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Tyrosine residues are essential for the activity of the human 
placental taurine transporter 
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Treatment of human placental brush-border membrane vesicles with tour tyrusine group-specific reagents, N-aeetyli- 
midazole, 7-ehloro.4-nitrohenzo-2-oxa-l,3-diazole (NBD-CI), tetranitromethane and p-nitrobenzenesulfonyl fluoride, 
inhibited NaCI gradient-driven tauriue uptake in these vesicles without affecting the vesicle integrity. The relative 
potency of these reagents to inhibit the transporter was in the following order:, tetranitromefhane > NBD-CI > p -  
nitrobenzeuesulfonyl fluoride > N-aeetylimidazole. The inhibition by N-acetylimidazole was reversible with hydroxyl- 
amine and the inhibition by NBD-CI was reversible with 2-mereaptoethanol. Kinetic analysis of taarine uptake in 
control and in Noaeetylimidazole-treated membrane vesicles revealed that the inhibition was primarily due to a 
reduction in the maximal velocity. There was no change in the affinity of the transporter for tauriue in control and 
treated vesicles. The transporter could he protected from the N-acetylimidazole-induced inhibition by Na +. The 
dependence of taurine uptake rate on extravesicular Na + concentration was sigmoidal and analysis of the data revealed 
that two Na + ions were involved per transport of one tauriue molecule. It is concluded that tyrosine residues are 
essential for optimal transport function of the human placental taurine transporter and that these critical tyrosiue 
residues are located at or near the Na+-binding site of the transporter. 

Introduction 

Transport of taurine across the plasma membrane of 
a variety of cells occurs via the B-amino acid carrier 
which accepts, in addition to taurine, other /~-amino 
acids such as fl-alanine and hypotaurine as preferred 
substrates (for reviews, see Rats. 1-3). The carrier is 
coupled to both Na + and CI-  [4-9]. This dependence 
on CI-  renders the/]-amino acid carrier unique among 
the well-characterized Na+-coupled amino acid carriers. 
We have recently identified the presence of the #-amino 
acid transport system in brush-border membranes iso- 
lated from normal term h~rnan placentas [8]. This trans- 
porter exhibits characteristics which arc very similar to 
those described for the system in other tissues. 

Even though the/]-amino acid transporter has been 
characterized in detail in various tissues with respect to 
ion-dependence, substrata specificity, stoichiometry and 
kinetics, no attempt has been made in any of these 
tissues to gain insight into the transport system at the 
protein level. In this investigation, we have attempted to 
elucidate the chemical nature of the human placental 
taurine transporter. The results presented here show 
that tyrosine residues play an important role in the 
catalytic activity of the transporter and that these criti- 
cal tyrosine residues are located at or near the Na +- 
binding site of the transporter. 

Methods and Materials 

I s o l a t i o n  o f  h u m a n  p l a c e n t a l  b r u s h . b o r d e r  m e m b r a n e  

ves ic les  
Brush-border membrane vesicles from normal term 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethanesulfonic human placentas were prepared by a Mg2+-aggregation 
acid; NBD-CI, 7-chloro-4-nitrobenzo-2-oxa-l,3-diazole; PNBSF. p- method described previously [10,11]. These membranes 
nitrobenzenesulfonyl fluoride, were highly enriched (20-25-fold) in the brush-border 
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placental tissue [11,12]. The membrane vesicles were 
preloaded with a suitable buffer and the protein con- 
centration of the membrane suspension was adjusted to 
5 mg/mi before stonng the membranes in liquid N,. 
The composition of the preloading buffer varied de- 
pending upon the individual experiment. 

Treatment with reagents 
N-Acetylimidazole. Membrane vesicles were treated 

with N-acetylimidazole at room temperature (21-22°C) 
for 1 h in 10 mM Hepes-Tris buffer (pH 7.4) containing 
100 mM K2SO 4. Protein concentration during treat- 
ment was 1 mg/ml. Stock solutions of N-acetylimida- 
zole were prepared in the treatment buffer. After treat- 
ment, the excess reagent was removed by dilution and 
centrifugation as follows. The membranes were diluted 
5-fold with the preloading buffer (10 mM hepe~-Tris 
(pH 7.4) containing 300 mM mannitol) and centrifuged 
at 60000 × g for 30 rain. The supernatants were dis- 
carded and the pellets suspended in the same buffer. In 
experiments where the reversal by hydroxylamine of the 
N-acetylimidazole-induced inhibition was investigated, 
after removal of the excess N-acetylimidazole, control 
and treated membranes were again incubated with or 
without 150 mM hydroxylamine for 1 h at 37°C. Hy- 
droxylamine solution w'~s prepared by dissolving hy- 
droxylamine hydrochloride in 10 mM Hepes and adjust- 
ing the pH to 7.4 with Tris. After incubation, the 
reagent was removed by dilution and centrifugation. 

NBD-CI. Membrane vesicles were treated with NBD- 
CI at room temperature for 1 h in 10 mM Hepes-Tris 
buffer (pH 7.4) containing 100 mM K2SO 4. Stock solu- 
tions of NBD-CI were prepared in ethanol. Control 
membrane vesicles were treated similarly, but in the 
presence of an equal concentration of ethanol alone 
(final concentration, 1%, v/v). After treatment, unre- 
acted NBD-CI was removed by dilution and centrifuga- 
tion. In experiments where the reversal of inhibition by 
2-mercaptoethanol was studied, control and treated 
membranes were again incubated with or without 10 
mM 2-mercaptoethanol at room temperature for 30 
min. The solution of 2-mercaptoethanol was prepared in 
10 mM Hepes-Tris buffer (pH 7.4) containing 100 mM 
K2SO 4. After incubation, the reagent was removed by 
dilution and centrifugation. 

Tetranitromethane and PNBSF. Membrar, e vesicles 
were treated with tetranitromethane or PNBSF at room 
temperature for 30 min in 20 mM K2HPO4-KH2PO4 
buffer (pH 8.8) containing 100 mM K2SO 4. Stock solu- 
tions of the reagents were prepared in ethanol. Control 
membrane vesicles were treated similarly but in the 
presence of an equal concentration of ethanol alone 
(final concentration, 1% (v/v)). After treatment, unre- 
acted reagents were removed by dilution and centrifuga- 
tion. 

In all cases, the membrane vesicles were finally pre- 

loaded with 10 mM Hepes-Tris (pH 7.5) containing 300 
mM mannitol. Protein concentration of the membrane 
suspension was adjusted to 5 mg/ml before use in 
uptake experiments. 

Protection with Na +. Membrane vesicles were prein- 
cubated with 200 mM K2SO 4 or 200 mM Na2SO 4 for 1 
h and then treated with N-acetyhmidazole. Control 
membrane vesicles were treated similarly, but in the 
absence of N-acetylimidazole. After treatment, salts and 
unreacted reagent were removed by dilution and centrif- 
ugation. 

Uptake measurements 
Uptake measurements were made at room tempera- 

ture using a rapid filtration technique [13]. Millipore 
filters (DAWP type; pore size 0.65 p.m) were used in 
these assays. Uptake was initiated by rapidly mixing 40 
ttl of membrane suspension (0.2 mg protein) with 16~ td 
of uptake buffer containing radiolabeled taurine. The 
uptake buffer was 10 mM Hepes-Tris (pH 7.5) contain- 
ing 150 mM NaCI. Under these conditions, there was 
an inwardly directed NaCI gradient across the 
brush-border membrane ([NaCl]o = 120 mM; [NaCI]i = 
0). Uptake was terminated by adding 3 ml of ice-cold 
stop buffer (5 mM Hepes-Tris, 155 mM KCI (pH 7.5)) 
and the mixture was filtered. After washing with the 
stop buffer (3 × 5 ml), the radioactivity associated with 
the filter was counted by liquid scintillation spectrome- 
try. In those experiments where protection by Na + was 
investigated, the membrane vesicles were suspended in 
10 mM Hepes-Tris buffer (pH 7.0) containing 600 mM 
mannitol. The uptake buffer was 10 mM Hepes-Tris 
(pH 7.0) containing 300 mM NaCI. The composition of 
the stop buffer was 5 mM Hepes-Tris, 310 mM KCI 
(pH 7.0). 

Statistic~ 
Uptake measurements were routinely done in dupli- 

cate or triplicate and the variation among the replicate 
values was always less than 4-10% of the mean value. 
Each experiment was repeated with two or three differ- 
ent membrane preparations. Results are given as the 
mean + S.E. Statistical differences were determined by 
Student's t-test and a P value less than 0.05 was 
considered significant. 

Materials 
[2(n)-3H]Taurine (specific radioactivity, 20.9 C i /  

mmol) and l.-[1-14C]glucose (specific radioactivity, 54.8 
mCi/mmol) were purchased from Du Pont-New En- 
gland Nuclear, Boston, MA, U.S.A. Taurine, NBD-CI, 
N-acetylimidazole, PNBSF, hydroxylamine and 2-mer- 
captoethanol were from Sigma Chemical Co., St. Louis, 
MO, U.S.A. Tetranitromethane was obtained from Al- 
drich Chemical Co., Milwaukee, WI, U.S.A. All other 
chemicals were of analytical grade. 



R e s u l t s  

Effect of  N-acetyfimidazole treatment on taurine uptake 
The time courses of NaC1 gradient-dependent taurine 

uptake in control and N-acetylimidazole (7.5 raM)- 
treated membrane vesicles are given in Fig. 1. In both 
cases, uptake of 0.2 pM taurine was measured in the 
presence of an inwardly directed NaCI gradient 
([NaCl]o = 120 mM; [NaCIL = 0). Taurine uptake was 
markedly reduced in treated membrane vesicles com- 
pared to control vesicles. Initial uptake rates measured 
with a 30 s incubation were reduced by 70% following 
treatment with N-acetylimidazole (2.56 _+ 0.19 and 0.74 
+ 0.04 p m o l / m g  of protein in control and treated 
vesicles, respectively). The uptake values measured at 3 
h incubation were not the same in control and treated 
membrane vesicles and titus did not represent equi- 
librium values. It has been shown earlier in this labora- 
tory that equilibrium values for taurine uptake in the 
presence of a NaCI gradient were not obtained in 
intestinal [9] or placental [8] brush-border membrane 
vesicles unless the vesicles were incubated for periods 
longer than 3 h. Since we could not use the taurine 
uptake values at 3 h incubation as a measure of in- 
travesicular volume and thus of vesicle integrity, we 
measured the uptake of L-glucose in these membrane 
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Fig. 2. Dose-dependence of inhibition of taurine uptake by 
N-acetylimidazole. Membrane vesicles were treated with varying con- 
centrations of N-acetylimidazole (0-20 raM) for l h at room tempera- 
ture at pH 7.4 in 10 mM Hepes-Tris b filer containing 100 mM 
K2SO 4. After treatment, the vesicles were ~ashed fr¢~ of the reagent 
and preloaded with I0 mM Hepes-Tris butler (pH 7.5) containing 300 
mM mannitol. Uptake of radiolabeled taurine (final concentration, 
0.3 ttM) was measured with a 15 s incubation in the presence of an 
inwardly directed NaCI gradient. The results are given as the mean 4- 

S.E. (n = 6, two membrane preparations). 
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Fig. 1. Effect of  N-acetylimidazole treatment on taurine uptake. 
Placental brush-border membrane vesicles were treated with or without 
7.5 mM N -acetylimidazole for 1 h at room temperature in 10 mM 
Hepes-Tris buffer (pH 7.4) containing 100 mM KzSO 4. After treat- 
ment, the membranes were washed free of the reagent, and then 
preloaded with 10 mM Hepes-Tris buffer (pH 7.5) containing 300 
mM maonitoL Uptake of radiolabeled taurine (final concentration, 
0.2 pM) was measured in the presence of an inwardly directed NaCI 
gradient ([NaCI]o =120 raM; [NaCI] i = 0). The results are given as 
the mean:i:S.E. (n~4, two membrane preparations), e - - o ,  

Control vesicles; o -  o. N-acetylimidazole-treated vesicles. 

vesicles to calculate the intravesicular volume. The in- 
travesicular volume measured by this method was simi- 
lar in control and N-acetylimidazole-treated membrane 
vesicles (1.77 + 0.01 versus 1.73 + 0 . 0 3 / t l / m g  of pro- 
tein; P > 0.05). These results demonstrate that the in- 
tegrity of the membrane vesicles was not affected by the 
treatment. 

Fig. 2 describes the effect of increasing concentra- 
tions of N-acetylimidazole during treatment on the ini- 
tial rates (15 s incubation) of 0 .3 / tM taurine uptake. 
The inhibition of taurine uptake progressively increased 
with increasing concentrations of the reagent. A 50~ 
inhibition was observed when the concentration of N- 
acetylimidazole was 5 mM and more than 905 inhibi- 
tion was obtained with 20 mM reagent. 

Effects of  treatment with NBD-CIo tetranitromethane and 
P N B S F  on taurine up_take 

N-Acetylimidazole is a reagent which is fairly specific 
for modification of tyrosine residues [14] and the inhibi- 
tion of taurine uptake in human placental brush-border 
membrane vesicles by treatment with the reagent in- 
dicates that the taurine transporter in these membranes 
may possess tyrosine residues which are critical for the 
transport activity of the carrier protein. To provide 
further supporting evidence for the participation of 
tyrosine residues in the transport function, we investi- 
gated the effects of three other reagents which are 
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TABLE t 

Comparative potency of tyrosine group-specific reagents to inhibit taurine 
uptake in human placental brush-border membrane vesicles 

Reagent ICs0 (pM) 

Tetraninomethane 10 
NBD-CI 16 
PNBSF 175 
N-Acetylimidasole 4800 

commonly  employed for modificat ion of  tyrosine re- 
sidues. These reagents  are NBD-CI ,  te t ran i t romethane  
and  PNBSF. Trea tment  of  the m e m b r a n e  vesicles with 
all three reagents  effectively inhibited taurine uptake  in 
a dose-dependent  m a n n e r  (data not  shown). The  ap-  
proximate  values for the concentrat ion of  these reagents  
to produce  50% inhibition of  taurine uptake  are  given in 
Table  I and  the inhibitory potency appears  to be in the 
fo l lowing order :  t e t r a n i t r o m e t h a n e  > N B D - C I  > 
PNBSF > N-acetylimidazole.  

Reversibility o f  inhibition 

Incubat ion  of  N-acetyl imidazole-treated m e m b r a n e s  
with hydroxylamine  would deacetylate  the modif ied 
tyrosine residues and  regenerate  the phenolic hydroxyl  
groups [15,16]. Therefore ,  we tested the abifity of  hy-  
droxylamine  to reverse the N-acetyl imidazole- induced 
inhibition of  taurine uptake.  In  these experiments,  it 
was found that  incubat ion of  the m e m b r a n e  vesicles 
with 150 m M  hydroxylamine  alone caused a consider-  
able  inhibition (41 + 7~ )  of  taurine uptake.  Therefore ,  
we measured  taurine uptake  in m e m b r a n e  vesicles which 
were  treated in four  different  ways  to provide  proper  
controls  for the assessment of  reversal of  the inhibition 
(Fig. 3): control  vesicles (A), vesicles t reated with N-  
acetylimidazole (B), vesicles t reated with hydroxylamine  
(C) and  vesicles treated with N-acetyl imidazole  fol- 
lowed by t rea tment  with hydroxylamine  (D).  T rea tmen t  
of  m e m b r a n e  vesicles with 6 m M  N-acetyl imidazole  
caused 80~ inhibition of  taurine uptake  (B versus A). 
But, this inhibition was reduced to 30~o after  incubat ion 
with hydroxylamine  (D  versus C). I t  is clear f rom these 
results that  hydroxylamine  reverses the N-acetyl imida-  
zole-induced inhibition o f  taurine uptake.  

Similarly, NBD-Cl- induced  inhibition of  taurine up-  
take should also be  reversible with thiols such as 2-mer-  
captoethanol  because the phenolic hydroxyl  group of  
tyrosine residues which has been modif ied by  NBD-C!  
can be regenerated by  thiols [17-19].  We  therefore 
assessed the ability of  2-rnercaptoethanol  to reverse the 
NBD-Cl- induced  inhibition of  taurine uptake  (Table  
II). NBD-CI  at 25 # M  caused 70~  inhibition of  taurine 
uptake,  but  this inhibition was reduced to 43~  af ter  
t rea tment  with 10 m M  2-mercaptoethanol .  T rea tmen t  of  
the m e m b r a n e  vesicles with 10 m M  2-mercaptoe thanol  
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Fig. 3. Reversibility of N-acetylimidazole inhibition by hydroxyl- 
amine. Membrane vesicles were treated with 6 mM N-acetylimidazol¢ 
for l h at room temperature at pH 7.4. After treatment, unreacted 
N-acetylimidazole was removed by dilution and centfifugation. These 
vesicles as well as the vesicles which were treated similarly but in the 
absence of N-acetyllmidasole were then incubated for 1 h at 37°C 
with or without 150 mM hydroxylamine-HCI in 10 mM Hepas-Tris 
buffer, (pH 7.4). In each case, the vesicles were washed free of the 
reagent and prcloaded with l0 mM Hepes-Tris buffer (pH 7.5) 
containing 300 mM mannitol before used in uptake experiments. 
Uptake of taurine (0.3 pM) was measured with a 30 s incubation in 
the presence of an inwardly directed NaCI gradient. Uptake in 
vesicles which were treated with N-acetylimidazole alone (B) is ex- 
pressed as percent of uptake in vesicles which were treated in the 
absence of N-acetylimldazole and hydroxylamlne (A) (1.074-0.03 
pmol/mg protein per 30 s ffi 100 percent). Uptake in vesicles which 
were treated with N-acetylimidazole followed by hydroxylamine (D) 
is expressed as percent of uptake in vesicles which were treated with 
hydroxylamine alone (C) (0.634- 0.07 pmol/mg protein per 30 s = 100 
percent). The results are given as the mean+S.E. (n ffi 9, three mem- 

brane preparations). 

a lone d id  not  have  any  deleterious effect  on  taur ine  
uptake  (1.58 + 0.02 versus  1.56 +_ 0.03 p m o l / m g  prote in  
pe r  30 s). 

TABLE II 

Reversal of NBD.Cl.induced inhibition of taurine uptake by 2.mercapto- 
ethanol 

Membrane vesicles were treated with 25/~M NBD-CI for I h at  r o o m  

temperature at pH 7.4. After treatment, the unreacted NBD-CI was 
removed by dilution and centfifugation. These vesicles as well as the 
vesicles which were treated similarly but in the absence of NBD-CI 
were then incubated at pH 7A for 30 rain at room temperature with or 
without 10 mM 2-mercaptoethanol. In each case, the vesicles were 
then washed free of the reagent and preloaded with 10 mM Hepes-Trls 
buffer (pH 7.5) containing 300 mM mannitol before used in uptake 
expcriments. Uptake of 0.3 pM taurine was measured with a 30 s 
incubation in the presence of an inwardly directed NaCI gradient. The 
results are presented as the mean 4- S.E. (n = 6). 

Experimental condition Taurine uptake 

pmol/mg per 30 s 7o 

Control 1.58 + 0.02 I00 
NBD-CI 0.48 + 0.01 30 
2-Mcrcaptoethanol 1.564- 0.03 100 
NBD-CI + 2-mercaptoethanol 0.894- 0.01 57 
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Fig. 4. Effect of N-acetyfimidazole treatment on the influence of 
taurine concentration on the uptake. Membrane vesicles were treated 
with or without 6 mM N-acetylimidazole for I h at room temperature 
in l0 mM Hepes-Tris buffer (pH 7.4) containing 100 lrlM K2SO 4. 
After treatment, the vesicles were washed free of the reagent and then 
preloaded with l0 mM Hepes-Tris buffer (pH 7.5) containing 300 
mM mannitol. Uptake of taurine was measured with a 15 s incubation 
in the presence of an inwardly directed NaCI gradi'rnt ((NaCI]o = 120 
mM; [NaCI]i = 0). Concentration of taurine was varied between 0.5 
a n d  15 /~M, The results are given as Eadie-HoIstee plots (uptake 
rate/substrate concentration versus uptake rate). Each datum repre- 
sents the mean 4-S.E. (n = 4. two membrane preparations). Where not 
shown, the standard error is within the data point, v, uptake rate in 
pmol/m 8 protein per 15 s; s, taurine concentration in ~ M. e - - O ,  

Control vesicles; o - -  o, N-acetyfimid~ole.-treated vesicles. 

Effect of  N-acetylimidazole treatment on the kinetics of 
taurine uptake 

The kinetics of taurine uptake in control and N- 
acetylimidazole-treated membrane vesicles were studied 
to determine whether the N-acetylimidazole-induced in- 
hibition was due to a reduction in the affinity of the 
transporter for taurine or to a decrease in the maximal 
velocity of the transporter. In these experiments, mem- 
brane vesicles were treated in the presence or absence of 
6 mM Noacetylimidazole. After removal of the unto- 
acted reagent, initial rates (15 s incubation) of taurine 
uptake were measured in control and treated membrane 
vesicles in the presence of an inwardly directed NaCI 
gradient ([NaCI]o= 120 raM; [NaCi] i =0) .  The con- 
centration of taurine was varied between 0.5 and 15 
p.M. The results in Fig. 4, given as Eadie-Hofstee plots 
(initial uptake rate/ taurine concentration versus initial 
uptake rate), demonstrate that the uptake system ob- 
eyed MichaelisoMenten kinetics describing a single 
transport system in control as well as treated membrane 
vesicles (i.e., the plots were linear in both cases; r 2 > 
0.97). The MichaelisoMenten constant (Kt )  for the 
taurine uptake system was 4.0 + 0.1 tiM. But, the value 
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for the maximal velocity (Vrn~) was markedly reduced 
in treated vesicles compared to control vesicles (5.4 +_ 0.1 
versus 13.3 + 0.6 p m o l / m g  protein per 15 s). 

Protection of the taurine transporter from N-acet)'~mida- 
zole-induced inhibition by Nu * 

Tyrosine residues have been shown to be located at 
or near the Na+-binding site of several Na+-dependent 
transport systems in small intestine, kidney [20-25] and 
placenta (unpublished data). In all cases, the transport 
activity is inhibited by treatment of purified brush- 
border membrane vesicles with tyrosine group-specific 
reagents, hut the transporters can be protected from the 
inhibition by Na +. Therefore, to determine whether the 
tyrosine residues which arc critical for the transport 
function of the human placental taurine transporter are 
located at or near the Na+-hinding site of the trans- 
porter, we compared the N-acetylimidazole-induced in- 
hibition of taurine uptake in membrane vesicles which 
were treated with the reagent in the presence of K + with 
the inhibition in vesicles treated with the reagent in the 
presence of Na ÷. The rationale for this experiment was 
that if the critical tyrosine residues are located at or 
near the Na+-binding site, Na ÷ would mask these re- 
sidues and prevent the chemical modification of these 
residues by N-acetylimdiazole. in order to ensure proper 
controls, two sets of experiments were performed. In 
one set, membrane vesicles were treated with or without 
5 mM N-acetylimidazole in a medium containing 200 
mM K2SO a. In another set, membrane vesicles were 
treated with or without 5 mM N-acetylimidazole in a 
medium containing 200 mM Na2SO 4. In all cases, after 
incubation the reagent and salts were removed by dilu- 
tion and centrifugation and the membrane vesicles were 
preloaded with 10 mM Hepes-Tris buffer (pH 7.5) 
containing 600 mM mannitol. Uptake rates of taurine 
(0.3 #M) were measured with a 30 s incubation in these 
vesicles in the presence of an inwardly directed NaC! 
gradient ([NaCI]o = 240 raM; [NaCI] i = 0). Taurine up- 
take in membrane vesicles which were treated in the 
presence of Na2SO4 but in the absence of N-acetyli- 
midazole were lower than the uptake in membrane 
vesicles which were treated in the presence of KzSO 4 
but in the absence of N-acetylimidazole (5.17 + 0.28 
versus 3.495:0.12 p m o l / m g  protein per 30 s). This 
difference is most likely due to the presence of un- 
washed residual Na ÷ within the vesicles treated with 
NazSO a. This would result in a decrease in the magni- 
tude of the Na ÷ gradient across the membrane during 
uptake measurement and hence taurine uptake would 
be reduced. However, as seen in Table Ill,  when the 
uptake rates of taurine in N-acetylimidazole-treated 
vesicles were compared with the uptake rates in respec- 
tive controls, it was found that N-acetylimidazole treat- 
ment caused 44% inhibition in K2SO 4 medium, but the 
inhibition was reduced to 33t/, in NaaSO4 medium. The 
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protect ion offered by  N a  + was  small  (25%), bu t  stat ist i-  
cally s ignif icant  (P< '0 . ,q01)  and  highly reproducible  
(n  = 9; three di f ferent  t aembrane  preparat ions) .  

Dependence o f  taarine uptake on Na  + concentration 
Placental  taur ine  t ranspor te r  exhibits  an  absolute  

requi rement  for N a  + [8]. W e  therefore s tudied the  de- 
pendence  of  the initial rates of  taur ine  up take  on  the 
concentra t ion of  external  N a  + ( t rans-zero-condi t ions)  
while keeping  the external  C I -  concent ra t ion  constant .  
Th i s  exper iment  allowed us to calculate  the  n u m b e r  of  
N a  + ions involved per  t ranspor t  o f  one taur ine  molecule  
by  a procedure  descr ibed by Turne r  [26]. Since the  
exper iment  involves act ivat ion of  the t ranspor te r  by  
external  N a  +, the procedure  has  been te rmed as  "act iva-  
tion" me thod  [26]. The  initial ra tes  of  taur ine  up take  
increased with  increas ing concent ra t ions  of  N a  + (Fig.  
5). T h e  s igmoidal  shape of  ~he curve  indicates  that  the  
taur ine  t ranspor te r  in teracts  wi th  more  than  one  N a  + 
ion. To  de te rmine  the n u m b e r  of  N a  + ions in te rac t ing  
wi th  the t ranspor ter ,  the da ta  were  fit  to a Hil l - type 
equat ion  

Vm= [Na + ]" 
K~N=.~ + [Na + ]" 

and plots o f  v versus v/[Na+]" were constructed for  a 
Na  + concentrat ion range o f  10 -200  raM,  assigning n a 
value  of  1, 2 or  3. W h e n  n = 1 or  3, the  plots  were  
curvi l inear  (results not  shown),  bu t  when  n = 2, the plot 

was  very  close to a s t ra ight  line ( r =  - 0 . 9 4 )  (Fig.  5, 

TABLE Ill 

Protection of the taurine transporter from N-acetylimidazole-induced 
inhibition by Na + 

Membrane vesicles were treated with or without 5 mM N-aeatyli- 
midazole in the presence of either 200 mM K2SO 4 or 200 mM 
NazSO 4. After treatment, the vesicles were washed free of the reagent 
and salts by dilution and centrifugation. The washing procedure v, as 
repeated thrice, and the buffer used during washing was l0 mM 
Hepes-Tris (oH 7.0) containing 600 mM mannitol. The membranes 
were finally suspended in the same buffer. Uptake of 0.3/~M taurine 
was measured with a 30 s incubation in these vesicles in the presence 
of an inwardly directed NaCI gradient ([NaCI]o = 240 mM; lNaCl]i 
0). The data represent the mean+S.E. (n =9; three different mem- 
hrane preparations). 

Treatment condition Taurine uptake Inhibition 
(pmol/mg pro- (7o) 
rein per 3O s) 

K + 5.17+0.28 
K + and N-acetylimidazole 2.91+0.17 44 

Na + 3.49+0.12 
Na + and N-acetylimidazole 2.33+0.09 33 

(P < 0.001) 

' °  6 .  

0.5 3 

- (:s 
> 0.bs 011 0.'is 0'.2 

s ,  concentration of Ha + { M ) 

Fig. 5. Dependence of taurin¢ uptake on Na + concentration. Mem- 
brane vesicles were preloaded with 10 mM Hepes-Tris buffer (pH 7.5) 
containing 600 mM mannitol. Uptake of 0.3 /iM tanrine was mea- 
sured in these vesicles with a 15 s incubation in the presence of 
increasing concentrations of Na + 10-200 mM). Concentration of CI- 
was kept constant at 200 mM by the addition of KCI. Osmolality was 
maintained by varying the concentration of mannitol. The results are 
given as the mean+S.E. (n = 4, two membrane preparations). Inset: 

Hill-type plot I v versus v/[Na + I") with the value of n = 2. 

inset).  T h e  exact  value  of  n for  the best  fit  to a s t ra igh t  
line was  1.75 ( r  = - 0 . 9 9 ) .  Thus ,  two N a  + ions  a p p e a r  
to be  involved pe r  t r anspor t  o f  one  tanr ine  molecule  in 
these vesicles. 

Discu,~sion 

Tyros ine  res idues  have  been  shown  to be  cri t ical  for  
the  act iv i ty  of  m a n y  N a + - d e p e n d e n t  t r anspor t  s y s t e m s  
[20-25].  The  taur ine  t r anspor te r  o f  the  h u m a n  placenta l  
b rush-borde r  m e m b r a n e  a lso  exhibi t s  an  abso lu te  de-  

pendence  on N a  + a n d  hence  it  was  o f  in teres t  to in-  

ves t iga te  the role of  tyros ine  res idues  in  the  ca ta ly t ic  
act iv i ty  o f  this t ranspor te r .  W e  have  emp loyed  in this  
s tudy  four  reagen t s  which  a re  specif ic  for  tyros ine  re-  
s idues  and  they are  N-ace ty l imidazole ,  N B D - C I ,  P N B S F  
and  te t ran i t romethane .  T r e a t m e n t  of  p lacental  m e m -  
b rane  vesicles wi th  all four  reagen t s  resul ted in  inhib i -  
t ion of  N a C I  g rad ien t -dependen t  t aur ine  up take  in  these  
vesicles. The  in tegr i ty  of  the  vesicles w a s  no t  a f fec ted  by  
the  t r ea tmen t  as  assessed  by  the  m e a s u r e m e n t  o f  the  
in t raves icular  volume.  The re  is no  ev idence  that  these  
reagents  increase  ion permeabi l i t i e s  o f  the  m e m b r a n e  
vesicles because  N-ace ty l imidazo le  d id  riot a l ter  the  
N a  + up take  d r iven  by  a H + grad ien t  v ia  the  N a + - H  + 
exchanger  in h u m a n  placental  b ru sh -bo rde r  m e m b r a n e  

vesicles [27] nor  d id  N B D - C I  al ter  the  N a  + pe rmeab i l i ty  

in renal  b r a sh -bo rde r  m e m b r a n e  vesicles [20]. T h e  in- 
h ibi t ion observed  in the  p resen t  inves t iga t ion  w a s  re- 



versible and occurred as a consequence of reagent-in- 
duced chemical modification of essential amino acid 
residues in the taurine transport protein. One of the 
major difficulties in interpreting the data from experi- 
ments involving group-specific reagents is the lack of 
absolute specificity of the reagents employed. NBD-C1 
has been employed to modify tyrosine residues in en- 
zymes and transport proteins [17,18,20,23,28,29] but 
this reagent can also interact with thiol groups [30,31]. 
Even though there is evidence that amino groups can 
also react with NBD-CI [32,33], this reaction is seen 
only at alkaline pH and is almost negligible at neutral 
or near neutral pH values [33]. Since the placental 
brush-border membrane vesicles were treated with 
NBD-CI at pH 7.4 in the present study, it is unlikely 
that amino groups were modified under these condi- 
tions. But, under similar experimental conditions, reac- 
tion with tyrosine [33] and sulfhydryl residues [30] is 
extensive. In both cases, the reaction can be reversed 
and the phenolic hydroxyl and suifhydryl groups regen- 
erated by subsequent incubation with free thiols 
[17-19,28]. It was found in the present investigation 
that the incubation of NBD-Cl-treated membranes with 
2-mercaptoethanol caused significant reversal of the 
NBD-Cl-induced inhibition of the taurine transporter. 
Therefore, it is concluded from these results that the 
inhibition of taurine uptake seen in human placental 
membrane vesicles upon treatment with NBD-C1 is due 
to chemical modification of tyrosine a n d / o r  sulfhydryl 
groups of the trasnport protein. 

Tetranitromethane is one of the most widely used 
reagents to modify tyrosine residues in proteins [34,35]. 
However, this reagent has also been shown to react with 
thiol groups [36,37]. Treatment of placental brush-border 
membrane vesicles with tetranitromethane resulted in 
effective inhibition of the taurine transporter, suggest- 
ing the involvement of tyrosine a n d / o r  sulfhydryl 
groups in the catalytic function of the transporter. 
PMSF, another tyrosine group-specific reagent [38], also 
caused drastic inhibition of taurine uptake in these 
membrane vesicles. 

The results with the above-mentioned reagents thus 
suggest, hut  do not necessarily prove, that tyrosine 
residues are essential for the function of the placental 
taurine transporter. It would be most useful to have a 
reagent which is highly specific for tyrosine residues. 
Although such a reagent is not available yet, N- 
acetylimidazole, of all reagents, appears to be best suited 
for this purpose [14]. This reagent, to some extent, can 
also modify sulfhydryl and amino groups. However, 
there are ways to differentiate between the reactions of 
sulfhydryl, amino and phenolic hydroxyl groups with 
this reagent. N-Acetylimidazole acetylates sulfhydryl 
groups in proteins, but the products immediately hydro- 
lyze in aqueous solutions [16,39]. Amino groups and 
phenolic hydroxyl groups are also acetylated by the 
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reagent. But, hydroxylamine at neutral pH or mild 
alkaline conditions deacetylates phenolic hydroxyl 
groups [15,16] whereas deacetylation of amino groups 
by hydroxylamine requires hot acidic or alkaline condi- 
tions [391. 

It was found in the present investigation that N- 
Acetylimidazole inhibited taurine uptake in placental 
brush-border membrane vesicles. The inhibition could 
be demonstrated even after washing the membranes two 
or three times indicating that the inhibition was not due 
to acetylation of sulfhydryl groups. Since the N- 
acetylimidazole-induced inhibition could be reversed 
with hydroxylamine under mild alkaline conditions, it is 
the acetylation of tyrosine residues, and not the acetyla- 
tion of amino groups, which is responsible for the 
inhibition. 

Table I shows that tetranitromethane and NBD-CI 
were more potent than PMSF and N-aeetylimidazole in 
inhibiting the taurine tr,,nsporter. Whether the greater 
inhibitory potency of these two reagents is due to their 
capability to react with tyrosine as well as thiol groups 
is yet to be determined because there is no available 
data at present on the essentiality of thiol groups for the 
catalytic activity of the placental taurine transporter. 

We also investigated the influence of the chemical 
modification of the critical tyrosine residues on the 
kinetic parameters of the uptake system. Modification 
of tyrosine residues with N-acetylimidazole resulted in a 
decrease in Vmax, with no effect on K t. These results are 
consistent with a reversible noncompetitive inhibition 
or an irreversible inactivation. Since the reagent is known 
to acetylate the phenolic hydroxyl group of tyrosine 
residues, it appears that such a modification irreversibly 
inactivates the transporter. To determine whether the 
tyrosine residues which are critical for the activity of the 
placental taurine transporter are I,'wated at or near the 
Na*-binding s~te of th:  transporter, we compared the 
efficacies of N-acetylimidazole to inhibit the transporter 
activity when the treatment wkh the l'eagent was per- 
formed in the presence of K ÷ or Na ÷. The transporter 
was significantly protected from the inhibition by Na ÷. 
These data suggest, but do not prove, that the essential 
tyrosyl residues are present at the Na+-binding site. It is 
possible that these reactive residues are located at a site 
which is spatially distinct from the Na*-binding site but 
whose conformation is influenced by the binding of 
Na + to the transporter. 
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