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SU M M A R Y  

Using a substrate-stimulated amino acid efIlux system, it has been sho:vn that 
the "Ly +'" and "'L'" amino acid transport  systems of n,.,use embryo cells in culture 
are differentially inhibited by parachloromercuribcnzene sulfonate (PCMB-S) and 
the photoaflinity p rob :  4-fluoro-3-nitrophenylazide (FNPA).  Three types of  evidence 
support the conclusion that these transport sys:ems arc mediated by separate carrier 
proteins. ( I )  The specificity of  substrate-stimulated effiux is high for each s~stem; 
(2) PCMB-S inhibits I.-phenylalanin¢ and L-leucine stimulated L-[3H]phenylalanine 
efllux with no effect on x.-lysine stimulated L-[aH]lysine efflex, and (3) the photo- 
affinity probe FNPA inhibits L-lysine effiux with little effect on the L-phenyl',danine- 
stimulated efflux. 

I N T R O D U C T I O N  

Chemical reagents h~.ve been utilized frequently to probe the function of a 
variety of  carrier-mediated transport systems. In combination with careful k ine t ic  
analysis, reagents such as 2,4-dinitrofluorobenzene (DNFB)  have led to a bettec 
understanding of  the complex kinetic behavior of  "carrier" systems such as that  
involved in the amino acid transport  system "L'" [1, 2] and the sugar transport  
system [3]. 

A second type of  approach utilizing chemical reagents which react with specific 
~hemicel groups has proven useful for the purpose of  recognizing potential d;.fferences 
in the presence or accessibility of  specifi0 reactive groups among severn! transport 
systems. This has been exploited by Cabantchik and Rothstein [4] to ~dentify and 
isolate a membrane protein associated with the anion transport  mech~misms in red 
blood cells. More recently, studies in our laboratories have utilized "~his approach, 
in which differential effects o f  sulfhydryl reactive reagents on sugar~ nucleoside and 

Abl~teviations: PCMB-S, l~rachloromercur ibenzeno sulfonato; F lqPA,  4-fluoro-3-nitro- 
pheaylazido; DN FB, 2,4-dinitrofluorobenzene. 
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two amino ~cid t ranspor t  systems [5] have been demonst ra ted .  In addit ion,  we have 
begun the development  of  photoaffinity reagents which behave as either site-specific 
analogs o f  a t ransported substrate or  as chemicals which react  more  nonspecifically 
~et differentially in hydrophobic  or hydrophil ic  regions o f  the membrane .  

This paper  illustrates the use of  several such reagents which react differentially 
with  the " 'L" and  the " L y  ÷ ' '  systems for amino  acid t ransport .  These studies suggest 
that  there are fundamenta l  structural  differences between the proteins which function 
in the "'L'" and  "Ly  +'" t ranspor t  systems of  mouse embryo  cells. 

M A T E R | A L S  A N D  M E T H O D S  

Mouse embryo  cell cultures were prepared from 14- to  18-day old embryos  
by trypsinizat ion followed by growth  in Eagle's minimal  essential medium (Auto-  
Pow, Flow Laborator ies)  conta ining 5-10 ~/o fetal calf  serum. Experiments were 
carried out with first passage cells growing as a confluent monolayer  in 35 m m  plastic 
Petri dishes. 

The t ranspor t  system studied was the s t imulated effiux of an intracellular 
labeled amino  acid brought  abou t  by the counter - t ranspor t  of  an extracellular,  non-  
labeled amino  acid. Cells were pre-labeled with 0.01 m M  L-[3H]phenylalanine or 
L-[3H]lysine for 10 min at 26 °C. The cell monolayers  were rinsed three times with 
iced Tris buffered saline, buffer A [6] and  kept on ice for no  more  than  5-10 min 
until  the beginning of  the effiux period. At  that  time, 2 ml of  buffer A at 20 °C con- 
raining combinat ions  o f  1.0 m M  parachloromercur ibenzene  sulfonic acid (PCMB-S) 
and the amino  acid (0.4 r aM)  to  be used for  the t rans-s t imulat ion,  were added to 
dishes which  had b~en pre-equil ibrated 1-2 rain at  20 °C on a perforated a luminum 
tray on a circulat ing cons tant - tempera ture  water  bath.  Effiux was al lowed to proceed 
for between I and 20 rain at  which t ime the effiux was removed and  counted  in an 
Isocap 300 scintillation spectrometer  in PCS (AmersI~am-Searle) diluted l : 1 with 
toluene.  Each exper iment  was carried out 2 or  3 time~ and  demonst ra ted  identical 
results. Each experimental  point  was carr ied out  in duphca te  and duplicate counts  of  
radioactivi ty measured.  All exper imental  results showed s tandard er:'ors of  5-10 % 
or  less. 

Photolysis procedure 
Prelimin~!xy experiments  were carried out  to evaluate the rate of  effiux f rom 

cells held at 5 °C. These studies demons t ra ted  tha t  over a period of  at  least 20 rain 
there was a negligible effiux of  either [3H]lysine or [3H]phenylalanine but  tha t  effiux 
could  be s t imulated 3-fold by the counter - t ranspor t  of  the homologous  sub~trate. 
The low level of  spon taneous  effiux at 5 °C made  it possible for the cells to be pre-  
loaded with [3H]amino acid, rinsed on ice with iced buffer A and  to be exposed to 
the photoafl ini ty probe,  4-fluoro-3-nitrophenyl azide ( F H P A )  at 0.8 m M  in buffer A 
for 5 rain at  5 °C dur ing  photolysis.  F N P A  was prepared as described by Fleet 
et al. [7]. Photoact ivat ion was carried out with a Model  457 micropulser  (Xenon 
C o ; p )  equipped wi th  a xenon flash lamp delivering 11 p u l ~ s  per  s. Controls  moni tored  
in the dark  showed no effect of  F N P A  on the t ranspor t  system studied and  cells 
photolyzed in the absence o f  the pho toprobe  showed no loss of  t ranspor t  ca- 
pa~:ity. 



RESULTS 

Fol lowing photolysis ,  the  buffer conta in ing  F N P A  was removed,  the cell 
mono laye r  r insed three  times, a n d  2 ml of efflux buffer wi th  and  wi thou t  the amino  
acid subs t ra te  was added for t ime periods indicated.  The  radioact ivi ty  was measured  
as described above.  

Radioact ive  substra tes  purchased  f rom New E n g l a n d  Nuc lea r  Corp.  had  
specific activities as follows: L-[alanine 3-3H(N)]  phenyla lan ine  15.1 Ci /mmoi ,  and  
L-[4,5-3H(N)]lysine 38.9 Ci /mmol .  Parach loromercur ibenzene-su l fon ic  acid a n d  
aminoisobutyr ic  acid were f rom Sigma Chemical  Co.,  and  all o ther  chemicals  were 
reagent  grade. 

6 

Specificity o f  the transport systems 
The  t r anspo r t  of  L-iysine and  L-phenylalanine in mouse  embryo  cells in cul ture  

is media ted  by systems which  may be dis t inguished on tile basis o f  the specificity of  
effiux s t imulat ion.  As shown in Fig. 1, if cells are pre- loaded wi th  0.01 m M  L-[SH] - 
lysine, effiux of  the  intracel lular  amino  acid is s t imula ted  only by ext racel lu lar  
L-lysine (0.4 r a M )  a n d  by none  of  the  o ther  amino  acids representa t ive  of  subs t ra tes  
t r anspo r t ed  by the  " 'L",  " A " ,  or  " 'ASC" systems of  Chr is tensen [ii ]. On  the  o ther  
hand,  L-[3H]phenyla lanine  effiux is s t imula ted  only by L-leucin¢ and  L-phenylalanine 
but  no t  by L-lysine or o ther  representa t ive  substrates .  These  resul ts  are  compat ib le  
wi th  the  in te rpre ta t ion  tha t  L-iysine is t r anspor t ed  p redominan t ly  by the "'Ly +'" 
a n d  L-pnenylalanine by the " L "  systems in the mouse  embryo  cells. 

5- 
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Fig, 1. Stimulated offlux of L-lysine or L-phenylalanine by various amino acids, Mouse embryo c¢11~ 
wore pro-load~t with 0,01 mM L-|aH]phenylalanirto or L-13H]lysine for l0 min at 26 °C and rinsed 
three times on ice with cold Tris buffered saline, Ceils worn exposed to either buffer alone or to buffer 
with each amino acid (0.4 raM) in Tris for 5 min as 2cj °C, This offiux medium was removed and 
counted.  Stimulation is the ratio of the cpm in the ¢ffiug medium in the pr~svnc6 of the amino acid 
divid0d by that in the buffer control. Lys, lysino; Phe, phenylalanine; Lou, leucine; AIBo g-amino 
isobutyric acid; Ala, alanine; Ser, serine. 



488 

~ b 

/ 

~ O-e'-----~---- ~ 
0 I 2 3 4 5 

El:FLUX TiME (MINi 

Fig. 2. Effect o f  parachloromercur ibcnzene sulfonate (PCMB-S)  on phcnylalanino st imulated off lux 
o f  [~H]phenyla lardne .  Cell ~ were pro- loaded wi th  0.01 m M  [aH]pheny la l an ine  as in  Fig. I. At  t ime 
zero. buffer  con ta in ing  t i t he r  0. I m M  P C M B - S  o r  0.4 m M  pheny la l an ino  or  a mix ture  o f  both  was 
added  to  dishes  a n d  the  buffer r emoved  a t  th© ind ica ted  t imes  lo r  coun t ing .  A n o t h e r  set  was pre- 
t r ea ted  wi th  P C M B - S  for 5 rnin  a t  20 °C, r emoved ,  r insed  once  a n d  the  5 rain ©ffiu,x in  the  presence 
o f  0.4 m M  phenylalanin© measttred.  O ,  con t ro l ;  0 ,  0.1 m M  P C M B - S ;  ~ ,  0.4 m M  pheny la lan ine ;  
A ,  phonylalar t ine  plus P C M B - S ;  i ,  P C M B - S  pre - t rea tment ,  t h e n  phenyla lan in¢ .  
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Fig. 3. Effect o f  PCMBoS  o n  [3H]iysine effiux s t imula ted  by lysine. See Fig. 2 for  details,  Ceils were 
pro- loaded wi th  0 O !  m M  [3Hllysinc .  O ,  con t ro l :  0 ,  0.1 m M  P C M B - S ;  A 0 . 4 r a m  lysine;  &,  
P C M B - S  plus l y s i n ~  

Inhibition o f  the " L "  system by PCMB-S 
A recent study [5] demonstrated that  L-phenylalanine influx is rapidly inhibited 

by PCMB-S with little effect on L-lysine influx. The ability of  this slowly penetrating 
sulfhydryl reagent to modify stimulation of  L-phenylalanine efflux by extracellular 
substrate was then studied. As shown in Fig. 2, control  efilux of  L-phenylalanine at  
20 °C is slow whether in the presence or absence c f  PCMB-S. Extracellular L-phenyl- 
alanine stimulates a massive efliux of  intracellular substrate, a proces's rapidly 
inhibited by PCMB-S. Pre-treatment of  cells with PCMB-S completely inhibits 
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T A B L E  I 

E F F E C T  O F  S O D I U M - F R E E  t d E D I U M  A N D  O U A B A I N  ON L - P H E N Y L A L A N ' I N E  S T I M U -  
L A T E D  E F F L U X  

Cell mono laye r s  were  pre-loade~, wi th  0.01 m M  L. p I t ] p h e n y l a l a n i n e  for 10 rnin at  26 °C, r insed 
three  tiw, es on ice w~th Tris  bufft~red saline a n d  once  wi th  the  effiux med ium.  T h e  cells wt:re ~hen 
pre- incubated  on  ice with each  efliux m e d i u m  wi thout  r -phenyla lan ine  for 5 rain pr ior  to the s tar t  o f  
the efflux per iod.  F o r  the  effitm, each  m e d i u m  wi th  and  wi thout  L-phenylalanine (0,4 v.zM) was pre- 
equilibrated at 20 °C and added to the petri dishes for 5 rain. This effiux medium was then harvested 
and counted to give, the amount of labeled L-phenylalanine effiuxed during that time period- The 
stimulation factor i~ the stimulated effiux divided by the control effiux. 

Efflux m e d i u m  5 min  effiux (cpm/d ish  • 10 - z )  S t imula t ion  
factor  

C o n t r o l  L-Phenylalanine (0.4 m M )  

Tr is  buffered saline 111 707 
Tris  buffered sa l in ,~+ouaba in  (I r aM)  85 575 
Manni to l  (300 m M )  119 775 
Manni to l  ~ o u a b a J n  (I m M )  114 5~4 

6.4 
6.8 
6.5 
4.8 

stimulated effiux. On the ether hand, L-lysine efliux s~imulated by extracellular 
L-lysine is not inhibited by PCMB-S at similar concentrations (Fig. 3). On the 
contrary, control efflux is actually enhanced by PCMB-S. These experiments demon- 
strate that the function of the "L'" system is quite sensitive to inhibition by the 
hydrophilic mercurial reagent PCMB-S when the function of  th :  carrier is measured 
by its respond; to extracellular substrate. The "Ly +' '  system, however, is not sensitive 
to PCMB-S whether measured by influx directly [5] or by the stimulated effiux 
system studiect here. 

Efliux of L-phenylalanine was also measured in Na+-free medium with and 
without ouabain to study the possible requirement fcr Ha  + and (Na+-t - K +) activated 
ATPase function in the stimulation process. As shown in Table i, the effiux of L- 
phenylalanin¢ was stimulated equally well in medium lacking Na  + al though with 
the addition of  ouabain there was a modest reduction in the rate of efllux. These data  
indicate that the stimulation ofeffiux by extracellular L-phenylalanine is not dependent 
on the presence of  a fully functional membrane ATPase and Na +. 

Inhibition o f  the "Ly +' '  system by FNPA 
Previous work  has shown that F N P A  is a useful photoaffinity probe capable 

of  photoinactivating enzymes in vitro [8]. Fig. 4 demonstrates the inhibition of 
L-lysine influx by F N P A  following photoactivation and that F N P A  in the dark  
results in no loss of  transport capacity. Furthermore,  thi.~ inhibitory activity is partially 
reversed by the simultaneous p re sen~  of 1 m M  dinitrophenol, On the other hand, 
if cells are poe=treated with dinitrophenol and this is then removed before F N P A  
is added, there is no reduction in the photoinactivation of L-lysine uptake by FNPA.  
These data suggest that theL~ is a site associated with the "Ly  +'" system with an 
affinity for both dinitrophenol and FNPA.  

Experiments were then carried out  to evaluate the action of photoactivated 
F N P A  on the stimulated efliux of both L-lysine and L-phenylalanine. As shown in 
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Fig. 4. The  pho to ly t i c  inac t iva t ion  o f  lSHl lys ine  up take  b y - F ~ I P A  a n d  the protect ive affect o f  
d in i t ropheno l .  The  up take  o f  0.01 m M  [3Hllysine over  a 2-min pe r iod  a t  20 °C, was measu red  in 
cells t r ea t ed  for  5 m i n  e i ther  in  the  d a r k  o r  unde r  the  X e n o n  l a m p  (see Mate r i a l s  a n d  M e t h o d s )  
in the pre~nce of  various concentrations of  FNPA with and without 1 rnM dinitrophenol (solid 
lines). In another experiment (broken lines), cells w~re pro-treated with 1 I~3M dinitrophenol~ rinsed 
thrice with buffer, followed by photolysis with various concentrations or" FNPA for 5 rain, after 
which the uptake of  [3H]lysine was measured as above. C), p~otolysis for 5 rain; O, dark for 5 min; 
A, photolysis plus I mM dinitrophenol; A, dark plus ! mM dinitrophenol; I-I, ! m M  dinitrophenol 
pro-treatment. 
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Fig. 5. The pho to l~ i c  inact ivat ion o f  the [3Hl lysinc efflu~ by F N P A .  Cells were pre-loaded with 
0.01 m M  [~Hllysine and rinsed as in Fig, 2. The cells were then photolyzcd for 5 rain at 5 °C in the 
pr~scn~ or absence o f  F N P A  (0.8 raM),  l ins~d once w i th  buffer, fo l lowing which buffer pre-©quili- 
brated at 20 °C with and without 0.4 mM lysine w.'ded. The emux buffer was harvested at various 
times and counted for radioactivity. O,  control; O, 0.8 mM FNPA; Z~, 0.4 mM iysine; ,L, FNPA 
plus lysine. 

F ig .  5, the  c o n t r o l  efflux as  well as the  s t i m u l a t e d  efl tux o f  L=lysine are  b o t h  signifi- 
c a n t l y  inh ib i ted .  In  c o n t r a s t  t o  this ,  t he  s t i m u l a t e d  efl tux o f  c - p h e n y l a l a n i n e  (F ig .  6)  
is n o t  inhil~.ited a l t h o u g h  the re  is a m o d e s t  r e d u c t i o n  in the  c o n t r o l  r a t e  o f  L-phenyl -  
a l an ine  efflux. This  la t te r  effect m i g h t  ind ica te  t h a t  t he re  is s o m e  m i n o r  a l t e r a t i o n  
o f  the  "L ' "  sys t em ac t iv i ty  which  is o v e r c o m e  b y  the  h igh  levels o f  L -pheny la l an ine  
u sed  t o  s t i m u l a t e  efflux. 
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Fig. 6. The  effect o f  F N P A  on  [aH]phenyla lanino  effiux. Cells p ro- loaded  wi th  0.01 m M l S H ]  - 
phenyla lan ine  and  r insed as in Fig. 2 wore t rea ted  as in Fig. 5 except  t h a t  efflux in the  presence and  
absence o f  0.4 m M  phenyla lanino  was measured .  C), cont ro l ;  O ,  0.g rnM F N P A ;  /',, 0.4 m M  pheny!o 
a lanine;  A phenyla lan ine  plus F N P A .  

D I S C U S S I O N  

The existence of  membrane proteins which function as ce.rriers to bring 
about an increase in the rate of translocation of substrate molecules across the 
semipermeable plasma membrane is based on several types of indirect evidence. 
Features such as specificity of  the transport  process for substrates with closely related 
structure, as well as saturability, temperature dependence and exchange diffusion 
have been proposed as criteria for cartier-mediated transport [9]. Studies of  the 
mechanism by which these postulated caTier proteins bring about t rans-membrane 
translocation have focused on the kinetics and specificity of  the ~ranslocation 
mechanism. Other more recent approaches have included difibrential inactivation 
of  the function of  carrier proteins by chemicals which reac~ at either ~he substrate 
accepter site or at secondary sites involved in the translocation fun~:tion. It has 
recently been demonstrated by Cabantchik and Rothstein [4] that  the p atative anion 
transport  protein of  the red blood cells can be labeled and identified. Using this 
general approach, several sulfhydryl-reactive reagents have been shown to inactivate 
in a differential manner  the transport  of  nucleosides, sugars and amino acids in mouse 
embryo cells in culture [5]. For instance, the hydrophilic organic sulfhydryl PCMB-S 
rapidly inhibits L-phenylalanine transport  wh;le both nucleoside and L-lysine transport 
are inhibited only after a lag period. 

The studies presented here and those repoy'~ed previously [5 ] provide evidence 
that  the tl~ansport of L-lysine and L-phenylalanine are mediated by different proteins. 
This conclusion is based on several types of evidence. In tile first p~ace, there is 
essentially no cross-stimulation of  the two efflux systems by extrace!tular subs~rate 
in mouse embryo cells. Secondly, inhibition of  transport  by reagents which recognize 
unique aspects of  the structure of  each transport  system provides more evidence for 
structural dissimilarity. The sensitivity of  L-phenylalanine exchange diffusion to 
the slowly penetlating reagent PCMB-S pzirallels the findings that  the influx of L- 
phenylalanine is rapidly inhibited, by PCMB-S. This supports the postulate that the 
extracellular substrate (L-phenylalanine) must be capable of  interacting successfully 
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with the external portion of  the carrier system in order to participate in exchange 
diffusion with substrate at the internal surface of  the membrane. Furthermore,  
recent studies have demonstrated that  several sulfhydryl-reactive reagents produce 
differential effects in the ~ransport of  amino acids [10] and water [11 ]. These data  
have been interpreted as evidence for distinct populations of sulfhydryl groups 
associated with the membrane structures which play decisive roles in transmembrane 
translocation of  a variety of  small molecules. Thus, the failure of  PCMB-S to modify 
L-lysine exchange diffusion is further evidence that  the effect of  PCMB-S is restricted 
to certain membrane functions (i.e., the " 'L" transport  system) and are not due solely 
to generalized, non-specitic effects on membrane structure such as elution of  mem- 
brane proteins [12]. 

One possible mechanism by which a sulfhydryl-reactive reagent could alter 
selectively the activity of  one amino acid transport  system, however, would be to 
inhibit a secondary function required by one system and not another. Such a possi- 
bility would be the (Na ÷ @K +) activated ATPase. It has been shown that  an organic 
mercurial covalently bound to a high molecular weight non-penetrating dextran 
inhibits this plasma membrane enzyme [13]. Furthermore,  cytochalasin A has been 
shown to inhibit a variety of  enzymes including membrane ATPases [14]. Since this 
inhibitory effect is reversed by L-cysteine and dithiothreitol, it was suggested that 
the mechanism was through an interaction with suifl~dryl groups. 

Several considerations suggest that  the inactivation of  (Na+-~-K +) activated 
ATPase by PCMB-S ,~s not  the probable mechanism for the differential inhibition of  
the "L'" system. In ~he first place, this t ransport  system is usuklly considered to be 
Na+-independent  and that  energy coupling for active t ransport  occurs through an 
ATP-dependent process not  coupled with Na + flux [1]. Phenylalanine uptake has 
been shown to be an active process in hamster cells [15] as well as in mouse cells 
using a similar mett.'od (unpublished data).  Thus, the demonstration that  L-phenyl- 
alanine successfully stimulates L-phenylalanine eifiux from cells in an isotonic 
mannitol medium ~:ontaining 1 m M  ouabain (Table i) supports the conclusior_ that  
the PCMB-S effect i.~ not  mediated by an alteration in (Na + -FK +) activated ATPase. 
Preliminary data  ~:iso suggest that  treatment o f  cells with oligomycin does not 
interfere with I.-p],~: ~:ylalanine stimulated effl).~x. These fincEngs indicate that  inter- 
ference by PCMB-S with an energy coupling systen~, woulc~ not lead to the rapid, 
differential inactivation of  the " L "  system as observed in thi~ study. 

The differential activity of  the photoprobe,  FNPA,  on the two transport 
systems is further evidence for the unique structure of  the proteins responsible for the 
"*L'" and "Ly  +'" transport  functions. The competition between dinitrophenol and 
F N P A  for the inactivation of  L-lysine stimulated effiux is of  .particular interest since 
a similar effect is also observed with mitochondrial  ATPase where dinitrophenol and 
F N P A  activate the enzyme in the dark while F N P A  following photolysis inactivates 
the enzyme [16]. The full significance of  the existence of  ~ dini t rophenol-FNPA 
reactive site related to the "Ly  +" transport  function must await further characteriza- 
tion of  the proteins reacting with this photoprobe.  
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A C K N O W L E D G E M E N T S  

T h i s  w o r k  w a s  s u p p o r t e d  b y  C o n t r a ~ t  N o .  N 0 1 - C P - 4 5 6 1 1  f r o m  t h e  N a t i o n a l  
C a n c e r  I n s t i t u t e  o f  t h e  U . S .  P u b l i c  H e a l t h  S e r v i c e .  T h e  e x c e l l e n t  t : c h n i c a l  a s s i s t a n c e  
o f  l o l y n n  J a r b o e  is g r a t e f u l l y  a c k n o w l e d g e d .  
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