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Summary. Ion dependence and electrogenicity of taurine uptake
were studied in rabbit renal outer cortical brush-border mem-

" brane vesicles isolated by differential precipitation. Na*-p-glu-
cose cotransport was followed in parallel to monitor changes in
the membrane potential. Concentrative taurine flux was depen-
dent on a chemical and/or an electrical Na* gradient (K* diffu-
sion potential) and could be completely inhibited by other -
amino acids. It displayed a specific anion requirement (Cl- =
Br~ » SCN~ > I~ > NOj). At chemical Na* equilibrium, Cl-
gradients, depending on their orientation, stimulated or inhibited
taurine uptake more than could be attributed solely to electrical
anion effects, although a C1- gradient alone could not energize an
overshoot. Furthermore, taurine tracer exchange was signifi-
cantly stimulated by Cl~ as well as Br~. The CI- stoichiometry
was found to be one, whereas taurine transport, in the presence
of Cl-, was sigmoidally related to the Na* concentration, result-
ing in a coupling ratio of 2 to 3 Na* : 1 taurine. Upon CI- replace-
ment with gluconate, taurine uptake showed a reduced potential
sensitivity and was no longer detectably affected by the Na*
concentration (up to 150 mm). These results suggest a 2 to 3
Na*:1 CI~:1 taurine cotransport mechanism driven mainly by
the Na* gradient, which is sensitive to the membrane potential
due to a negatively charged empty carrier. Cl- appears to stimu-
late taurine flux primarily by facilitating the formation of the
translocated solute-carrier complex.
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Introduction

Taurine (Tau), the naturally occurring sulfonic acid
analog of B-alanine, is found in a variety of mamma-
lian cells in relatively high concentrations and is
known to be synthesized primarily in brain, heart,
liver, and kidney (Jacobsen & Smith, 1968). Despite
its wide distribution, the function of taurine in ter-
restrial animals is still unclear, except for its impor-
tance in bile acid secretion by the liver, and neuro-
transmission in the mammalian central nervous
system (Curtis & Johnston, 1974). A role in cell

volume regulation, known to be a major function of
taurine in many marine vertebrate and invertebrate
species (Gilles, 1974; King & Goldstein, 1983), has
so far only been suggested for Ehrlich ascites tumor
cells (Hoffmann & Hendril, 1976). In contrast, the
renal handling of taurine has been relatively well
investigated. Almost 90% of the filtered load are
normally reabsorbed in the proximal tubule (Eisen-
bach, Weise & Stolte, 1975) via a B-amino acid-
specific Na'-cotransport mechanism in the brush-
border membrane (Goldman & Scriver, 1967;
Hammerman & Sacktor, 1978; Rozen, Tenenhouse
& Scriver, 1979; Chesney, Gusowski & Friedman,
1983). Na*-dependent taurine uptake by rat renal
brush-border membrane vesicles (BBMV), as well
as B-alanine translocation in BBMYV isolated from
dog kidney, have been found also to specifically
require ClI- (Chesney et al., 1985; Turner, 1986).
Such a Cl- dependence is characteristic of many
Na*-coupled transport systems for amino acids
(Kanner, 1978; Ellory, Jones & Young, 1981;
Mayor et al., 1981; Corcelli & Storelli, 1983; Cor-
celli, Scalera & Storelli, 1985) and for structurally
related substances, such as noradrenalin (Sanchez-
Armass & Orrego, 1977) and serotonin (Nelson &
Rudnick, 1982), in various tissues. The mode of Cl-
action in renal and intestinal amino-acid reabsorp-
tion is, however, still not well understood. Chesney
et al. (1985) observed an inhibitory effect of intrave-
sicular Cl~ on taurine uptake by rat renal BBMV,
and therefore suggested that the anion acts on the
external side of the membrane, probably by induc-
ing a conformational change of the carrier. On the
other hand, Turner (1986) recently reported that in
brush-border vesicles from dog proximal tubule,
concentrative B-alanine translocation can be driven
by a CI~ gradient alone, indicating Cl~ cotransport.
The purpose of the present study on BBMV isolated
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from rabbit kidney cortex by differential precipita-
tion was to further elucidate the role of Cl~ in renal
B-amino acid transport. In particular, the question
of energetic (flux coupling) versus solely catalytic
activation by the anion was investigated. The
results presented below suggest that chloride is ac-
tually translocated across the membrane together
with taurine and 2 to 3 sodium ions, and that the
process is electrogenic, i.e. stimulated by a negative
potential on the trans side of the membrane.

Materials and Methods

BRUSH-BORDER MEMBRANE PREPARATION

Renal brush-border vesicles were isolated by a modified magne-
sium precipitation method originally described by Booth and
Kenny (1974). Adult male New Zealand White rabbits, weighing
2.5 to 3.0 kg, were killed by a blow to the head and exsangui-
nated; the kidneys were rapidly excised and placed in ice-cold
ST-buffer (250 mm sucrose, 10 mm triethanolamine-H,SO,, pH
7.4). The superficial cortical tissue was carefully dissected and
frozen at —70°C for at least 24 hr prior to preparing the mem-
branes. For each preparation, 30 g of the cortical tissue were
quickly thawed at 37°C in homogenization buffer (10 mm manni-
tol, 2 mm Tris-HCI, pH 7.1), minced with scissors and homoge-
nized for 30 sec at full speed in a precooled Waring blender.
Three Mg?* precipitation steps followed. The final brush-border
membrane pellet was resuspended in vesicle buffer (200 mm
mannitol, 20 mM HEPES-Tris, pH 7.4) by gentle suction first
through a 23-gauge, then through a 26-gauge syringe needle. The
protein concentration was adjusted to 10 mg/ml. All procedures
were carried out at 0 to 4°C. The membranes were stored at
—70°C until use.

UPTAKE MEASUREMENTS

Uptake of *H-taurine or *H-D-glucose, was followed at 25°C us-
ing a rapid filtration technique (Hopfer et al., 1973). The reaction
was initiated by adding 20 ul of the vesicle suspension to 130 ul
incubation medium, containing 0.01 mM taurine and 6.8 «Ci *H-
taurine, or 0.1 mM D-glucose and 6.2 uCi *H-p-glucose. The
detailed composition of the incubation media is given in the Fig-
ure and Table legends. At the time points indicated, uptake was
terminated by diluting 20 ul of the reaction mixture into 1 ml of
ice-cold stop solution (for taurine transport studies: 200 mM man-
nitol, 300 mm NaCl, and 20 mm HEPES-Tris, pH 7.4; for glucose
uptake: 100 mM mannitol, 150 mM NaCl, 20 mM HEPES-Tris,
pH 7.4, and 0.5 mM phlorizin). The vesicles were separated from
the medium by filtration onto a Millipore filter (HA 0.45 wm), and
washed once with 3 ml of stop solation. The filters with the
retained membranes were dissolved in HP/b Ready Solv (Beck-
mann Instruments, Muenchen, FRG) and assayed for radioactiv-
ity by liguid scintillation counting. All uptake experiments were
carried out in duplicate. In order to avoid bacterial contamina-
tion, incubation solutions and vesicle buffer were filtered prior to
use (Millex-GS, 0.22 um). The 15-sec time point was found to lie
well within the linear phase of taurine uptake and was, therefore,
considered to represent initial uptake.

N.A. Wolff and R. Kinne: Taurine Transport in Rabbit Kidney

DETERMINATION OF PROTEIN CONTENT
AND ENZYME ACTIVITIES

The brush-border vesicles, as well as the cortex homogenate and
the pooled discarded pellets and supernatants, were routinely
assayed for leucine aminopeptidase (LAP; EC 3.4.11.1) as
marker enzyme for brush-border membranes and Na*, K*-
ATPase (EC 3.6.1.3) for basolateral membranes immediately af-
ter the preparation. LAP activity was determined in a 100 mm
mannitol-20 mM HEPES-Tris buffer, pH 7.4, with 1.0 mm
leucine-p-nitroanilide as substrate (37°C, 380 nm). The specific
activity of the vesicle preparation averaged 70.3 % 17.2 pmol
substrate hydrolyzed/mg protein - hr (mean * sp, n = 21) and
was enriched 11.6-fold compared to the cortex homogenate.
Na*, K*-ATPase activity was assayed according to the method
of Kinne, Schmitz and Kinne-Saffran (1971) and averaged 3.4 +
1.1 pmol substrate hydrolyzed/mg protein - hr (n = 17). The
mean ratio of brush-border membrane/homogenate activity was
0.43, indicating little basolateral contamination of the vesicle
suspension. Total recovery of enzyme activity was 100.0 = 7.4%
and 78.8 = 7.1% (means * sp, n = 16) for LAP and Na*, K*-
ATPase, respectively. Proteins were measured after precipita-
tion with cold 10% trichloroacetic acid essentially as described
by Lowry et al. (1951), using bovine serum albumin as a stan-
dard.

STATISTICAL ANALYSIS

Data are expressed as the means * standard deviation (X * spD)
of the number of experiments indicated by », representing an
equal number of different membrane preparations. Significant
differences in uptake between two means as calculated using the
Student’s i-test for group data are indicated by P values.

CHEMICALS

[2-*H(N)]-Taurine (17.6 Ci/mmol) and [6-*H(N)}-p-glucose (33.1
Ci/mmol) were purchased from New England Nuclear (Dreieich,
FRG), All other chemicals were obtained in the highest purity
grade.

Results

GENERAL CHARACTERISTICS OF TAURINE UPTAKE

Previous studies on rabbit, rat, and dog renal brush-
border membrane vesicles have shown that the
common transport mechanism for taurine and other
B-amino acids is energized by the Na' gradient
(Hammerman & Sacktor, 1978; Rozen et al., 1979;
Rozen & Scriver, 1982; Turner, 1986), but also spe-
cifically requires the presence of chloride (Chesney
et al., 1985; Turner, 1986). The vesicle preparation
used in the present study was first tested for these
properties in order to confirm its suitability for in-
vestigating the energetics and coupling to inorganic
ion fluxes of taurine transport across the renal
brush-border membrane. At an initial 100 mm NaCl
gradient, taurine uptake at 12.6 uM taurine dis-
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played an ‘overshoot’ of 2 to 3 times the equilibrium
concentration after approximately 3 min of incuba-
tion. Replacement of Na* with K* resulted in an
80% decrease of the initial uptake rate and com-
pletely prevented intravesicular taurine accumula-
tion. Under salt equilibrium conditions (NaCl or
KC)) again no overshoot was observed, but uptake
was significantly stimulated by Na* over K*, which
is also consistent with a Nat-cotransport mecha-
nism.

The Na*-dependent component of 3H-taurine
flux could be completely inhibited by 5 mm nonla-
beled taurine (‘tracer replacement’), B-alanine or
hypotaurine, not, however, by the a-amino acid
glycine, whereas uptake in KCl-media was unaf-
fected by any of the amino acids tested.

Cl- replacement under conditions of a Na*-salt
gradient (Table 1) revealed a specific anion require-
ment for taurine transport with a similar efficiency
pattern (ClI- = Br~ > SCN~ > I~ > NOj) as that
recently reported for B-alanine uptake into dog re-
nal outer cortical BBMV (Turner, 1986). Except for
Br—, all ions other than Cl- resulted in a strongly
decreased initial uptake rate and lowered or entirely
prevented the overshoot. These effects could not be
due solely to different anion diffusion potentials,
since the sequence does not correspond to the pas-
sive ion permeability of the membrane as reflected
by changes in D-glucose transport—known to be
Cl~ independent (Ullrich, 1979)—under identical
conditions (Table 1).

TAURINE TRANSPORT ELECTROGENICITY AT
DIFFERENT IoNIC CONDITIONS

In contrast to Turner (1986), the membrane poten-
tial in rabbit renal BBMV could, under certain con-
ditions, neither be satisfactorily clamped to a K*
diffusion potential generated by an initial chemical
K* gradient (150 mm inside/20 mM outside) in the
presence of 12 ug valinomycin/mg protein, nor
completely short-circuited by a 150-mM K* equilib-
rium concentration (+ valinomycin). For example,
at a 100-mM anion gradient with [Na*t]jside

[Na*Jousice, D-glucose uptake at 15 sec differed by
more than 40% between a nitrate and a gluconate
medium, both in the presence of a K* diffusion po-
tential (362 vs. 197 pmol/mg protein, n = 3) and at
identical K* inside and outside the vesicles (77.3 vs.
40.0 pmol/mg protein, n = 3). Therefore, since S-
amino acid (B-alanine) translocation in the same ex-
perimental system has previously been shown to be
an electrogenic, i.e. charge-translocating process
(Hammerman & Sacktor, 1978), we studied the po-
tential sensitivity of taurine flux in comparison with
that of Nat-D-glucose transport under various con-
ditions, to examine the suitability of the latter as a
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Table 1. Anion specificity of taurine uptake?

Anion n Solute uptake relative to that

in CI~ medium

(A) Taurine (B) D-glucose
Cl- 4 1.00 = 0.25 1.00 = 0.15
Br- 3) 1.00 = 0.17 1.31 £ 0.10
I- 3) 0.59 = 0.10 1.62 = 0.17
F- 3) 0.14 = 0.01 0.71 = 0.14
SCN- 4) 0.76 = 0.11 1.67 £ 0.19
NO; 4) 0.48 = 0.06 1.38 = 0.19
Gluconate™ 4) 0.16 = 0.04 0.54 = 0.09

2 The incubation media contained 20 mm HEPES-Tris, pH 7.4,
12.6 M PPHl-taurine or 106 uM [*H]-D-glucose and 100 mM of
one of the anions listed above, as Na* salt. Solute uptakes at 15
sec were expressed as % equilibrinm value and then normalized
to the uptake in CI- medium set to one. They are means * sp of
the number of experiments indicated by ».
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Fig. 1. Potential sensitivity of taurine and p-glucose transport.
The membranes were preincubated at 25°C, first with valinomy-
cin (12 ug/mg protein) (4, O) or an aliquot of pure ethanol (A, @)
for 5 min, and then for 1 hr in a medium containing 100 my K+-
gluconate, 50 mM KCI, 200 mM mannitol, and 20 mm HEPES-
Tris, pH 7.4. The incubation media contained 50 mM Na*-gluco-
nate, 50 mm NaCl, 300 mm mannitol, 20 mm HEPES-Tris, pH
7.4, and 12.6 uM [*H]-taurine (A, A) or 106 um [3H]-p-glucose
(O, @). Values are means = sp (n = 3)

monitoring system for unspecific electrical anion ef-
fects. Furthermore, it was of interest, whether
taurine transport electrogenicity is affected by an-
ion replacement. As shown in Fig. 1, at a 100-mM
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Table 2. Effect of anion replacement on taurine and D-glucose transport electrogenicity?

Potential sensitivity of solute uptake at 15 sec

-7
Ji
CI- NOjy Gluconate™~
(a) 100 mMm Na*-A- gradient: taurine 339 £ 0.74 2.26 £0.32 1.59 £ 0.28
glucose 2,79 £ 0.35 2.17 £ 0.31 2.78 £ 0.26
NS NS P < 0.01
(b) 100 mMm Na* gradient: taurine 2.25 = 0.24 1.02 = 0.07 1.35 £ 0.13
[A7]; = [A~], (50 mM) glucose 2,20 + 0.22 1.64 = 0.21 3.01 = 0.46
NS P < 0.01 P < 0.01
(¢) 100 mmMm A~ gradient: taurine 4,94 = 0.64 1.92 = 0.12 1.42 = 0.03
[Na*]; = [Nat], (50 mm) glucose 5.44 £ 0.24 4.25 = (.41 4.18 * 0.38
NS P < 0.001 P < 0.001

2 All media were buffered with 20 mm HEPES-Tris, pH 7.4. The incubation media contained 12.6 um
[*H]-taurine or 106 uM [*HJ-D-glucose. Cation or anion concentration differences between preincuba-
tion and incubation medium were balanced with N-methyl-D-glucamine or gluconate, respectively.
The osmolarity of the two corresponding media was adjusted with mannitol. Under all three conditions
vesicles were preloaded with 150 mm K™ for 1 hr at 25°C. Membranes for (@) and (¢) were preincubated
with valinomycin (12 pg/mg protein) for 5 min at 25°C prior to K*-preloading; the incubation media
contained 150 mm K* or were K* free. Membranes for (&) were preincubated with valinomycin or an
aliquot of pure ethanol (5 min, 25°C) prior to K+ preloading; the incubation medium was K+ free. The
concentrations of Na* and Cl-, NOj, or gluconate were as indicated. The potential sensitivity was
calculated using the equation J, — J/J{, where J; and J, represent the flux in the presence or absence
of a K* diffusion potential, respectively (for a detailed discussion see Heinz et al., 1988). Values are
means * sD (rn = 3). Significant differences in electrosensitivity between taurine and p-glucose uptake

are indicated by P values. NS = not significant; A~ = anion; { = inside; 0 = outside.

NaCl gradient taurine uptake into vesicles pre-
loaded with 150 mMm K could be significantly stimu-
lated by the addition of valinomycin (12 wg/mg pro-
tein). In the presence of the ionophore, generating a
transmembranal electrical potential difference (in-
travesicular negative), the initial transport rate was
increased to more than threefold and a higher tran-
sient substrate accumulation occurred, effects that
were almost identical to those on D-glucose uptake
(Fig. 1). The same appears to hold for conditions of
a 100-mM Na' or Cl- gradient alone, with the
counter-ion (Cl~ or Na', respectively) at a lower
concentration (50 mM) equal on both sides of the
membrane (Table 2). However, the potential sensi-
tivity of taurine uptake compared to that of p-glu-
cose transport seems to decrease upon Cl--replace-
ment with NO; or gluconate (Table 2). Corrections
for unspecific electrical effects on taurine transport
based on changes in p-glucose flux are apparently
justified only for media containing both Na* and C1~
and thus do not allow for an exact determination of
the anion specificity sequence (see above).

AFFINITY AND STOICHIOMETRY FOR CHLORIDE

The affinity of the Na*-taurine cotransport mecha-
nism for chloride was determined according to the

‘activation method’ (Turner, 1983), i.e. by measur-
ing initial uptake at different extravesicular C1~ con-
centrations. The measured flux rates were cor-
rected for electrical Cl~ effects according to the
changes observed in D-glucose uptake, which has
previously been found to be a linear function of the
membrane potential in rabbit renal brush-border
membrane vesicles (Beck & Sacktor, 1978). As
shown in Fig. 2, Cl™-dependent taurine transport
was a hyperbolic function of the extravesicular Cl~
concentration, indicating a 1 Cl~ : 1 Tau stoichiome-
try. Different ways of graphical analysis (e.g.
Eadie-Hofstee plot: Fig. 2 insert) substantiated Mi-
chaelis-Menten-type kinetics and revealed an ap-
parent Ky s of approximately 110 mM.

MopE oF Cl- AcTION—COTRANSPORT
OR CATALYTIC ACTIVATION

In order to investigate whether Cl™ acts as an addi-
tional driving force for concentrative taurine trans-
port or only activates the carrier without being
translocated, we studied—under conditions of
chemical Na* equilibrium—the effect of Cl~ gradi-
ents on taurine uptake relative to transport at an
identical Cl~ concentration present on both sides of
the membrane. As Fig. 3 shows, Cl~ concentration
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Fig. 2. Chloride concentration dependence of taurine transport.
The membranes were preincubated at 25°C, first with valinomy-
cin (12 pg/mg protein) for 5 min, then for 1 hr in the following
medium: 150 mMm K*-gluconate, 50 mm Na*-gluconate, and 20
mM HEPES-Tris, pH 7.4. The incubation media contained 20
mM HEPES-Tris, pH 7.4, 12.6 uM [*H]-taurine, 50 mM Na*, and
Cl~ at the concentration indicated. The cation concentration was
balanced with N-methyl-D-glucamine, the anion concentration
with gluconate. The osmolarity was adjusted to that of the prein-
cubation medium with mannitol. Initial uptake was measured at
15 sec and expressed as % equilibrium. Cl--dependent flux (AV)
was then calculated by subtracting the uptake in Cl -free me-
dium from the total taurine taken up at each Cl~ concentration
and then dividing by the potential effect of the anion gradient as
obtained from D-glucose transport followed under identical con-
ditions (uptake at X mm Cl /uptake at 0 mm Cl7). Values are
means *+ sD (n = 3). An Eadie-Hofstee plot of the data is shown
in the insert

differences, depending on their orientation, stimu-
lated (Cl, > Cl;) or inhibited (Cl, < Cl;) the uptake
more than could be accounted for solely by electri-
cal effects (D-glucose transport!). These results in-
dicate that taurine translocation is energetically ac-
tivated by Cl~; i.e. that Cl~ is cotransported, even
though a Cl~ gradient alone was not sufficient to
energize an overshoot (not shown).

This hypothesis was further tested by assaying
for transstimulation of taurine tracer exchange (ves-
icles preloaded with nonlabeled taurine) by CI~ or
Br~ compared with NOj, at an identical external
Cl~ concentration. Replacement of intravesicular
NO; with Cl- almost doubled the initial rate (15
sec) of 3H-taurine influx (Table 3). A statistically
significant but lower transstimulation (50%) could
also be induced by Br—. These findings can be best
explained by Cl™-taurine cotransport, since transsti-
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Fig. 3. Effect of differently oriented CI~ gradients on taurine and
D-glucose transport at Na* equilibrium. The membranes were
pretreated with valinomycin (12 ug/mg protein; 5 min at 25°C),
and then preincubated for [ hr at 25°C in one of the following
media: (i) For [Cl7];-, and [C]7};5,: 50 mM K*-gluconate, 100 mM
KClI, 50 mm Na*-gluconate, and 20 mm HEPES-Tris, pH 7.4. (i)
For [Cl7]i<,: 150 mM K*-gluconate, 50 mm Na*-gluconate, and
20 mm HEPES-Tris, pH 7.4. The incubation media contained 50
mM Na*-gluconate, 20 mm HEPES-Tris, pH 7.4, 12.6 um [*H]-
taurine (A, A) or 106 uM [*H]-p-glucose (O, @), and: (I) For
[CI];=, and [Cl7];<,: 50 mM N-methyl-D-glucamine-gluconate
and 100 mM N-methyl-p-glucamine-Cl-, or (II) for [Cl];5,: 150
mM N-methyl-glucamine-gluconate. Values are means + sb (n =
4) and expressed as % stimulation (A, O) or % inhibition (A, @)
as compared to uptake at [Cl-];—,. Significant differences be-
tween taurine and D-glucose uptake as calculated using the Stu-
dent’s r-test for group data are indicated: + (P < 0.05) and ++
(P < 0.01). Tau = taurine; Glc = p-glucose

mulation is regarded as a good indication for car-
rier-mediated translocation of the stimulating solute
(Murer & Kinne, 1980). It should be noted that,
although initially no Na* was present inside the ves-
icles, it enters much faster than taurine and is thus
available for exchange. Unexpectedly, also Na*-in-
dependent tracer exchange was slightly enhanced
by intravesicular Cl~. This cannot be due to an abil-
ity of K* to partly substitute for Na*, since taurine
uptake in KCl media did not display saturability or
substrate specificity, but might reflect initial
changes in vesicular volume.

Sop1UuM STOICHIOMETRY AND AFFINITY

The comparatively small potential-independent ef-
fect of Cl~ gradients on Na™-taurine uptake, as well
as its electrogenicity, suggested a higher stoichio-
metry of the transport system for Na* than for CI-.
Therefore, the dependence of the initial transport
rate (15 sec) on the extravesicular Na* concentra-
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Table 3. Transstimulation of taurine uptake by anions (tracer exchange experiments)?

A Taurine uptake (% equilibrium)
10 sec 15 sec 45 sec 60 sec
1. Na*: (a) NO3y 25723 33.0 2.2 79.8 = 8.0 90.5 = 8.1
(b) Br- 39.6 = 3.1 499 £ 5.0 97.7 = 10.1 107.9 + 10.9
P < 0.01 P <0.01 NS NS
(c) CI- 49.1 = 3.6 60.1 = 6.2 107.1 £ 12.2 115.2 £ 149
P < 0.001 P < 0.01 P < 0.05 NS
2. K*: (a) NO5y 16.2 £ 1.9 20.2 £ 1.0 39.1 = 3.0 428+ 1.7
(c) CI- 247 £ 2.5 27.7 £ 1.3 44.5 = 6.7 455+ 29
P < 0.01 P < 0.01 NS NS

2 The vesicles were preincubated for 1 hr at 25°C in one of the following media: 200 mm mannitol, 20
mM HEPES-Tris, pH 7.4, 12.6 uM taurine and (a) 50 mM KNO;, (b) 50 mM KBr, or (c) 50 mm KCI. The
incubation media contained: 1. 100 mM Na*-gluconate, or 2. 100 mm K*-gluconate, 20 mm HEPES-
Tris, pH 7.4, 12.6 uM [*H]-taurine and 45 mMm K~ salts (NO; or CI7). The final extravesicular anion
concentrations at the beginning of the incubation were as follows: (a) 10 mm Cl-, 40 mm NO;; (b) 10
mM Cl-, 35 mMm NOj7, 5 mM Br—; (¢) 10 mm Cl-, 40 mMm NO;. Values are means * sD (n = 3).
Significant differences to the respective NOj controls (a) as obtained using the r-test for group data are
indicated by P values. NS = not significant, A~ = anion.
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Fig. 4. Sodium concentration dependence of taurine uptake in the presence and absence of chloride. The membranes were first
preincubated with valinomycin (12 pg/mg protein; 5 min at 25°C) and then for 1 hr at 25°C in media containing 100 mm K*-gluconate,
200 mM mannitol, 20 mMm HEPES-Tris, pH 7.4, and 50 mM KCl (A) or 50 mMm K*-gluconate (O). The incubation media contained 20 mm
HEPES-Tris, pH 7.4, 12.6 uM [*Hl-taurine, 50 mm Cl- (A) or 50 mM gluconate (O), and Na* in the concentration indicated. Cation and
anion concentration were balanced with N-methyl-p-glucamine and gluconate, respectively. The osmolarity was adjusted to that of the
preincubation medium with mannitol. Initial uptake (15 sec) is expressed as % equilibrium. Values are means £ sD(n =5(A)orn =3
(O)). (@) Total flux (V) is plotted as a function of the Na* concentration. In the insert, Eadie-Hofstee plots of the Na*-dependent taurine
uptake (AV) with [Na*]! and [Na*]® are shown. As unit for the Na* concentration (10~2 M) was used in the calculations. (b) The kinetic
parameters obtained by Eadie-Hofstee analysis (Fig. 4a) were used to calculate theoretical Na*-dependent flux rates for different Na*
stoichiometries according to the equation V = V. x [Na*]*/K} x [Na*)”. For comparison, the experimental data (A) are included in
the Figure
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tion was studied in the presence and in the absence
of CI~. In order to enhance differences in uptake at
low Na* gradients and to reduce electrical effects of
increasing Na® concentrations, a vesicle-outward-
directed K* diffusion potential was generated. Fig-
ure 4q illustrates the sigmoidal behavior of Cl--de-
pendent transport, which was observed in each
individual experiment, indicating a coupling ratio
(v) for Na* Jarger than one. Eadie-Hofstee analysis
yielded correlation coefficients for linear regression
of r=0.305forv =2,r=099%forv=3,and r =
0.881 for v = 4, suggesting a 3 Na* : 1 Tau stoichi-
ometry (Fig. 4a, insert). Substituting the kinetic pa-
rameters derived from this plot (Ko sna+y = 61 mmM,
Vmax = 260% Eq.) in the following Hill-type equa-
tion (Turner, 1983):

V= Vmax ’ [AV]/(K55 + [AV])

(A = activator), the theoretical Na* concentration
dependence of taurine uptake at different coupling
ratios was calculated. As shown in Fig. 4b, the ex-
perimental data (A) at low Na' concentrations are
best described by the curve obtained for v =
3,whereas above 50 mm Na* the stoichiometry ap-
pears to be closer to 2.

In contrast, increasing Na* had no detectable
effect on taurine flux in Cl -free media, which at
150 mm Na* was still not significantly different from
the Na*-independent uptake (Fig. 4a).

Discussion

The results of the present study confirm for the sys-
tem under investigation the basic characteristics of
B-amino acid transport across the brush-border
membrane of the mammalian renal proximal tubule,
such as its substrate specificity, Na* gradient de-
pendence, electrogenicity and a specific chloride re-
quirement, thus verifying the functional integrity of
the vesicles. Although the exact anion specificity
sequence could not be determined (see ‘‘Taurine
Transport Electrogenicity . . .”’"), Table 1 clearly
shows that of all anions tested only Br~ was an
effective substitute for Cl-, in agreement with find-
ings on other anion-dependent Na*-amino acid
transport systems (Imler & Vidaver, 1972; Corcelli
& Storelli, 1983; Bogé, Roche & Pérés, 19853).
Concerning the mode of CI~ action, strong indi-
cations are provided that the anion not only catalyt-
ically activates the taurine carrier at a modifier site
but is actually cotransported: First, the stimulation
or inhibition of taurine uptake by differently ori-
ented Cl~ gradients under conditions of chemical
Na* equilibrium could not be completely attributed
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to changes in the membrane potential (Fig. 3), and
second, taurine tracer exchange was transstimula-
ted by Cl~ and Br~ (Table 3). That direct evidence
for the energetic force of a Cl~ potential—in that it
could alone energize an overshoot of taurine up-
take—could not be obtained, might be related to
several factors: (i) The driving force is known to
increase with the power of the coupling ratio (Aron-
son, 1981), and the higher Na™ than Cl- stoichiome-
try we determined therefore greatly reduces the
share of CI™ in taurine transport energetics. (ii) The
renal B-amino acid transport system has a low ca-
pacity (Dantzler & Silbernagl, 1976), whereas the
Cl~ permeability of rabbit renal microvillus mem-
branes in vitro is possibly high (Seifter, Knickelbein
& Aronson, 1984), so that the Cl~ gradient might
have dissipated before taurine has even reached the
equilibrium concentration. In a different experi-
mental approach, starting with the substrate (in this
case pB-alanine) already at equilibrium, Turner
(1986) could actually demonstrate in a dog kidney
vesicle preparation that a Cl- gradient can drive
uphill B-amino acid translocation.

This author also determined a coupling ratio of
one for CI~ and at least two for Na*, which agrees
well with the results presented above. Figure 4 sug-
gests that even 3 Na* might be cotransported with
each taurine, although it has to be noted that the
‘activation method’ does not distinguish between
energetic and catalytic activation (Turner, 1983),
i.e. not all Na™ ions need to be translocated. Al-
though the Na* stoichiometry appeared to change
from 3 to 2 with increasing Na* concentration (Fig.
4b), this might be due to a faster dissipation of the
membrane potential (inside negative) because of
higher Na™ influx and not an actually different cou-
pling ratio.

In the absence of Cl- (gluconate medium),
taurine uptake was not detectably affected by the
Na* concentration. However, carrier-mediated
taurine translocation appears to occur even in Cl™-
free media, since uptake under these conditions was
still clearly electrogenic (Table 2). Passive diffusion
of the amino acid taurine, existing predominantly in
the zwitterionic form at pH 7.4 (pK; = 1.5, pK; =
8.7) should not be significantly influenced by the
membrane potential. Taken together, the latter two
findings suggest that Cl~ replacement considerably
reduces the accessibility and/or affinity of the
taurine carrier for Na™, so that no change in uptake
can be observed within the Na™ concentration range
tested. (From our results it cannot be deduced,
however, whether this is due to gluconate binding
with a lower efficiency or not binding at all to the
transport system.) Beyond that, the potential sensi-
tivity of taurine uptake compared to that of p-glu-
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cose transport appeared to also decrease upon re-
placement of C1~ with gluconate (or NOs'; Table 2).
Thus, attempts to explain the mechanism underly-
ing the anion substitution effects need to take into
consideration which step in the translocation cycle
might confer electrogenicity on taurine transport, (i)
a positively charged fully loaded or (ii) a negative
empty carrier, as has been previously suggested for
active renal D-glucose reabsorption (Aronson,
1978). Most likely, although not necessarily (for a
detailed discussion see Heinz, Sommerfeld &
Kinne, 1988), the transfer of only one net charge is
involved in taurine translocation, since it was simi-
larly responsive to changes in the membrane poten-
tial as D-glucose uptake at both 100 mm Na* (gradi-
ent) and 50 mmM Nat (equilibrium) (Table 2). In case
of a neutral carrier molecule, a2 Na*:1Cl~:1 Tau
stoichiometry would therefore be more probable,
but such a model could not explain the decreased
potential sensitivity in the presence of gluconate,
regardless whether gluconate can actually bind or
not. It could be argued that the 15-sec uptake of D-
glucose does not represent the initial rate because
of the high capacity of this transport system, and
that the differences in the apparent electrical re-
sponsiveness of taurine translocation might there-
fore be due to an underestimate of the actual mem-
brane potential in the presence of Cl~ and an
overestimate in its absence. This, however, is in-
compatible with a comparable ratio of taurine-/D-
glucose-transport potential sensitivity observed at
different Nat concentrations (50 mM equilibrium
and 100 mm gradient; Table 2). For a similar reason,
those differences also cannot be explained by a
higher Na*-dependent/Na*-independent taurine
uptake ratio in Cl~ than in gluconate media. We,
therefore, currently favor the view that the empty
carrier is negatively charged and rate limiting in the
presence of Cl™. In gluconate media, where taurine
uptake is also electrogenic, the taurine-translocat-
ing complex might have the form Na*-Tau-C-
(C~ = carrier) or 2 Na*-gluconate™-Tau-C-, i.e. be
electroneutral. A reduced fractional rate-limitancy
of the translocation of the empty carrier relative to
the substrate translocating step could then explain
the effect of Cl~ replacement on taurine transport
potential sensitivity (see Heinz et al., 1988). Further
experiments are, however, necessary to provide
stronger evidence for a translocation of partially
loaded carrier species.

In summary, we propose a2to3 Nat:1Cl :1
taurine cotransport mechanism driven mainly by
the electrochemical Na™ gradient, with strong ion
cooperativity, that is electrogenic because of a neg-
ative carrier molecule. Such a system, which ap-
pears to represent the major route for taurine trans-
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location across the renal brush-border membrane,
would be strongly reabsorptive under in vivo condi-
tions. The high tubular lumen/cell Na* and CI~ gra-
dients as well as the membrane potential would
provide the necessary driving force for strong intra-
cellular B-amino acid accumulation, facilitating pas-
sive efflux at the basolateral side. The affinity for
Na* and Cl- determined in vitro, both below the
actual ion concentrations in the glomerular filtrate,
are most likely underestimates. Assuming coopera-
tive substrate interaction, the higher concentration
of all three solutes in primary urine (approx. 145
mM Na*, 125 mm ClI~, and 30 uM taurine; (Jacobsen
& Smith, 1968; Biagi & Giebisch, 1979) than in the
corresponding experiments (Figs. 2 and 4) would
result in even more favorable conditions in vivo.

Parts of the results have been presented in abstract form at the
ASN 19th Annual Meeting, December, 1986. This work was per-
formed in partial fulfillment of the biology diploma degree re-
quirements for Natascha A. Wolff.
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