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Abstract 

Transport of glycine in confluent monolayer cultures of JAR human placental choriocarcinoma cells was investigated. Glycine 
uptake in these cells was made up of two components, one being Na+-dependent with no requirement for C1 and the other 
being dependent on Na + as well as CI . Substrate specificity studies indicated that distinct transport systems were responsible 
for these two components. Alanine inhibited the Na+-dependent glycine uptake preferentially and the Na +- and CI -dependent 
glycine uptake represented > 95% of total uptake in the presence of 5 mM alanine. Competition experiments revealed that the 
Na +- and C1--dependent transport system exhibited a very narrow substrate specificity with affinity toward only glycine and its 
derivatives such as sarcosine, glycine methyl ester and glycine ethyl ester. These characteristics identify the transport system as 
GLYT 1. This system showed high affinity for glycine, with a Michaelis-Menten constant of 15 /~M. The Na+:CI : glycine 
stoichiometry appeared to be 2:1:1. Treatment of JAR cells with calmodulin antagonists resulted in the inhibition of the 
transport function of GLYT 1 and this inhibition was solely due to a decrease in the maximal velocity of the system with no 
change in the substratc affinity. It is concluded that the placental choriocarcinoma cell line JAR expresses robust activity of the 
glycine transporter GLYT 1 and that the activity of this transporter is under the regulation of calmodulin-dependent cellular 
processes. 
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1. Introduct ion 

Glycine is an important amino acid which is a pre- 
curser not only for proteins but also for purines and 
pyrimidines involved in nucleic acid biosynthesis and 
for glutathione, a component of cellular protective 
machinery against oxidative damage. Transport systems 
which participate in the cellular uptake of this amino 
acid have been investigated in several tissues and it has 
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become apparent that multiple amino acid transport 
systems have the ability to mediate glycine uptake. 
Among these glycine transport systems, system GLY is 
unique for several reasons. This system is very selective 
for glycine and has no or little affinity for other amino 
acids involved in protein synthesis. Furthermore, this 
system is highly concentrative, and its activity is obliga- 
torily dependent on Na + as well as CI-. Interestingly, 
expression of this transport system is restricted to only 
a limited number of tissues which include erythrocytes 
[1-3], brain [4], liver [5], and unfertilized and fertilized 
eggs [6,7]. 

Transport of amino acids from mother to fetus across 
the human placenta plays an important role in the 
growth and development of the fetus. This tissue ex- 
presses several amino acid transport systems [8,9]. 
Transport of glycine across the placenta has been in- 
vestigated with purified maternal-facing brush border 
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membrane vesicles [10,11] and available evidence indi- 
cates that at least part of glycine transport in these 
vesicles occurs via system GLY [10]. In our laboratory, 
we have used human placental choriocarcinoma cells 
as a model to study placental amino acid transport 
[12-15]. These cell lines are very useful not only to 
investigate the operational mechanisms of a trans- 
porter but also to delineate the cellular pathways in- 
volved in the regulation of the transporter function. 
The present study was initiated to characterize glycine 
transport in JAR human placental ehoriocarcinoma 
cells. The results of the study demonstrate that these 
cells express robust activity of system GLY which is 
responsible for 75-80% of glycine transport and that 
the transport function of system GLY is under the 
regulation of calmodulin-dependent processes. 

2. Materials and methods 

2.1. Materials 

[2-3H]Glycine (spec. radioactivity, 35.1 Ci/mmol) 
and L-[4,5-3H]leucine (spec. radioactivity, 60.0 Ci /  
mmol) were purchased from Du Pont-New England 
Nuclear (Boston, MA, USA). The JAR human placen- 
tal choriocarcinoma cell line was obtained from the 
American Type Culture Collection. RPMI 1640 
medium and penicillin-streptomycin were from Life 
Technologies (Gaithersburg, MD, USA). Fetal bovine 
serum was purchased from Atlanta Biologicals (Atlanta, 
GA, USA). Calmidazolium, W-7, and amino acids were 
from Sigma (St. Louis, MO, USA). CGS 9343 B (CGS) 
was a gift from Ciba-Geigy (Summit, N J, USA). All 
other chemicals were of analytical grade. Disposable 
plasticware for cell culture was purchased from Fisher 
(Pittsburgh, PA, USA). 

2.2. Cell culture 

The JAR human placental choriocarcinoma cells 
were cultured as described previously [12-15] using 
RPMI 1640 medium and 10% fetal bovine serum in the 
presence of penicillin (100 units/ml) and streptomycin 
(100 /zg/ml). Confluent stock cultures were treated 
with trypsin and the released cells were seeded in 35 
mm Petri dishes at a density of 1.5 • 1 0  6 cell/dish. The 
medium was replaced by fresh culture medium 24 h 
after starting of the subculture and the cells were used 
for uptake measurements the following day. The cells 
grew as a monolayer and cultures were confluent on 
the day of uptake measurement. When the effects of 
calmodulin antagonists on uptake were tested, fresh 
culture medium which was used to feed the cells 24 h 
after starting of the subculture contained these agents 
at desired concentrations. The time between the addi- 

tion of these agents to the cell cultures and the mea- 
surement of uptake was approximately 16 h. 

2.3. Uptake measurements 

The medium was removed by aspiration from mono- 
layer cultures and replaced with the uptake buffer 
containing radiolabeled glycine or leucine. The compo- 
sition of the uptake buffer in most cases was 25 mM 
Hepes-Tris (pH 7.5), 5.4 mM potassium gluconate, 1.8 
mM calcium gluconate, 0.8 mM MgSO4, 140 mM NaCI, 
and 5 mM glucose. After incubation at room tempera- 
ture for a desired time, the buffer was removed and 
the cells were quickly washed three times with the 
uptake buffer. After washing, 1 ml of 1% SDS/0.2 M 
NaOH was added to each dish and left for 1 h. The 
contents from the dish were then transferred to a 
scintillation vial for determination of radioactivity. 

2. 4. Protein determination 

Protein content of the cells was determined in each 
experiment by using monolayer cultures which were 
grown under conditions identical to those employed for 
culturing the cells for uptake measurements. The cul- 
ture medium was removed from the dish and 1 ml of 
water was added to iyse the cells. Lysis was facilitated 
by freezing and thawing after which the contents of the 
dish were passed through a 25 gauge needle several 
times to prepare the homogenate. Protein concentra- 
tion of the homogenate was determined by the Lowry 
method [16]. 

2.5. Statistics 

Experiments were routinely performed in duplicate 
or triplicate and each experiment was repeated two or 
three times. Results are expressed as means +_ S.E. for 
replicate determinations. Statistical and kinetic analy- 
ses were done using a commercially available computer 
software called Fig. P version 6.0 (Biosoft, Cambridge, 
UK). 

3. Results 

3.1. Time-course of  glycine uptake in the presence of  
Na + or Na + plus Cl - 

Uptake of glycine (0.75 /zM) into monolayer cul- 
tures of JAR cells was measured from uptake media 
containing Na + plus CI- (NaCI), C1- but no Na + 
(choline chloride) or Na + but no C1- (sodium glu- 
conate). Results given in Fig. 1 show that when both 
Na + and CI- were present in the uptake medium, 
glycine uptake was maximal, the uptake rate under 
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Fig. 1. Time-course of glycine uptake in JAR placental choriocarci- 
noma cells. Uptake of glycine (0.75 p~M) in monolayer cultures of 
JAR cells was measured from uptake media containing NaCI (e), 
sodium gluconate (©) or choline chloride (m). Composition of the 
uptake medium was (in mM) 25 Hepes-Tris (pH 7.5), 5.4 potassium 
gluconate, 1.8 calcium gluconate, 0.8 MgSO 4, 5 glucose, and 140 
NaCI, sodium gluconate or choline chloride. Values are means-+ S.E. 
for four determinations. 

these conditions being 37.68 _+ 2.35 pmol (mg of pro- 
te in)-  ~ (5 min) -  1. In contrast, uptake was negligible in 
the absence of Na +. However, uptake increased con- 
siderably when CI -  was omitted and Na + was added to 
the medium. Uptake rates measured in the presence of 
choline chloride and sodium gluconate were 0.73 ___ 0.02 
and 9.14 _+ 0.26 pmol (mg of protein)-~ (5 rain) -1, re- 
spectively. Thus, glycine uptake measured in the pres- 
ence of Na + and C1 was about four times the uptake 
measured in the presence of Na + alone. Obviously, 
two components,  one dependent  on Na + alone and the 
other dependent  on Na + as well as CI- ,  were responsi- 
ble for the observed glycine uptake in these cells. 

3.2. Sensitivity of Na +-dependent and NaCl-dependent 
glycine uptake to inhibition by other amino acids 

To d e t e r m i n e  whe the r  the  N a + - d e p e n d e n t  and  the  
N a C l - d e p e n d e n t  glycine up take  componen t s  r ep re sen t  
the  funct ion of  a single t r anspor t  system or  two differ-  
ent  t r anspor t  systems, we s tud ied  the  po tency  of  vari-  
ous amino  acids  to inhibi t  these  two componen t s  (Ta-  
ble  1). A m o n g  the amino  acids s tudied,  the  Na+-de  - 
p e n d e n t  up take  of  [3H]glycine was inhib i ted  marked ly  
by a lan ine  and serine.  The  inhibi t ion  caused  by glycine 
and M e A I B  was i n t e rmed ia t e  while p ro l ine  and sarco-  
sine caused  only a slight inhibi t ion.  In contras t ,  the  
inhibi tory  pa t t e rn  of  the  N a C l - d e p e n d e n t  up t ake  of  
[3H]glycine was qui te  d i f ferent .  The  most  po t en t  in- 

hibi tors  were  glycine and  sarcosine ,  fol lowed by pro-  
line, a lanine ,  ser ine  and M e A I B .  These  resul ts  suggest  
that  the  N a + - d e p e n d e n t  and  the  N a C l - d e p e n d e n t  
glycine up t ake  c ompone n t s  do  not  r ep re sen t  the func- 
t ion of  a single ca r r i e r  system and provide  evidence for 
the  p re sence  in J A R  ceils of  a dis t inct  glycine t r anspor t  
system whose  catalyt ic  funct ion is d e p e n d e n t  on Na + 
as well as C1-. 

3.3. Influence of alanine on the ratio of NaCl-dependent 
glycine uptake to Na +-dependent glycine uptake 

Since a lan ine  was found  to be the  most  po ten t  
inhib i tor  of  N a + - d e p e n d e n t  glycine up take  but  only a 
weak  inh ib i tor  of  N a C l - d e p e n d e n t  glycine up take ,  we 
s tud ied  the effect  of  increas ing  concen t ra t ions  of  ala- 
nine on these  two up t ake  componen t s .  The  pu rpose  of  
the  expe r imen t  was to d e t e r m i n e  the concen t ra t ion  of  
a lan ine  which would  p re fe ren t i a l ly  e l imina te  the Na + 
d e p e n d e n t  c o m p o n e n t  of  glycine up take  with litt le or  
no effect  on the  Na + plus Cl - d e p e n d e n t  c o m p o n e n t  
of  glycine up take .  This  would  enab le  us to charac te r i ze  
the  Na + plus C1 - d e p e n d e n t  glycine t r anspor t  system 
wi thout  the  in t e r fe rence  of  the N a + - d e p e n d e n t  glycine 
t r anspor t  system. The  resul ts  given in Fig. 2A show 
that  increas ing  concen t ra t ions  of  a lan ine  inhib i ted  the  
up take  of  glycine m e a s u r e d  both  in the  p re sence  of  
Na + a lone  and in the p re sence  of  Na  + and Cl . 
However ,  the  deg ree  of  inhibi t ion  was d i f ferent  in both  
cases  which was c lear ly  ev ident  when the ra t io  of  Na t 
and  C l - - d e p e n d e n t  glycine up take  to N a + - d e p e n d e n t  
glycine up take  was ca lcu la ted  at d i f fe ren t  concent ra -  
t ions of  a lan ine  (Fig. 2B). In the  absence  of  a lanine,  
the  ra t io  was 4.3 + 0.4, me a n ing  that  about  2 0 - 2 5 %  of 

Table 1 
Distinction between Na+-dependent and NaCl-dependent transport 
systems for glycine in JAR placental choriocarcinoma cells 

Unlabeled [3H]Glycine uptake 
amino acid (pmol (rag of protein) 1 (10 min) - l ) 

sodium gluconate NaCI 

None 24.4 _+ 2.4 (100) 74.1 + 2.6 (100) 
Alanine 5.3_+0.4 (22) 53.5_+2.1 (72) 
Serine 8.6_+0.5 (35) 64.7-+1.9 (87) 
Proline 17.6_+ 1.3 (72) 52.6-+2.0 (71) 
Sarcosine 19.3_+ 1.6 (79) 20.9_+ 1.2 (28) 
Glycine 14.4_+0.3 (59) 14.6_+1.4 (20) 
MeAIB 14.3_+1.2 (59) 65.7_+4.8 (89) 

Values are means -+ S.E. for 4-6 determinations. Uptake of 
[3H]glycine into monolayer cultures of JAR cells was measured with 
a 10 min incubation from an uptake medium containing either 
sodium gluconate or NaCI. Composition of the uptake medium was 
(in raM) 25 Hepes-Tris (pH 7.5), 5.4 potassium gluconate, 1.8 cal- 
cium gluconate, 0.8 MgSO4, 5 glucose, and 140 sodium gluconate or 
NaCl. Concentration of radiolabeled glycine was 0.75/zM and that of 
unlabeled amino acids was 1 raM. Values given in parantheses are 
percent of respective control uptake. 
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Fig. 2. Sensitivity of Na+-dependent and NaCl-dependent glycine 
uptake to inhibition by alanine. (A) Uptake of glycine (0.75 /xM) in 
JAR cells was measured with a 10 rain incubation from uptake media 
containing NaCI, sodium gluconate, or choline chloride. Composition 
of the uptake medium was (in mM) 25 Hepes-Tris (pH 7.5), 5.4 
potassium gluconate, 1.8 calcium gluconate, 0.8 MgSO 4, 5 glucose 
and 140 NaCI, sodium gluconate or choline chloride. Concentration 
of alanine was varied over the range of 0.1-10 mM. Uptake mea- 
sured in the presence of choline chloride was subtracted from the 
uptake values measured in the presence of sodium gluconate and 
NaCI to determine Na+-dependent (e) and NaCl-dependent (©) 
uptake, respectively. Values are means_+S.E, for three determina- 
tions. (B) Influence of alanine on the ratio of NaCl-dependent 
glycine uptake/Na+-dependent glycine uptake. 

the total uptake measured in the presence of NaC1 was 
contributed by the Na+-dependent uptake component 
and the remaining uptake was contributed by the Na +- 
and Cl--dependent uptake component. As the concen- 
tration of alanine was increased, this ratio increased 
considerably, indicating preferential elimination of the 
Na+-dependent uptake component with little effect on 
the Na +- and Cl--dependent component. The ratio 
was maximal (18.0_+ 1.5) in the presence of 5 mM 
alanine. This means that almost 95% of the total 
uptake of glycine measured in the presence of NaCl 
under these conditions was due to the Na +- and C1-- 
dependent uptake component and that the contribu- 
tion to the uptake by the Na+-dependent component 
was only about 5%. Subsequent experiments designed 
to characterize the Na +- and C1 -dependent glycine 
transport system were done by measuring glycine up- 
take from NaCl-containing medium in the presence of 
5 mM alanine. 

3.4. Cation and anion specificity of the Na +- and Cl -- 
dependent glycine transport system 

The cation specificity of the transport system was 
studied by measuring glycine uptake in the presence of 
chloride salts of different cations. Alanine (5 mM) was 
present in all experiments. Replacement of Na + with 

K +, Li + and choline totally abolished the uptake (Ta- 
ble 2), demonstrating the absolute requirement for 
Na + for the transport function of the system. The 
anion specificity was studied by measuring glycine up- 
take in the presence of sodium salts of different anions 
(Table 2). Uptake was maximal in the presence of CI-. 
Uptake was minimal when CI- was replaced by glu- 
conate or F . I -  and NO~- could substitute for C1- to 
an appreciable extent. Among the anions tested, SCN- 
was the most effective substituent for CI-, the uptake 
in the presence of NaSCN being about 60% of the 
uptake in the presence of NaC1. The specific anion 
requirement for the transport function was not due to 
the diffusion potentials induced by these anions be- 
cause, if this were to be the case, SCN- being more 
permeant than C1- would have supported the uptake 
more effectively than CI-. Therefore, it appears that 
the stimulation of glycine uptake by Na + and C1- was 
due to a direct effect of these ions on the transport 
system. 

3.5. Substrate specificity of the Na +- and Cl--dependent 
glycine transport system 

To determine the substrate specificity of the Na +- 
and Cl--dependent transport system that was responsi- 
ble for glycine uptake, we conducted competition ex- 
periments in which the potency of various amino acids 
to inhibit the uptake of [3H]glycine was evaluated 
(Table 3). Among the compounds tested, glycine and 
sarcosine were the most potent inhibitors of [3H]glycine 
uptake. Glycine methyl ester and glycine ethyl ester 
also caused marked inhibition. Pipecolic acid produced 

Table 2 
Influence of monovalent cations and anions on alanine-insensitive 
glycine uptake in JAR placental choriocarcinoma cells 

Inorganic salt Glycine uptake 

pmol (mg of protein)- 1 ( 5  min)- 1 o~ 

Influence of cations 
NaCI 22.1 + 0.4 100 
KCI 0.4 _+ 0.0 2 
LiCI 0.6 _+ 0.0 2 
Choline chloride 0.4-+ 0.0 2 

Influence of anions 
NaCI 22.1 _+ 0.4 100 
NaI 6.8_+0.1 31 
NaF 3.8_+0.1 17 
NaNO 3 6.3 _+ 0.1 28 
NaSCN 13.1 _+ 0.2 59 
Sodium gluconate 1.4 -+ 0.1 6 

Values are means -+ S.E. for three determinations. Uptake of 
[3H]glycine in monolayer cultures of JAR cells was measured with a 
5 min incubation in the presence of 5 mM alanine. Composition of 
the uptake medium was (in mM) 25 Hepes-Tris (pH 7.5), 5.4 potas- 
sium gluconate, 1.8 calcium gluconate, 0.8 MgSO4, 5 glucose, and 
140 indicated inorganic salt. Concentration of radiolabeled glycine 
was 0.5 p~M. 
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Table 3 
Substrate specificity of the Na +- and Cl--dependent glycine trans- 
port system in JAR placental choriocarcinoma cells 

Unlabeled [3H]Glycine uptake 
amino acid pmol (mg of protein)- i (5 min)- t % 

None 32.2_+ l .l 100 
Glycine 1.7 + 0.3 5 
Sarcosine 2.2 _+ 0.1 7 
Glycine methyl ester 9.6_+0.6 30 
Glycine ethyl ester 16.9+0.3 52 
Pipecolic acid 24.2 _+ 0.7 75 
Proline 29.2_+ 1.4 91 
Betaine 31.2 -+ 1.1 97 
Taurine 31.4 +_ 0.8 98 
GABA 32.5 + 1.4 101 
Leucine 30.1 + 1.5 93 
MeAIB 32.6-+0.3 101 
Serine 39.9 _-t- 1.0 124 

Values are means _+ S.E. for 3-5 determinations. Uptake of 
[3H]glycine in monolayer of JAR cells was measured with a 5 rain 
incubation in the presence of 5 mM alanine. Composition of the 
uptake medium was (in raM) 25 Hepes-Tris (pH 7.5), 5.4 potassium 
gluconate, 1.8 calcium gluconate, 0.8 MgSO 4, 140 NaCI, and 5 
glucose. Concentration of radiolabeled glycine was 1 ~M and that of 
unlabeled amino acids was 500 ~M. 

a small,  but  s ignif icant  ( P  < 0.05) inhibi t ion.  A m i n o  
acids which had  no effect on [3H]glycine up t ake  in- 
c luded  prol ine ,  be ta ine ,  G A B A ,  taur ine ,  leucine,  and  
M e A I B .  [3H]Glycine up t ake  was consis tent ly  h igher  in 
the  p re sence  of  ser ine  than  in its absence ,  but  the  
mechan i sms  under ly ing  this a p p a r e n t  s t imula t ion  were  
not  inves t iga ted  fur ther .  

These  compe t i t i on  expe r imen t s  l ead  to the  identif i -  
ca t ion of  the  Na  +- and C l - - d e p e n d e n t  t r anspo r t  system 
which ca ta lyzes  glycine up take  in J A R  cells. Recent ly ,  
two di f ferent  glycine t r anspor t  systems have been  
c loned f rom neurona l  t issue [17-19].  Both systems are  
specific for glycine and d e p e n d  on N a  + as well  as C1 
for the i r  t r anspor t  funct ion.  However ,  these  two sys- 
tems can be d is t inguished  by the i r  d i f ferent ia l  affinity 
toward  sarcosine,  N-methylg lyc ine .  O n e  system has 
high affinity for sarcos ine  and up t ake  of  glycine via this 
system is s t rongly inhib i ted  by this glycine derivat ive.  
The  second  system exhibits  no or  l i t t le affinity for 
sarcos ine  and thus glycine up t ake  via this system is 
to ta l ly  insensi t ive to sarcosine.  The  sarcos ine-sens i t ive  
glycine t r anspor t  system has been  des igna ted  as G L Y T  
1 and the sarcos ine- insens i t ive  glycine t r anspo r t  system 
as G L Y T  2. Since the  Na  +- and C l - - d e p e n d e n t  glycine 
up take  in J A R  cells is a lmost  to ta l ly  inh ib i ted  by sarco-  
sine, the  system respons ib le  for this up take  is G L Y T  1. 
T h e r e  is no evidence  for express ion of  G L Y T  2 in 
these  cells because  of  the  absence  of  sa rcos ine- re -  
s is tant  glycine up take .  

3.6. Dependence o f  the uptake rate t~,ia G L Y T  1 on the 
concentration o f  glycine 

Fig. 3 descr ibes  the  d e p e n d e n c e  of  the  up take  ra te  
on glycine concen t ra t ion .  The  up take  rate  was mea-  
sured  with a 5 rain incuba t ion  f rom an up take  m e d i u m  
conta in ing  140 mM NaC1 and 5 m M  alanine.  U n d e r  
these  condi t ions ,  glycine up take  occur red  p redomi -  
nant ly  via G L Y T  1. Glycine  concen t ra t ion  was var ied  
over  the  range  of  1 -60  ~ M .  The  plot  of  up take  ra te  
versus glycine concen t ra t ion  was hyperbol ic  and the 
expe r imen ta l  da t a  obeyed  Michae l i s -Men ten  kinet ics  
descr ib ing  a single sa tu rab le  t r anspor t  system. Analys is  
of  the da ta  gave a value  of  14.8_+ 1.6 g M  for the 
M i c h a e l i s - M e n t e n  cons tan t  ( K  t) and  423 i 17 pmol  (rag 
of  p r o t e i n ) - l  (5 ra in ) - J  for the  maximal  velocity (Vm,,×). 

3. 7. Na + and Cl kinetics o f  G L Y T  1 

W e  inves t iga ted  the  d e p e n d e n c e  of  the catalyt ic  
funct ion of  G L Y T  1 on the concen t ra t ion  of  N a t  In 
these  exper iments ,  up take  of  1 # M  glycine was mea-  
sured  with a 5 min incuba t ion  in the  p resence  of  
varying concen t ra t ions  of  Na + (0 -120  mM).  The  con- 
cen t ra t ion  of  C1- was kep t  at 140 mM. Alan ine  was 
p re sen t  at  a concen t ra t ion  of  5 m M  in all exper iments .  
The  resul ts  a re  given in Fig. 4. The  d e p e n d e n c e  of  the 
up t ake  ra te  on the concen t ra t ion  of  Na + was found to 
be s igmoidal ,  indica t ing  a N a + / g l y c i n e  coupl ing rat io 

300 

200 

'~ 100 

Concentration of glycine ( IJM ) 

Fig. 3. Kinetics of NaCl-dependent glycine transport system. Uptake 
of glycine in JAR cells was determined with a 5 rain incubation in 
the presence of NaCI and over the glycine concentration range of 
1-60 ~,M. All uptake measurements were made in the presence of 5 
mM alanine. Concentration of [3H]glycine was maintained at 1 p~M 
at all glycine concentrations. Uptake of radioactivity determined 
under identical conditions but in the presence of 1 mM unlabeled 
glycine was used to compute nonmediated uptake. Mediated uptake 
was calculated by subtracting nonmediated uptake from total uptake. 
Values given represent only mediated uptake and are means + S.E. 
for four determinations. 
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of > 1. The experimental data were analyzed accord- 
ing to the Hill-type equation 

V m - [Na + ] "  
U 

. '  [ N a + ]  " K(Na+ ) + 

where t., is the uptake rate, V m is the maximal glycine 
uptake, [Na +] is the concentration of Na +, K(Na+ ), is 
the concentration of Na + necessary to elicit 50% of the 
maximal effect, and n is the number of Na + ions 
involved in the transport of one glycine molecule. This 
analysis gave a value of 72 +_ 6 mM for K(Na+ ) and 
1.44 _+ 0.10 for n. Assignment of a value of 1 or 2 for n 
rendered the Hill-type plots curvilinear (Fig. 4B). 

In contrast, similar experiments on the dependence 
of glycine uptake rate on the concentration of C1- 
done in the presence of a fixed concentration of Na + 
revealed that the relationship in the case of C1- was 
not sigmoidal but instead hyperbolic (Fig. 5). These 
results suggest that the coupling ratio of C1-/glycine is 
1. Analysis of the data using the Hill-type equation as 
described earlier for Na + gave a value of 1.0 + 0.3 for 
n (the number of Cl-  ions involved in the transport of 
one glycine molecule) and 36 +_ 8 mM for K(c I ) (the 
concentration of CI necessary to produce 50% of the 
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Fig. 4. Dependence of NaC]-dependent g]ycine transport system on 
the concentration of Na +. Uptake of glycine (1 /~M)was determined 
in JAR cells with a 5 rain incubation in the presence of 5 mM 
alanine. Concentration of Na + in the uptake medium was varied 
over the range of 5-120 mM while maintaining the concentration of 
CI at 140 raM. Uptake media were prepared by appropriately 
mixing two uptake buffers containing 25 mM Hepes-Tris (pH 7.5), 
5.4 mM potassium gluconate, 1.8 mM calcium gluconate, 0.8 mM 
MgSO 4, 5 mM glucose, and 140 mM NaC] or LiCL Uptake measured 
in the absence of Na + was subtracted from total uptake to deter- 
mine Na+-dependent uptake. Values are means_+S.E, for four de- 
terminations. (A) Na+-dependent glycine uptake (z~,) versus Na + 
concentration. (B)Hi l l - type plot: t, versus u / [Na  + ] (e); ~: versus 
c /[Na + ] 2 (o). 
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Fig. 5. Dependence of NaCl-dependent glycine transport system on 
the concentration of CI . Uptake of glycine (1 /xM) was determined 
in JAR cells with a 5 min incubation in the presence of 5 mM 
alanine. Concentration of CI- was varied over the range of 5-120 
mM, while maintaining the concentration of Na + at 140 mM. Up- 
take media were prepared by appropriately mixing two uptake buffers 
containing 25 mM Hepes-Tris (pH 7.5), 5.4 mM potassium gluconate, 
1.8 mM calcium gluconate, 0.8 mM MgSO4, 5 mM glucose, and 140 
mM NaCI or sodium gluconate. Uptake measured in the absence of 
CI- was subtracted from total uptake to determine Cl--dependent 
uptake. Values are means_+S.E, for four determinations. (Inset) 
Hill-type plot; Cl--dependent glycine uptake (t,)versus CI -depend- 
ent glycine uptake/Cl concentration. 

maximal effect). The linearity (r  = -0 .98)  of the Hill- 
type plot (Fig. 5, inset) with n = 1, i.e., u vs. u/[Cl ], 
supports the C1-/glycine coupling ratio of 1. 

3.8. Influence of calmodulin antagonists on the activity 
of GLYT 1 

Our previous studies have shown that several trans- 
port systems in JAR cells are regulated by calmodulin- 
dependent  cellular processes [14,15]. These experi- 
ments were done with CGS, a highly specific calmod- 
ulin antagonist [20]. In the present study, we investi- 
gated whether the activity of GLYT 1 in these cells is 
also regulated by calmodulin-dependent processes. The 
cells were treated with different concentrations of CGS 
(0-60 /zM) for 16 h at 37°C, following which the 
activity of GLYT 1 (i.e., the NaCl-dependent glycine 
uptake in the presence of 5 mM alanine) was mea- 
sured. As shown in Fig. 6, treatment of the cells with 
the calmodulin antagonist caused marked inhibition of 
GLYT 1 activity. At a CGS concentration of 60 /zM, 
the inhibition was about 80%. Under  identical condi- 
tions, the uptake of leucine catalyzed by the amino 
acid transport system'L was stimulated by CGS. This 
suggests that the inhibitory effect of CGS treatment on 
the activity of GLYT 1 was not without specificity. The 
participation of calmodulin in the regulation of GLYT 
1 activity was further confirmed by using two other 
widely used calmodulin antagonists, W-7 and calmida- 
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zolium. Treatment of JAR cells with 40 txM W-7 and 5 
txM calmidazolium for 16 h at 37°C caused 26 + 4% 
and 22 _+ 2% inhibition of GLYT 1 activity, respec- 
tively. 

We also studied the influence of CGS treatment on 
the kinetic parameters of GLYT 1. JAR cells were 
treated with or without 40 p.M CGS for 16 h at 37°C 
and the dependence of glycine uptake rate on the 
concentration of glycine was studied in both groups. In 
control as well as CGS-treated cells, the plot of uptake 
rate vs. glycine concentration was hyperbolic (not 
shown). The Eadie-Hofstee plots (uptake rate/glycine 
concentration vs. uptake rate) in both cases were linear 
(Fig. 7). The kinetic parameters (K  t and V,,ax) were 
calculated by linear regression analysis of the data. In 
control cells, the values for K t and Vma x were 13.9 _+ 1.0 
IxM and 376 + 14 pmol(mg of protein) - j  (5 min) -=, 
respectively. The corresponding values in CGS-treated 
cells were 15.2_+ 0.4 txM and 178 + 3 pmol(mg of 
protein) =(5 rain) 1, respectively. These results show 
that CGS-induced inhibition of GLYT 1 activity in 
JAR cells is solely due to a decrease in the Vm~ ~. The 
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Fig. 6. Inf luence of  CGS on leucine uptake and NaCl-dependent  
glyeine uptake. Mono layer  cultures o f  JAR  ceils were t reated for  ]6 
h at 37°C in the absence or presence of  CGS at indicated concentra- 
tions. Fol lowing this treatment, uptake o f  glycine ( ]  /~M) was mea- 
sured with a 5 min incubation in the presence of  5 m M  alanine (e). 
When uptake o f  leucine (10 nM)  was determined, a]anine was not 
present  and incubation time was 1 min instead of 5 min (0).  
Composition of the uptake medium was (in raM) 25 Hepes-Tris  (pH 
7.5), 5.4 potassium glue©hate, 1.8 calcium gluconate, 0.8 MgSO4, 5 
glucose, and 140 NaC1. In control cells which were not treated with 
CGS, values for glycine uptake and leucine uptake were 31.5+ 1.3 
pro©l/rag per 5 min and 0.46+_0.03 p m o l / m g  per min, respectively. 
These values were taken as 100 percent in respective experiments. 
Values are means+_ S.E. for four determinations.  
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Fig. 7. Influence of CGS on the kinetics of NaCl-dependent  glycine 
transport system. Monolayer cultures of JAR cells were treated for 
16 h at 37°C in the absence (*) or presence (©) of 4(1 /xM CGS. 
Following this treatment,  uptake of glycine was determined with a 5 
min incubation in the presence of NaCI and over a glycine concen- 
tration range of 1-60 txM. All uptake measurements  were made in 
the presence of 5 mM alanine. Concentration of [~H]glycine was 
maintained at 1 p.M at all glycine concentrations. Uptake of radioac- 
tivity determined under  identical conditions but in the presence of 1 
mM unlabeled glycine was used to compute nonmediated uptake. 
Mediated uptake was calculated by subtracting nonmediated uptake 
from total uptake. Results  are given for mediated uptake in the form 
of Eadie-Hofstee plots. Values are means_+ S.E. for four determina- 
tions. 

affinity of GLYT 1 for glycine is similar in control cells 
and in CGS-treated cells. 

4. Discussion 

Amino acid transport in mammalian cells is a very 
complex phenomenon, involving at least 15 distinct 
transport systems [21,22]. Glycine is a substrate for 
several of these systems. However one particular sys- 
tem, called GLY, has been shown to be specific for 
glycine and its methyl derivative sarcosine [1-7]. Re- 
cent studies [17-19] have demonstrated that there are 
at least two subtypes of system GLY based on sub- 
strate specificity. GLYT 1 accepts glycine as well as 
sarcosine as substrates whereas GLYT 2 accepts only 
glycine as the substrate. GLYT 1 is expressed in vari- 
ous regions of the brain [4,18,23] and in nonneuronal 
tissues such as erythrocytes, liver and unfertilized and 
fertilized eggs [1-3,5-7]. In contrast, expression of 
GLYT 2 is strictly restricted to neuronal tissue, in 
particular, brain stem and spinal cord [17]. GLYT 1 
exhibits two is©forms [17,18,23] both resulting from 
alternative splicing. 

There is evidence for the presence of GLYT 1 in the 
human placental brush border membrane [10] where it 
is expected to participate in the transfer of glycine 
from maternal blood into placental trophoblast. De- 
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tailed characterization of this system was however not 
possible because transport via GLYT 1 represented 
only about 20% of total glycine transport in brush 
border  membrane vesicles. We initiated the present 
studies to determine whether the human placental 
choriocarcinoma cell line JAR expresses GLYT 1 with 
the aim to identify a cellular model to characterize 
GLYT 1 in the placenta. To our knowledge, GLYT 1 
has not been previously described in a cultured cell 
line of human origin and identification of a human cell 
line expressing GLYT 1 would certainly facilitate stud- 
ies on the regulation of this interesting transport sys- 
tem. 

We demonstrate in the present study that JAR cells 
exhibit robust activity of GLYT 1. The identity of the 
transport system was established by its requirement for 
Na + as well CI-, narrow substrate specificity and ac- 
ceptance of sarcosine as a high affinity substrate. 
Transport  of glycine in JAR cells via GLYT 1 repre- 
sents about 75% of total glycine transport, the remain- 
der being most likely carried out by System A. It is 
interesting to note that contribution to total glycine 
transport by System A is much greater than by GLYT 1 
in isolated placental brush border membrane vesicles 
[10]. It is difficult to assign any significance at this time 
to this difference in the relative contribution of System 
A and GLYT 1 to glycine transport in JAR cells and in 
brush border membrane vesicles. However, it is known 
that the activity of GLYT 1 is developmentally regu- 
lated in fertilized eggs [6,7]. Transport  of glycine occurs 
predominantly via GLYT 1 in fertilized eggs and in 
two-cell and eight-cell conceptuses. At later stages of 
development, amino acid transport systems other than 
GLYT 1 become primarily responsible for glycine 
transport. Functional relevance of such a developmen- 
tal pattern of GLYT 1 expression in fertilized eggs is 
evident from the findings that glycine is the most 
predominant amino acid in unfertilized and fertilized 
eggs and that the glycine content decreases gradually 
as the fertilized egg develops through two-cell and 
eight-cell stages into blastocyst [24]. It is very likely that 
expression of various amino acid transport systems and 
their relative activities change in the placenta during 
its development depending upon the metabolic needs 
of the tissue for particular amino acids as has been 
shown in early stage conceptuses. Therefore,  the rela- 
tive activities of different glycine transport systems in 
JAR cells may not represent the corresponding activi- 
ties in the brush border membrane of the term pla- 
centa. 

The JAR human placental choriocarcinoma cell of- 
fers an excellent experimental tool to characterize the 
transport system GLYT 1. In these cells, GLYT 1 
mediates as much as 75% of glycine transport. The 
contribution of GLYT 1 to glycine transport can be 
increased further to 95% if uptake measurements are 

done in the presence of 5 mM alanine. Moreover, 
glycine transport measured in the presence of alanine 
is almost completely inhibitable by sarcosine, indicating 
that there is no measurable GLYT 2 activity in these 
cells. Our studies show that GLYT 1 in JAR cells is 
dependent  on Na + as well as CI-  and is specific only 
for glycine and its derivatives such as sarcosine, glycine 
methyl ester and glycine ethyl ester. There are other 
Na +- and C1--coupled transport systems which medi- 
ate the transport of different amino acids and related 
compounds such as proline, betaine, taurine and GABA 
[25]. But, these compounds do not interact with GLYT 
1. Most of the Na +- and C1--coupled transporters 
which mediate the transport of zwitterionic substrates 
exhibit a Na+/C1- / subs t ra te  stoichiometry of 2:1:1. In 
the present study, we have determined the apparent 
Na+/glycine and Cl- /g lycine  coupling ratios for GLYT 
1 in JAR cells. The Na+/glycine coupling ratio has 
been shown to be 2 for GLYT 1 in other cell types 
[3,26-28]. The corresponding value in JAR cells is 1.44. 
The most likely reason for this value to be significantly 
less than 2 is the presence of residual activity of System 
A. Even though the coupling ratio was determined in 
the presence of alanine which preferentially eliminated 
System A activity, there was still some residual activity 
of this system contributing to glycine transport. The 
contribution of System A to glycine transport in the 
presence of 140 mM Na + is about 5%. However, the 
experiments dealing with the Na+/glycine coupling 
ratio were done over a range of 0-120 mM Na +. Since 
the dependence of System A activity on Na + concen- 
tration is known to be hyperbolic [27], the contribution 
of System A to glycine transport is likely to be much 
greater than 5% when transport measurements are 
done at Na + concentrations < 140 mM, especially at 
very low concentrations of Na +. This would mask to a 
significant extent the sigmoidal relationship between 
glycine transport rate and Na + concentration that is 
expected for GLYT 1. For these reasons, it is con- 
cluded that the apparent Na+/glycine coupling ratio 
for GLYT 1 in JAR cells is 2 as has been shown in 
other systems. The value of 1 for the apparent 
C1 /glycine coupling ratio obtained in the present 
study for GLYT 1 is probably correct because these 
experiments were done at 140 mM Na + with varying 
concentrations of C1-. Since System A activity is not 
dependent on CI-, the contribution of System A to 
glycine transport in experiments dealing with the deter- 
mination of C1-/glycine coupling ratio of GLYT 1 was 
minimal at all concentrations of C1-. 

To our knowledge, there is no information available 
on the regulation GLYT 1 in any tissue. The JAR cell 
line provides a convenient system to investigate the 
regulatory aspects of this amino acid transport system. 
In the present study, we have investigated the role of 
calmodulin-dependent processes in the modulation of 
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G L Y T  1 activity in J A R  cells. Exper imen t s  r e p o r t e d  
here  were  pr imar i ly  done  with the  ca lmodu l in  antago-  
nist  CGS,  and the resul ts  were  conf i rmed  with o the r  
widely used ca lmodu l in  an tagonis t s  W-7 and ca lmida-  
zolium. Most  ca lmodul in  an tagonis t s  that  a re  cur ren t ly  
in use have ques t ionab le  select ivi ty toward  ca lmodul in  
and thus are  of  only l imi ted  po ten t i a l  in unequivocal ly  
es tabl ishing the involvement  of  ca lmodu l in  in any bio-  
chemical  process .  Neu ro l ep t i c  drugs  such as t r i f luoper -  
azine,  ch lo rp romaz ine ,  and  p imoz ide  which are  widely 
used as ca lmodul in  an tagonis t s  in fact ut i l ize d o p a m i n e  
recep to rs  as p r imary  ta rge ts  to elicit  the i r  p h a r m a c o -  
logical effects.  F u r t h e r m o r e ,  these  drugs  also act as 
inhibi tors  of  p ro te in  k inase  C [29]. Similarly,  W-7 is 
also an inhib i tor  of  p ro te in  k inase  C [30]. In  cont ras t  to 
these  compounds ,  the  select ivi ty of  CGS toward  
ca lmodul in  has been  clearly e s t ab l i shed  [20]. The  pre-  
sent  s tudy shows tha t  t r e a tmen t  of  J A R  cells with this 
select ive ca lmodul in  an tagonis t  leads  to a m a r k e d  de- 
crease  in the  activity of  G L Y T  1. The  effect  of  C G S  on 
G L Y T  1 is not  wi thout  specif ici ty because  the  activity 
of  the  amino  acid t r anspor t  System L is s t imula ted  
under  ident ica l  condi t ions .  The  inhibi tory  effect  of  
CGS on G L Y T  1 is r ep roduc ib l e  with W-7 and calmi-  
dazol ium.  These  resul ts  suggest  the  involvement  of  
c a l m o d u l i n - d e p e n d e n t  ce l lu lar  processes  in the  regula-  
t ion of  G L Y T  1 activity in J A R  cells. Since the  activity 
is dec rea sed  by ca lmodu l in  antagonis ts ,  it can be in- 
f e r red  tha t  ca lmodu l in  enhances  the  activity of  this 
t r anspor t  system in J A R  cells. The  dec rease  in the  
activity of  G L Y T  1 fol lowing t r e a t m e n t  of  the  cells 
with CGS is p r imar i ly  due  to a dec rease  in the  maximal  
velocity of  the system. The  affinity of  the  system for 
glycine is not  a f fec ted  by the t r ea tmen t .  The  exact  
ce l lu lar  mechan i sm by which the ca lmodul in  antago-  
nists inhibit  the  activity of  G L Y T  1 in J A R  cells 
r emains  to be es tabl ished.  

In conclusion,  the  J A R  h u m a n  p lacen ta l  chor iocar -  
c inoma cells express  high activity of  the  Na  +- and 
C l - - d e p e n d e n t  and  sa rcos ine- inh ib i tab le  glycine t rans-  
por t  system G L Y T  1. Since the re  is ev idence  for the  
occur rence  of  this t r anspor t  system in normal  h u m a n  
p lacenta ,  this cell l ine offers  an excel lent  mode l  to 
invest igate  var ious  aspects  of  this t r anspor t  system in- 
c luding its role in the  amino  acid nut r i t ion  of  the  
p l acen ta  and the deve lop ing  fetus and regu la t ion  of  its 
activity by ma te rna l  and  fetal  hormones .  
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