  T h e  expe r imen ta l  d a t a  are  reana lyzed  in 
Fig. 4E  o n  a log- log (Hi l l - type)  plot .  T h e  numer ica l  
value of  the s lope of  the  least-squares  fit to  these po in t s  
w h i c h  gives the  N a + / t a u r i n e  s to ich iomet ry  is 0.98 + 
0.06, aga in  ind ica t ing  a 1 : 1 in terac t ion .  

The  s to ich iomet ry  of  the  H ~ / t a u r i n e  co t r anspo r t  
system was also invest igated (Fig.  5). T h e  init ial  f lux of 
t aur ine  was measu red  in the  presence  of  d i f fe ren t  mag-  

25F 
: i / a ,  

r: / 

5 , s ~  o / ®  

E 

i / O /  

appea r s  f r o m  the F igu re  tha t  the  a p p a r e n t  K m for  the  
overal l  t r anspo r t  of  t au r ine  w i t h  respect to  N a  + de- 
p e n d s  o n  the  t aur ine  concen t r a t ion .  The  ini t ial  f lux 2s r 

m e a s u r e m e n t s  o f  radioact ive  t au r ine  carr ied ou t  at  1 J / 
/ t M  c o n c e n t r a t i o n  in the  m e d i u m  represent  the  t rans-  20~ 

p o r t  o f  this  a m i n o  acid med ia t ed  p r e d o m i n a n t l y  by a o1| 
h igh-a f f in i ty  sys tem,  whereas  the  inf lux  values o b t a i n e d  
a t  3 m M  tau r ine  c o n c e n t r a t i o n  m a y  represen t  b o l h  the  5 

h igh-a f f in i ty  a n d  low-af f in i ty  t r anspo r t  of  this c o m -  
p o u n d .  A n  a t t e m p t  is m a d e  to  assess the  tow aff ini ty  
c o m p o n e n t  of  t au r ine  by  sub t r ac t i ng  the  act ivi ty  o f  the  o,. 

high-a f f in i ty  c o m p o n e n t  f r o m  the  total  N a + - d e p e n d e n t  • s ck °  
t r a n s p o r t  act ivi ty at  d i f fe ren t  concen t r a t i ons  o f  N a  + ~ .o . .  ° 

0 ~ ' ° - - o  
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FLUX (pmotlm,npermgprote,nl Fig. 6. Effect or o -  concentration on the uptake of tuurlne by 

luminal membrah? vesicles rrom pats convoluta. Vesicles were prein- 
cubated in 20 mM Hepcs-Tris buffer (pH 7.5). ~ntaiain a 180 mM 

K-gl . . . . . . . . . . . . . . .  stop was g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Hepes-Tris (pl-I 7.5). o~4 111 C 

lion of 12.5 mg/g  protein. The incubation media contained 50 mM 
Na-gluconate, 1 /xM l],2-~Hllaurine and various concentrations of x ~ o  
N-metyl-1)-glucamine chloride ranging from 0 to 200 mM (final con- 10 
centration). Sulphate replaced chloride isosmotically to oblaln the I ~  
various chloride concentralions studied. Uptake measured in the ~ 05 "n,@\ 
ab~nc¢ of chloride was subtracted from all points. The compc~sition 
of the huffer 20 mM 200 mM mannitol ~1 ~'o 
and 3(KI mM NaCI. (Panel A) Plot of flux versus CI- concentration, \ •  
(Panel B) Plots of flux/[Cl-]" versus flux for n = l  (O) and n = 2  

" D  

(o). The units of ICI - ] are M. (Panel C) Double-logalithmic (Hill- 
type) plot. F is the uptake at a g i ~  chloride concentration and F~ -o 
is the maximal uptake at a saturating chloride concentration (the 
intercept of the regression line with the abscissa in Panel B). The 0.5 10 15 20 25 

results shown arc from a representative ¢~tperiment (n = 4), log [ic~-I(mt4)) 

500 

000 d~ 
O 

~00 



196 

nitudes of the H +-gradient (exlravesieular > intravesie- 
ular). It is seen that assuming n ~ ] a straight line 
relationship between flux/[H~] ~ against flux is ob- 
tained, suggesting that one H ÷ ion may be involved in 
the translocation of taurine in these vesicle prepara- 
tions. 

The stoichiometry of the Na+/taurine cotransport 
mechanism for chloride was determined (Fig. 6). The 
CI -dependent taurine transport shows a Michaelis- 
Menten type dependence, indicating a 1 CI : l taurine 
stoichiometry (see Figs. 6A and 6B). Fig. 6C shows a 
log-log (Hill-type) plot. The numerical value of the 
slope of the least squares fit to these points which gives 
the Cl- / taur ine stoichiometry is 0.99 _+ 0.01, again indi- 
cating a 1 : 1 interaction. 

A nion dependence o f  taurine uptake b)' luminal membrane 
vesicles f rom pars reela 

Table II shows the effect of various sodium salts on 
the uptake of taurine at a concentration of 1 ,aM and 1 
raM. The results show, as also seen in pars eonvoluta, 
the presence of a high-affinlty taurine transport system 
dependent on both N a '  and CI (and stimulated by 
potassium diffusion potential caused by addition of 
valinomycin, not shown), whereas the low-affinity 
Na+-dependcnt taurine uptake is not affected by CI . 

Stoichiometry of  ?Ca ÷ and CI -dependent taurine trans- 
port bl vesicles f rom pars recta 

Initial flux rates of 1 #M and 1 mM taurine were 
measured as a function of sodium concentration. Fur- 
thermore, the stoichiometty of the Na+/ taur ine  
cotraasport mechanism for chloride was investigated. 
Similar types of curves were obtained with the pars 
recta as those with the pars convohita presented in Figs. 
4 and 6, indicating the following coupling ratio: 1.8 
N a + : l  CI : l  taurine (high affinity) and 1 N a + : l  
taurine (low affinity) (not shown). 

TABLE II 

Effect of anions on the sodium~radient dependent uptake o 1 ta~ine in 
tuminal membrane uesiclex from pars recta 

Vesicles were prepared in a solution containing 310 mM mannitol and 
15 mM Hepe~Tfis (pH 7.5). The incubation media contained 15 mM 
Hcpe~Tris tpH 7.5), 155 mM of one of the anions listed below, as 
Na ~ salt, I ~M [I,2-JH]taufine and unlahelled taurine reaching the 
final concentration as shown in the table. Solute uptakes at 20 s were 
normalized to uptake obse~ed in the presence of NaCI. Results are 
given as mean value± S.D. or five experimenls. 

Anion Solute uptake relative to that in CI - medium 

t gM taufine i mM taufine 

Cl 1.09 1.00 
NOn- 0.48+0.09 1.36_+0.17 
Gluconate 0.102.0.04 0.52_+0.08 

Discussion 

in this communication, we demonstrate the presence 
of multiple transport systems for the uptake of taurine 
in highly purified membrane vesicles from pars con- 
vohita and pars recta. In contrast to previous reports 
[5,8 13], the uptake of taurine in vesicles from pars 
convohita was found to be mediated by two Na+-de- 
pendent and one Na+-independent, but electrogenic 
processes. The Na+-dependent transport of taurine oc- 
curred via a dual transport system, namely a high-affin- 
ity (half-saturation 0.086 mM) and a low-affinity system 
(half-saturation 5.41 raM). The K m value for the high- 
affinity system found in our vesicle preparations is in 
good agreement with the K m values (0.023-0.042 raM) 
found in rat renal cortex brush-border membrane 
vesicles by various investigators [5,10,12,13]. However, 
it should be noted that these measurements were per- 
formed on vesicles prepared from whole cortex. Fur- 
thermore, we have demonstrated that an inwardly di- 
rected H~-gradient enhance both the Na+-dependent 
and Na*-independent components of taurine transport. 
The Na+-dependent initial and maximal uptake was 
increased in the presence of a H+-gradient. in the 
absence of Na ÷, H÷-gradient was able to drive uphill 
transport in membrane vesicles from pars convohita 
(curve 1 of Fig. 1B). These findings strongly indicate the 
presence of a novel H÷-dependent transport system. 
Evidence for a similar proton gradient<lependent trans- 
port component has recently been reported for the 
uptake of L-proline [28], L- and o.alanine [26~31]. B- 
alanine [29] and glyeine [27] in luminal membrane 
vesicles from pars convohita of rabbit proximal tubule. 

In contrast to the above-mentioned findings, the 
uptake of taurine in vesicles from pars recta was strictly 
dependent on Na ÷ and mediated by a high-affinity 
(half-saturation 0.012 raM) and a low-affinlty (half- 
saturation 5.62 mM) transport system. Therefore, it is 
interesting to note that the substrate specificity at low 
concentrations of taurine is different from that of pars 
eonvo]ula. Since the plasma concentration of taurine is 
normally 50 bcM, it is reasonable to assume that the 
filtered taurine is predominantly reabsorbed by the 
high-affinity transport system in both segments of the 
proximal tubule. Lowering pH without a H+-gradient 
completely abolished the Na+-dependent transient ac- 
cumulation of taurine and superposition of a H +-gradi- 
ent (extravesicular > intravesieular) drastically reduced 
the uptake of taurine in vesicles from pars recta. This 
phenomenon has also been reported for B-alanine [29] 
from this laboratory, and we have proposed that the 
reduction of the transport activity at pH 5.5 is based on 
changes in the protonation state of some critical amino 
acid residues involved in the translocation of/~-amino 
acids, incidentally, these results exclude any major con- 
tamination of pars recta with membrane fragments from 



pars convolma. Also, these findings emphasize the im- 
portance of the use of highly purified luminal mem- 
brane vesicles from the two anatomically distinct seg- 
ments of proximal tubule in studying the mechanism of 
various solute transpot ts along the nephron. 

In order to characterize further the taurine transport 
systems, we studied the effect of different amino acids 
on the uptake of taurine in vesicles from pars convoluta 
and pars recta of rabbit proximal tubule. In pars con- 
vohita, competition experiments showed only inhibition 
of the uptake of taurine by the Na+-gradient dependent 
high-affinity transport system in the presence of ,8- 
alanine, whereas there was no appreciable inhibition 
with a-amino-acids (L-alanine, L-proline. glycine and 
L-serine). These observations suggest, as previously 
demonstrated in vivo and in vitro studies [5,8-13,32-341. 
the existence of a Na +-dependent fl-amino-acid-specific 
transport system. By contrast, we found that the H*- 
gradient dependent uptake of taurine was reduced to 
approx. 5070 in the presence of fl-alanine, t-alanine, 
L-proline and glycine. There was no effect of t-serine. 
Accordingly, we nave previously shown that the uptake 
of t-serine in vesicles from pars convoluta and pars 
recta was strictly Na+-dependent [30]. In vesicles from 
pars recta, the uptake of taurine by the Na %depeodent 
high-affinity transport system was drastically reduced 
by /i'-alanine, while addition of L-alaniue, L-proline, 
glycine and L-serine had no significant effect. As in pars 
convoluta, the competition experiments indicate the ex- 
istence of a Na+-dependent B-amino-acid-specific 
transport system in vesicles from pars recta. 

It has previously been reported that the Na+-depen- 
dent uptake of //-amino acids by renal brush-border 
membrane vesicles from rat, rabbit and dog [11-141 
specifically required CI . Therefore, we have investi- 
gated the anion dependence of taurine uptake in both 
segments of the proximal tubule. We found that only 
the Na+-dependent high-affinity transport system was 
stimulated by C1 , whereas there was no effect on the 
low-affinity transporter both in pars convohita and pars 
recta. Nor was there any effect of C1- on the H+-de- 
pendent transport of taurine in pars convohita. At- 
tempts to calculate the stoiehiometry of the N a ~ / C I - /  
taurine. Na+/taurine and H~/ taur ine  transporters 
located in pars convoluta and pars recta by using the 
'activation method' showed 1.8 Na + : 1 CI- : 1 taurine 
(Na+-dependent. high affinity). 1 N a + : l  taurine 
(Na+.dependent. low affinity) and 1 H + : 1 taurine. The 
2 Na + : 1 CI : 1 taurine cotransport mechanism is in 
good agreement with earlier studies in renal brush- 
border membrane vesicles from rabbit [14] and dog [11] 
outer cortex or from whole cortex of rat [12,13]. It is 
known [23] that the 'activation method" does not dis- 
tinguish whether the stimulation produced by these ions 
is a result of eotransport with taurine (energetic cou- 
pling) or interaction with the carrier in some other way 
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which leads to an enhancement of the uptake of taurine 
(catalytic coupling). However. Wolff and Kinne [14] 
have demonstrated in rabbit renal outer cortical brush- 
border rvcmbrane vesicles that taurine translocation is 
energetically activated by CI : i.e. that CI- is cotrans- 
ported, even (hough a Cl--gradiem alone was unable to 
produce an overshoot. Furthermore. we found that both 
the Na P-dependent and Na+-independent transport of 
taurine in various preparatiens is an electrogenic pro- 
cess (taurine ~s predominantly a zwitterion at pH 7.5). 
Consequently, it is reasonable to conclude that one 
H + and approx, two Na ~, one Cl or one Na +, respec- 
tively, are cotransported with taurine in the proximal 
tubule of rabbit kidney with transfer of a net positive 
charge. 
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