
z Ern~ihrungswiss 34:284-292 (1995) 
© Steinkopff Verlag 1995 

A. Scholl 
M. Gent 
H. Daniel 

Alanine transport across the human placetal 
brush border membrane and the role 
of SH groups in carrier function 

Charakteristik des Alanintrans- 
ports an der Biirstensaummem- 
bran der menschlichen Plazenta 
und Identifizierung yon freien 
SH-Gruppen in den Transport- 
proteinen 

Summary We have determined 
the kinetic characteristics of 
alanine transport into brush border 
membrane vesicles (BBMV) of 
human full term placenta and 
identified functional groups of the 
carrier proteins that are important 
for transport function. Alanine 
influx into BBMV was found to be 
mediated by two transport systems 
with different kinetic features and 
distinct substrate specificities. An 
uphill operating electrogenic 
Na+-dependent cotransport system 
could be kinetically separated from 
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a Na+-independent facilitated 
diffusion system. The Na+-de - 
pendent transporter mediates 
Na+-alanine cotransport with a 1:1 
flux coupling ratio (Hill coefficient 
1.13 + 0.12) and a Km for alanine 
of 0.45 + 0.06 mmol/1. 
Halfmaximal stimulation of 
Na+-dependent alanine influx was 
observed at a Na ÷ concentration 
(NaC1) of 51.4 + 1.3 mmol/1. 
A variety of group specific 
reagents were used to identify 
functional groups in the transport 
proteins. Only compounds reacting 
with SH-residues (NEM, DTNB, 
PCMBS) or NH2-groups (PITC) 
were found to affect Na + 
dependent and Na + independent 
alanine transport. The ECs0 value 
for inhibition of alanine influx by 
PCMBS was 450 + 48 Bmol/l. 
Chemical modifications of 
SH-groups by PCMBS caused a 
significant reduction (p < 0.005) in 
the Vmax for Na+-dependent 
alanine influx from 0.57 + 0.06 to 
0.16 + 0.05 nmol-mg 
protein-l-10s -1 without affecting 
significantly the Km value. 
Inhibition by PCMBS was reversed 
by treatment of BBMV with DTT. 
When the substrate binding site of 
the transporter was protected by 
alanine or leucine, PCMBS still 
blocked transport function, 
indicating that the crucial SH 
groups are not located within the 
substrate binding site of the 
transport proteins. 

Zusammenfassung Transportsyste- 
me in der apikalen Zellmembran 
der Syncytiothrophoblasten der 
Plazenta sind ftir den N~ihrstoff- 
transport aus dem mtitterlichen 
Kreislauf in den fetalen Stoffwech- 
sel von elementarer Bedeutung ftir 
Wachstum und Entwicklung des 
F6tus. Die Carriersysteme ftir 
Aminos~iuren limitieren dabei die 
Versorgung des F/Stus mit essentiel- 
len und nicht essentiellen Amino- 
s~iuren. An isolierten Btirstensaum- 
membranvesikeln (BBMV) reifer 
menschlicher Placenta haben wir 
die Aufnahme von neutralen Amino- 
sauren am Beispiel von Alanin cha- 
rakterisiert. Dartiber hinaus wurden 
durch den Einsatz gruppenspezifi- 
scher Reagentien wichtige Amino- 
saureseitengruppen der entsprechen- 
den Transportproteine identifiziert. 
Die Alaninaufnahme in die BBMV 
wird durch zwei s~ittigbare Carrier- 
systeme mit unterschiedlichen 
Eigenschaften vermittelt. Neben 
einem elektrogenen Na+-abhangi - 
gen System, das auch Gin, meAIB 
und Met transportiert, existiert ein 
Na+-unabh~ngiges System, das kein 
meAIB, daftir aber zus~itzlich Leu 
und Tyr transportiert. Beide Trans- 
portsysteme haben gleiche 
Affinit~itskonstanten (Km-Werte) 
ftir Atanin (0,45 + 0,06 mmol/1). 
Das Na+-abh~ngige System transpor- 
tiert Alanin mit einer 1:1 StiSchio- 
metric mit Na+-Ionen und weist 
eine 3fach hi3here maximale Trans- 
portgeschwindigkeit auf. 
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Durch Einsatz gruppenspezifischer 
Reagentien wurden freie SH-Grup- 
pen in den beiden Carriern identifi- 
ziert, die ftir die Funktion yon ent- 
scheidender Bedeutung sind: Durch 
Oxidation und Rtickreduktion der 
SH-Gruppen konnte die Transport- 
leistung der Carrier reversibel ver~in- 
dert werden. Da die modifizie- 

renden Reagentien die SH-Gruppen 
auch in Gegenwart der Substrate 
blockierten, ist zu vermuten, dab 
die wichtigen SH-Gruppen nicht in 
der Substratbindungsstelle der 
Transportproteine liegen. 

Key words Human placenta- 
brush border membrane - alanine 
transport - group specific reagents 
- SH-groups 

Sehliisselwiirter Alanintransport- 
menschliche Ptazenta - Kinetik - 
gruppenspezifische Reagentien - 
SH-Gruppen 

Introduction 

The placenta is the site of absorption for nutrients re- 
quired by the fetus for growth and development. Nutrients 
enter the fetus by uptake from the maternal blood across 
the brush border membrane of the syncytiotrophoblasts. 
A variety of specialized transport systems is responsible 
for uptake of sugars, amino acids, dipeptides, vitamines 
and electrolytes (2, 15, 16). With respect to amino acid 
uptake into human syncytiotrophoblasts studies on brush 
border membrane vesicles have identified a series of Na ÷- 
dependent and Na÷-independent transport systems with 
overlapping specificity (1, 5, 13, 17, 18). Although some 
of these transport systems have been studied with respect 
to kinetic features and substrate specificity (1, 7, 8, 9, 
10, 11), physicochemical characteristics of the proteins 
mediating transmembrane transport of amino acids have 
not been determined. As shown for other nutrient and 
electrolyte transport systems, group specific agents can 
successfully be employed to identify functional groups in 
the transport proteins which are essential for transport 
function (3, 4, 6, 12). Here we describe the effects of a 
variety of group specific reagents on uptake of alanine 
via a Na÷-dependent and a Na÷-independent transport sys- 
tem in human placental brush border membrane vesicles. 

Materials 

L-[3-3H]-Alanine (2.84 BGq/mmol; 37 MBq/ml) and L- 
[3-3H]-Glutamate (0.71 GBqlmmol; 37 MBq/ml) were 
purchased from Du Pont-De Nemours, Dreieich, FRG. 
p-chloromercuribenzenesulfonate (PCMBS), dicyclohe- 
xylcarbodiimide (DCCD), diethylprocarbonate (DEP), 
5,5'-dithiobis(2-nitro-benzoic acid) (DTNB), N-ethylma- 
leimide (NEM), N-acetylimidazole (NAI), phenylglyoxal 
(PGO), phenylisothiocyanate (PITC), phenylmethylsulfo- 
nylfluoride (PMSF) and dithiotreitol (DTT) were supplied 
by Sigma, Deisenhofen, FRG. All other chemicals were 
of the highest purity available. 

Methods 

Preparation of membrane vesicles 

Brush border membrane vesicles (BBMV) from human 
placenta were prepared according to lioka et al. (9). Full 

term placenta was obtained from the Kreiskrankenhaus 
Lich, washed immediately after delivery with 0.9 % NaC1 
and kept on ice for transport to the laboratory. Preparation 
of membrane vesicles was generally carried out within 
1 hour after delivery. The marker enzymes for the brush 
border membrane, alkaline phosphatase (EC 3.1.3.1.) and 
5'-nucleotidase (EC 3.1.3.5.) were enriched 20 + 3 and 
14 + 3 times, respectively, when compared to the ho- 
mogenate of the washed placental tissue. There was no 
significant enrichment of Na÷/K÷-ATPase. BBMV were 
loaded, if not stated otherwise, with a buffer containing 
20 mmol/l HEPES/Tris (pH 7.5), 280 mmol/1 mannitol 
and 0.25 mmol/l CaC12. In uptake studies with glutamate 
all loading buffers contained 100 mmol/l KC1 replacing 
200 mmol/1 mannitol. The protein concentration of the 
vesicle suspension was adjusted to 6 mg/ml and BBMV 
were stored in liquid nitrogen until use. 

Treatment of BBMV with group specific reagents 

For treatment of membrane vesicles with the various 
modifying agents, placental BBMV were incubated at pH 
7.5 (20 mmol/1 HEPES/Tris, 280 mmol/l mannitol, 0.25 
mmol/1 CaCI2) for 1 hour at 25 °C with the SH-specific 
compounds DTNB, PCMBS, NEM, the disulfide modif- 
ying DTT; the arginine modifying PGO and the tyrosine 
modifying NAI. Treatment with the histidyl-group spe- 
cific reagent DEP was performed at pH 6.4 (20 mmol/l 
potassium phosphate buffer, 280 mmol/1 mannitot, 0.25 
mmol/1 CaC12) and treatment with the NH2-selective PITC 
and the carboxy-group-specific DCCD was done at pH 
7.5 in phosphate buffers. Stock solutions of the com- 
pounds were made in ethanol followed by dilution with 
the buffers. The concentration of ethanol during pretreat- 
ment of the BBMV was always kept below 3 % (v/v), a 
concentration found not to affect transport function (data 
not shown). Equal concentrations of ethanol were added 
to the corresponding controls. After treatment, the reac- 
tion mixture was diluted with the preloading buffer 
(20 mmol/1 HEPES/Tris buffer, 280 mmol/1 mannitol, 
0.25 mmol/1 CaC12, pH 7.5). BBMV were collected by 
centrifugation and washed again in the same buffer. The 
final membrane pellets were suspended in a small volume 
of preloading buffer and protein concentration was ad- 
justed to 6 mg/ml. Substrate protection experiments were 
carried out with selected group specific reagents in the 
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presence of 2 mmol/1 alanine or leucine added to the 
reaction mixture prior to the addition of the modifying 
agents. In these experiments, control membrane vesicles 
were treated with the protective substrates in the absence 
of group specific reagents. 

Transport studies 

Uptake measurements with 3H-alanine and 3H-glutamate 
were performed at 25 °C by using a Millipore filtration 
technique with membrane filters of 0.45 gm pore size 
(BA 85, Schleicher & Schiill, Dtiren, FRG). Uptake was 
initiated by mixing 20 gl of vesicle suspension with 80 ~tl 
of incubation medium containing 20 mmol/1 HEPES/Tris 
buffer, pH 7.5, 80 mmol/1 mannitol, 0.25 mmol/1 CaC12, 
100 mmol/1 NaCI or 100 mmol/1 KC1. Uptake was termi- 
nated by a 50-fold dilution with an ice cold stop solution 
(5 mmol/1 HEPES/Tris buffer, 155 mmol/l KC1, pH 7.5) 
followed by filtration. For kinetic analysis a 10 s incu- 
bation was employed to measure initial rate uptake since 
alanine influx was found to be linear at least up to 0.5 
min. 

Calculations and statistics 

All calculations (linear as well as non-linear regression 
analysis) were performed by using INPLOT (GraphPAD, 
Los Angeles, CA). The experiments were generally car- 
ried out in triplicate with at least 2 membrane prepara- 
tions and results are presented as the mean + SEM. 
Significance of differences between the uptake rates and 
constants were determined by a non-paired t-test. 

R e s u l t s  

Transport of  alanine into osmotically active BBMV as a 
function of time 

When uptake of  0.15 mmol/1 of  3H-alanine into BBMV 
was measured as a function of time in the presence of an 
inwardly directed Na ÷ gradient (NaClin 0~aClout 100 
mmol/l) a pronounced overshoot phenomenon was ob- 
served. In contrast, when BBMV were incubated in the 
presence a K ÷ gradient (KClin 0/KCloat 100 mmol/1), no 
overshoot phenomenon was obtained and uptake reached 
equilibrium values at 30 min of incubation (Fig. 1). That 
the Na ÷ gradient dependent influx of alanine occured into 
an osmotically reactive space was demonstrated by os- 
motic shrinkage of BBMV in the presence of increasing 
concentrations of  mannitol in the extravesicular medium 
(inset to Fig. 1). Initial uptake of alanine in the presence 
of a NaCI gradient was further elevated when an out- 
wardly directed K+-diffusion potential was imposed by 
use of valinomycin in BBMV preloaded with 50 mmol/1 
K2SO4 (data not shown). This indicates that Na+ depend- 
ent alanine influx is of rheogenic nature. 

Kinetics of alanine transport into BBMV as a function of 
substrate concentration and its substrate specificity 

Initial rate uptake of 3H-alanine in the presence of  trans- 
membrane NaCI or KC1 gradients were determined as a 
function of increasing concentrations o f  alanine (0.1 to 
5 mmol/1). Uptake data (Fig. 2) were subjected to non- 
linear regression analysis by the least square method 
based on a Michaelis-Menten equation including a linear 
term. The slope of the linear term was found to be 
identical (0.06 + 0.02 versus 0.07 + 0.02 nmol mg pro- 
tein'l.10s'l.[S]) under both incubation conditions. A 
transformation of uptake data according to Eadie-Hofstee 
after substraction of the linear term is shown in Fig. 2b. 
A saturable transport kinetics is obtained in the presence 
of a Na + gradient as well as in the presence of a K ÷ 
gradient. The Na + dependent system has a Km of 0.45 + 
0.08 mmol/1 and a Vmax of 0.46 + 0.09 nmo1 mg protein "1 
.10s 4. The kinetic constants of  the transporter operating 
in the presence of a K ÷ gradient were found to be Kin: 
0.425 + 0.064 mmol/1 and Vmax: 0.21 + 0.08 nmol 
. mg protein "1.10s "1. Although both systems have identical 
affinity constants, the Vmax of the Na ÷ dependent trans- 
porter is about twofold higher. This indicates that Na +- 
ions do not alter substrate affinity but serve specifically 

Fig. I Uptake of alanine into placental BBMV as a function of 
incubation time and medium osmolarity 

Brush border membrane vesicles (BBMV) from human placenta 
were loaded with a buffer containing 20 mmol/1 HEPES/Tris, 280 
mmol/l mannitol and 0.25 mmol/l CaC12, pH 7.5. Uptake studies 
were initiated by mixing 20 t.tl BBMV with 80 /.tl incubation 
medium containing 20 mmolll HEPES/Tris buffer pH 7.5, 80 
retool/1 mannitol, 0.25 mmoI/I CaC12, 0.15 mmoltl alanine and 100 
mmol/l NaC1 (O) or 100 mmot/l KCI (O). Inset: Na÷-dependent 
uptake of alanine at 30 sec of incubation as a function of medium 
osmolarity. Uptake was performed as described above in the pre- 
sence of 100 mmolll NaC1 and increasing concentrations of manni- 
tol. All data represent the mean + SEM of 3 preparations in tripli- 
cate. 
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Fig. 2 Initial rate uptake of alanine into BBMV as a function of 
substrate concentration in the presence of an inwardly directed 
NaC1 or KC1 gradient 

BBMV were preloaded with a buffer containing 20 mmol/1 HE- 
PES/Tris 280 mmol/1 manuitol and 0.25 mmol/1 CaC12, pH 7.5. 
Uptake was measured for 10 s of incubation in a medium consisting 
of 20 mmol/1 HEPES/Tris buffer pH 7.5, 80 mmol/1 mannitol, 0.25 
mmol/1 CaCh,  100 mmol/1 NaCI (0 )  or 100 mmol/1 KC1 ( 0 )  and 

0.1 mmol/l alanine to 5 retool/1 alanine. Uptake rates were submit- 
ted to non-linear regression analysis based on a Michaelis-Menten 
equation including a linear term and carrier mediated uptake is 
shown for the Na ÷ dependent and Na ÷ independent uptake. Linear 
regression analysis from the uptake curves plotted according to 
Eadie-Hofstee (right graph) was applied to determine the corre- 
sponding kinetic constants. Data shown represent mean + SEM of 3 
preparations in triplicate. 

as the cotransported ion species. The lack of an overshoot 
in alanine uptake in the presence of a K + gradient indi- 
cates that the Na ÷ independent transporter operates under 
this experimental conditions downhill most likely as a 
facilitated diffusion system. 

The substrate speciflcities of  the two saturable trans- 
port systems were investigated by inhibition experiments 
with 0.1 mmol/1 3H-alanine as a substrate and selected 
amino acids (1 mmol/1) serving as inhibitors (Fig. 3). 
Stereospecific alanine influx by either system was estab- 
lished by the lack of inhibition of L-alanine uptake in the 

presence of D-alanine. In the presence of a Na+ gradient 
only glutamine, methionine and the synthetic substrate 
methyl aminobutyric acid (meAIB) significantly 
(p < 0.001) inhibited alanine influx. The Na + independent 
system was in addition inhibited by leucine and tyrosine 
but not by meAIB. Proline and lysine did not interact 
with either system. Based on these experiments leucine 
appears to be a useful substrate to discriminate the 
Na ÷ independent transporter when measuring uptake of 
alanine in the presence of an inwardly directed Na ÷ gradi- 
ent. 

Fig. 3 Interaction of selected amino acids with Na + dependent and 
Na ÷ independent alanine uptake into placental BBMV 

Placental BBMV loaded with a buffer containing 20 mmol/l HE- 
PES/Tris buffer, 280 mmol/l mannitol and 0.25 mmol/1 CaC12, pH 
7.5 were incubated for 10 s in medium consisting of 20 mmol/1 
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Residual uptake in the presence of inhibitors is expressed as percent 
of control uptake by either system and is represented as the mean + 
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Fig, 4 Uptake of alanine into BBMV as a function of external 
NaCI concentration 

BBMV were preloaded with 20 mmol/1 HEPES/Tris buffer, 280 
mmol/l mannitol and 0.25 mmolll CaClz, pH 7.5, were incubated for 
30 s of incubation in medium comprised of 20 mmol/l HEPES/Tris 
buffer pH 7.5, 0.25 mmoltl  CaClz, 0.I mmol/1 alanine and 0 to 150 
mmol/1 NaC1 replacing isoosmotically mannitol. Uptake rates were 
submitted to non-linear regression analysis based on competition 
curve with one component  allowing the Hill coefficient to be deter- 
mined as 1.13 + 0. t2.  Data shown represent mean + SEM of 3 
preparations in triplicate. 

Kinetics of alanine transport into BBMV as a function of 
NaC1 concentration 

For determination of the flux coupling ratio of  
Na÷/alanine cotransport, BBMV were incubated in the 
presence of increasing concentrations of NaC1 replacing 
isoosmotically mannitol in the medium. Initial rate of 

uptake of 0.1 mmol/1 3H-alanine increased in a sigmoid 
fashion as a function of log external [NaC1] as shown in 
Fig. 4. Uptake data were subjected to non-linear re- 
gression analysis based on a competition curve with one 
component. The Hill-coefficient derived was 1.13 + 0.12 
and the Na+ concentration causing half maximal stimu- 
lation of uptake was found to be 51.4 + 1.3 mmol/1. 
Alanine influx therefore appears to be the consequence 
of Na+/alanine cotransport operating with a 1:1 stoichio- 
metry. 

Effects of amino acid modifying agents on the alanine 
transport systems 

The effects of  the various group specific reagents were 
investigated with respect to inhibition of both, the Na ÷ 
dependent and Na ÷ independent transport pathways. 
BBMV, preincubated with the modifying compounds 
were washed free of the agents and uptake of 0.1 mmol/1 
3H-alanine was determined at 1 rain, 5 min and 60 min 
of incubation. Concentrations of up to 5.10 -3 mol/1 of  the 
agents were used to modify the transporters. Fig. 5 shows 
the corresponding uptake rates after treatment of  BBMV 
with 2-10 -3 mol/l of the compounds. Only agents which 
react selectively with SH-groups (NEM, PCMBS and 
DTNB) or NH2-groups (PITC) were found to inhibit sig- 
nificantly Na ÷ dependent and Na ÷ independent alanine 
influx into BBMV. The most potent compound identified 
was PCMBS. However, PCMBS at a concentration of 2 
mmol/1 did not only inhibit influx of alanine into BBMV 
but also equilibrium uptake, indicating that the size and/or 
vesicle integrity was also dramatically affected. The dose 
dependence of the PCMBS action on Na + dependent 
alanine influx revealed an ECs0 value of 450 + 48 Ixmol/1 
(Fig. 6a). For this reason all further experiments emplo- 
ying PCMBS were performed at a concentration of 

Fig. 5 Effect of the various 
group specific reagents on Na + 
dependent and Na ÷ indepen- 
dent alanine transport into 
BBMV 

BBMV were treated as 
described in the methods 
section with 2 mmol/1 of the 
different group specific 
reagents and uptake rates were 
determined at 1 min, 5 min 
and 60 min of incubation in 
medium containing 20 mmol/l 
HEPES/Tris buffer 7.5, 80 
mmolll mannitol, 0.25 mmol/l 
CaC12, 0.1 mmol/1 alanine and 
either 100 mmol/1 NaC1 or 100 
mmol/1 KC1. Data shown 
represent mean + SEM of 3 
preparations in triplicate. 
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Fig. 6 Effect of PCMBS treatment of BBMV on Na ÷ dependent 
uptake of alanine into BBMV and reversibility of PCMBS action by 
DTT 

Fig. 6a: Dose dependence of inhibition of Na ÷ dependent alanine 
influx by PCMBS: 

BBMV loaded with 20 mmol/1 HEPES/Tris buffer, 280 mmol/1 
mannitol, 0.25 mmol/l  CaCI2, pH 7.5, were treated with increasing 
concentrations of  PCMBS as described in the method section and 
alanine influx was determined after 10 s of incubation in a medium 
composed of  20 mmolll  HEPESITris buffer pH 7.5, 80 mmotll 
mannitol, 0.25 mmol/1 CaCIz, 100 mmol/1 NaC1 and 0.i  mmol/t  
alanine. Uptake rates were submitted to non-linear regression ana- 
lysis based on a competit ion curve with one component and the 

corresponding ECs0 value was determined as 480 + 48 ~mol/1 (r 2 = 
0.843). 

Fig. 6b: Effect of DTT on PCMBS induced inhibition of alanine 
uptake: 

Control BBMV or PCMBS (500 ~tmol/1) treated BBMV were prein- 
cubated with or without 2 mmol/l DTT as described in the method 
section and Na + dependent and Na ÷ independent alanine uptake (0.1 
mmol/1) was determined as described above. Uptake into control 
vesicles treated with 2 mmolll DTT (100 mmol/l NaC1 0 ,  100 
mmolll KC1 + )  or BBMV treated with PCMBS (100 mmol/1 NaC1 
O,  100 mmoltl KCt A )  or PCMBS followed by 2 mmol/1 DTT (100 
mmoltl NaC1 ÷, 100 mmoltl KCI A) is plotted as a function of time 
as the mean + SEM of 2 preparations in duplicate. 

Fig. 7 Effect of PCMBS treatment on initial rate uptake of alanine 
into BBMV as a function of substrate concentration in the presence 
of an inwardly directed NaC1 or KC1 gradient 

BBMV were preloaded with a buffer containing 20 mmol/l HE- 
PES/Tris, 280 mmol/l  mannitol and 0.25 mmol/1 CaC12, pH 7.5. 
Uptake was measured for 10 s of incubation in a medium consisting 
of 20 mmol/1 HEPES/Tris buffer pH 7.5, 80 mmol/1 mannitol, 

0.25 mmol/l CaC12, 100 mmol/1 NaC1 or 100 mmol/1 KC1 and 
0.1 mmol/1 to 5 mmol/l alanine. Uptake rates measured in control 
vesicles (NaC1 Q, KCI O) or vesicles treated with 500 l.tmol/1 
PCMBS (NaC1 m, KCI CI) as described in the methods section were 
submitted to non-linear regression analysis based on a Michaelis 
Menten equation including a linear term and kinetic constants were 
derived from the corresponding Eadie Hofstee plots. Data shown 
represent mean -+. SEM of 2 preparations in triplicate. 
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Table 1 Unidirectional influx of glutamate into placental BBMV treated with different group specific reagents 

NaCl-gradient KCl-gradient 
Control (0.78 + 0.12 nmol.mgprotein-l-30s -I) (0.18 + 0.05 nmol.mgprotein-l.30s q) 

100 % 100 % 

NEM 82.8 + 10.1 94.2 + 8.3 
DTNB 104.1 + 8.1 92.1 + 5.6 
PCMBS 90.3 + 5.9 98.1 + 10.4 
DTT 103.4 _+ 13.0 105.9 + 7.9 
PMSF 87.8 + 11.1 97.8 + 4.9 
DCCD 42.3 _+ 15.3"** 88.1 + 9.9 
PITC 53.9 + 16.6"** 78.2 + 12.1 

*** p _< 0.001 

BBMV were preloaded with a buffer containing 20 mmol/1 HEPES/Tris, 80 mmol/1 mannitol, 100 mmol/1 KC1 and 0,25 mmol/1 CaClz, pH 
7.5. Membrane vesicles were treated with 2 mmol/1 of the different group specific reagents as described in the methods section and uptake 
of 0.1 mmoi/1 glutamate was measured after 30 s of incubation in a medium consisting of 20 mmolll HEPES/Tris buffer pH 7.5, 80 mmol/1 
mannitol, 0.25 mmol/1 CaCI2, 100 mmoltl NaC1 or 100 mmol/1 KC1. Data represent mean + SEM of 2 membrane preparations in triplicate. 

500 ~tmol/1. Pretreatment of BBMV with this concentra- 
tion of PCMBS was found to reduce alanine influx at 
initial rates without altering atanine concentration under 
equilibrium conditions. The specificity of the compounds 
employed with respect to their ability to alter alanine 
transport selectively was proven by measuring Na ÷- 
dependent influx of 3H-glutamate into BBMV treated as 
described before. As shown in Table 1, in contrast to the 
effects on alanine influx, NEM, PCMBS and DTNB did 
not alter Na÷-dependent glutamate transport into BBMV. 
Glutamate uptake instead was found to be reduced signi- 
ficantly only by DCCD and PITC. Therefore, alterations 
of alanine transport by the SH-modifying agents appears 
to be specific. 

PCMBS effects on the kinetics of Na+ dependent alanine 
uptake and its reversibility 

To study the impact of  PCMBS treatment on the kinetics 
of alanine uptake into placental membrane vesicles, Na ÷ 
dependent and Na ÷ independent initial rate uptake was 
determined as a function of alanine concentration (0.1 to 
5 mmol/1) in BBMV treated with 500 gmol/1 PCMBS 
(Fig. 7). Kinetic analysis revealed that the Vmax of the 
Na ÷ dependent system was reduced significantly from 
0.57 + 0.06 to 0.16 + 0.05 nmol.mg protein'l.10s -1 
whereas the Km values remained unaffected (0.434 + 0.08 
mmol/1 versus 0.415 + 0.13 mmol/1). Similarly, the Km 
values of the Na ÷ independent system remained unaf- 
fected by the treatment (0.425 + 0.064 mmol/1 versus 
0.390 _+ 0.090 mmol/1) whereas the Vmax value was re- 
duced significantly (p < 0.001) by PCMBS preincubation 
(Fig. 7). 

The organic mercury compound PCMBS directly in- 
teracts with free SH-groups to form a PCMBS/SH-group 
complex. Since the mercaptocompound dithiotreitol 
(DTT) has been shown to act as an antagonist for non- 
covalent bound PCMBS (4), we determined whether DTT 

can reverse PCMBS-mediated inhibition of alanine influx 
into the membrane vesicles. 

BBMV pretreated with 500 Ixmol/1 PCMBS were in- 
cubated with increasing concentrations of DTT (0.1 to 
2 mmol/1) and uptake of 0.1 mmol/1 3H-alanine was 
measured as a function of time in the presence of a NaC1 
gradient or KCI gradient. Control BBMV were treated 
with DTT only. As shown in Fig. 6b, 2 mmol/1 DTT itself 
did not affect transport activity of Na + dependent alanine 
transport when compared with untreated BBMV. In 
PCMBS-treated vesicles alanine uptake was significantly 
(p < 0.001) reduced and was almost completely restored 
after preincubation of PCMBS-treated BBMV with 
2 mmol/1 DTT. Na ÷ independent alanine transport also 
was reduced by 30 % after PCMBS-treatment and re- 
stored by DTT. 

To determine whether the free SH-groups identified as 
essential for transport function are located within the 
substrate binding site of the alanine transporter, we have 
performed substrate protection experiments. BBMV were 
incubated for 30 min in the presence of 2 mmol/1 of either 
alanine or leucine followed by treatment with 500 gmol/1 
PCMBS as described above. BBMV were then washed 
twice with an excess of loading buffer (20 mmol/l 
HEPESfFris buffer, 280 mmol/1 mannitol, 0.25 mmol/l 
CaC12, pH 7.5) and pelleted at 35.000 x g (30 min). 
Uptake studies using 0.1 mmol/l alanine were carried out 
in the presence of a Na ÷ gradient or the presence of a K ÷ 
gradient, resp. BBMV preincubated only with alanine or 
leucine served as a control. As shown in Table 2, trans- 
port activity was fully restored in vesicles when substrates 
were washed out. However, when protected BBMV were 
treated with PCMBS neither substrate prevented the trans- 
porter of beeing blocked by PCMBS. This result indicates 
that the free SH-groups modified by PCMBS are most 
likely not located within the substrate binding site of the 
transport protein. 
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Table 2 Effect of PCMBS on alanine transport into BBMV in the 
absence or the presence of alanine or leucine 

NaCl-gradient KCl-gradient 

uptake (pmol.mgprotein -l) 
incubation time 
Control 

1 rain 520.4 + 50.8 I61.2 + 12.3 
5 rain 622.8 + 45.9 144.2 + 14.4 

60 rain 280.3 + 23.9 298.5 + 22.4 
preincubation with 2 mmol/1 alanine 

1 rain 534.8 + 34.5 174.4 + 22.6 
5 rain 644.2 + 33.9 186.2 + 20.1 

60 rain 307.2 + 33.2 310.1 + 25.0 
preincubation with 2 mmol/1 leucine 

1 min 502.1 + 29.8 143.7 + 22.3 
5 rain 567.3 + 42.3 164.1 + 24.4 

60 rain 283.6 + 23.7 292.4 + 31.8 
preincubation with 500 gmoltl PCMBS 

1 min 198.2 + 25.3*** 60.9 + 11.7"** 
5 rain 187.1 + 42.2*** 99.3 + 18.6"** 

60 min 265.3 + 32.4 277.5 + 27.4 

preincubation with alanine and PCMBS 

1 rain 177.4 + 35.9*** 55.1 + 13.2"** 
5 rain 190.0 + 37.5*** 112.0 + 19.0"** 

60 rain 271.1 _+ 28.6 288.5 _+ 23.4 

preincubation with leucine and PCMBS 

1 min 165.2 + 26.7*** 56.9 + 19.9"** 
5 min 178.3 _+ 32.1"** 89.4 + 17.0"** 

60 rain 280.3 + 23.9 265.7 + 22.0 

*** p -< 0.001 

BBMV were preloaded with a buffer containing 20 mmol/1 HE- 
PES/Tris, pH 7.5, 280 mmol/1 mannitol and 0.25 mmol/1 CaC12. 
Membrane vesicles were treated with 2 mmol/l of the different 
amino acids either in the absence or the presence of 500 pmol/1 
PCMBS as described in the methods section. Uptake of 0.25 mmol/1 
alanine was determined after 1 min, 5 min and 60 min of incubation 
in a medium consisting of 20 mmol/l HEPES/Tris buffer pH 7.5, 80 
mmol/1 mannitol, 0.25 mmol/1 CaCI2, 100 mmol/1 NaC1 or 100 
mmol/l KCI. Data represent mean + SEM of 3 membrane prepara- 
tions in triplicate. 

Discussion 

Basic characteristics o f  Na+ dependent and Na+ 
independent alanine transport 

A number o f  studies demonstrated that both Na ÷ depend- 
ent and Na ÷ independent systems mediate amino acid 
transport across the human placental microvillous mem- 
brane. With respect to neutral amino acids, similar trans- 
port activity has been shown in placental BBMV (1, 8, 
11). In the present study the two systems mediating 
alanine influx into B B M V  could be separated kinetically 
and by inhibition studies using selected amino acids with 
preference for either system. The Na ÷ dependent and Na ÷ 
independent transporters for alanine have almost identical 
affinity constants but different maximal transport capa- 
cities. As shown for the first time, Na ÷ dependent alanine 

flux occurs with a 1:1 coupling ratio and the presence of  
an inwardly directed Na ÷ gradient increases the Vmax of  
the system about two times with a half  maximal effect at 
an external NaC1 concentration of  52 mmol/1. 

The Na ÷ dependent pathway clearly prefers alanine, 
glutamine, meAIB and methionine but is not shared by 
the more hydrophobic amino acids leucine, trytophan and 
tyrosine. The Na ÷ independent uptake route appears to be 
shared by alanine, leucine, tyrosine, glutamine and meth- 
ionine but not by meAIB.  Charged amino acids (lysine, 
glutamate) and proline did not interact with either system. 
The demonstrated substrate specificities for the two sys- 
tems are consistent with previous observations concerning 
the lack of  inhibition of  Na + dependent alanine uptake by 
meAIB and the inhibition of  Na ÷ independent flux by 
leucine (11). However,  in the present study no inhibition 
o f  Na ÷ dependent flux was found with leucine or proline, 
whereas 20 mmol/1 leucine and proline inhibited 
Na÷/alanine cotransport (0.1 mmot/l  alanine) by 54 % and 
83 % in a previous report (11). Leucine and meAIB 
therefore clearly can be used to separate the Na ÷ depend- 
ent system from the Na ÷ independent transport pathway. 
That the two transporters indeed represent two distinct 
membrane proteins is supported by the demonstration of  
the distinct substrate specificities together with the obser- 
vation that the presence or the absence of  Na ÷ ions failed 
to affect the substrate affinity for transport. 

Effects o f  group specific agents 

In order to identify functional groups essential for trans- 
port activity within the two transport proteins we em- 
ployed a variety of  agents known to react specifically 
with amino acid side chains or particular groups in mem- 
brane proteins. Specificity of  action of  the side specific 
compounds with the Na ÷ dependent and Na ÷ independent 
alanine transporters was established by comparing the 
effects with those on electrogenic Na÷-dependent gluta- 
mate transport. 

Besides the NH2-reactive agent PITC, only compounds  
reacting with free SH-groups (DTNB, NEM, PCMBS) 
were found to affect significantly alanine transport func- 
tion. In contrast to alanine flux, Na + dependent glutamate 
transport was found to be altered only by PITC and 
DCCD but not by agents modifying SH-groups. Alter- 
ations in alanine transport by agents interacting with 
sulfhydryl groups are therefore specific and are not a 
consequence of  altered BBMV integrity and stability. 
Inhibition of  alanine transport by compounds  reacting 
with free SH-groups has also been shown in isolated 
intestinal brush border membrane vesicles (12). 

Since the compounds reacting with vicinal thiol groups 
(PAO) and disulfide bonds (DTT) failed to alter the 
activity of  the alanine transporters, only the free thiol 
groups appear to be essential for transport function. Modi- 
fications o f  thiol groups in proteins by DTNB, NEM and 
PCMBS occur generally by different mechanisms: NEM 
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is a cyclic maleimide derivative with a cis-douple bond, 
which interacts with free SH-groups by a nucleophilic 
covalent addition reaction (4). For this reason NEM trans- 
port inhibition is usually reversible. The covalent non- 
penetrating SH-reagent DTNB has a disulfide group that 
has a high standard oxidation-reduction potential which 
reacts with free SH-groups by a disulfide-SH-group ex- 
change reaction (4). The mercurial compound PCMBS on 
the other hand interacts with free SH-groups to form a 
PCMBS/SH-group complex which is reversed by mercap- 
tocompounds like dithiotreitol (DTT) and 2-mercaptoetha- 
nol (3). Since the water soluble PCMBS was found to be 
the most potent inhibitor of alanine transport its interac- 
tion with SH-groups was studied further with respect to 
reversibility and site of action. 

The reverse reaction by DTT on the complex of 
PCMBS/SH-group is chemically defined as a double dis- 
ulfide exchange reaction (4) and by the same type of 
reaction DTT reduces the cysteine-cysteine bridges. In the 
present study DTT was found to be a potent antagonist 
for non-covalent bound PCMBS, able to fully restore 
PCMBS mediated inhibition of both the Na ÷ dependent 
and Na ÷ independent alanine transporters. It was obvious 
that DTT did not affect alanine transport by opening 
cysteine S-S groups in control BBMV but efficiently 
reactivated originally free SH-groups after exposure to 
PCMBS. Blocking of the free SH-groups caused a signi- 
ficant reduction of the Vma× of both, the Na ÷ dependent 

transporter from 0.57 _+ 0.06 to 0.16 + 0.05 nmol.mg 
protein-l.10s -1 and of the Na ÷ independent transporter 
from 0.21 + 0.08 to 0.07 + 0.03 nmol.mg protein-t.10s q. 
The corresponding Km values were not affected signifi- 
cantly. The fact that substrate affinity was not altered 
suggested already that the functional groups modified by 
PCMBS are not part of  the substrate binding site. This 
was further substantiated by protection experiments with 
alanine serving as a substrate binding site blocker for both 
systems and leucine as a specific blocker for the Na ÷ 
independent transporter. Since both substrates failed to 
protect the transporters of being modified, the free SH- 
groups appear not to be located in or near the substrate 
binding pocket. Although the SH groups are not involved 
in substrate binding, the groups are important for maxi- 
mal transport velocity and should be kept in a reduced 
state. Since free SH-groups are also targets of transition 
state metals such as cadmium, the SH-groups identified 
in plazental transporters for neutral amino acids could be 
of particular importance for fetal supply of  amino acids 
in conditions of maternal heavy metal incorporation. 

In conclusion, we have demonstrated for the first time, 
that the two membrane proteins responsible for transport 
of several neutral amino acids across the human placental 
brush border membrane contain free SH-groups which are 
important for transport function. These groups are not 
located within the substrate binding site but they are 
essential for maximal transport activity. 
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