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SU3IMARY 

I.  The }nitial flux of L-tryptophan in "exchange diffusion" and in "compet i t ion"  
experiments  with other amino acids is significantly increased by  certain cf the amino 
acids. 

2. For  the straight-chain amino acids with aliphatic side chains, there is a pro- 
gressive, almost constasat increase in the s t imulatory effect obtained in these experi- 
ments  for each addit ional  CH., group in the side chain. 

3. In  the competi t ion experiments,  branching the chain, decreases the st imulat ion 
of init ial  flux. 

4- A model of the t ransport  system in which the rat io of amino acid to carrier 
is I : I  can predict  the s t imulat ion in the exchange-diffusion experiments.  An amino 
acid to carrier ra t io  of 2: i must be assumed to also predict the st imulat ion observed 
in competi t ion experiments.  

INTRODUCTION 

HEINZ A.'~D WALSH I reported that  the initial influx of an amino acid may be increased 
in Ehrlich ascites cells if the cells are first loaded with another amino acid. This 
heteroexchange diffusion has been well documented by  reports from a number of 
laboratories ~-~. A similar phenomenon in sugar t ransport  in erythrocytes  has been 
called counter  flow or counter-traalsport by  WILBRANDT AND ROSENBERG 7,s. These 
exper imental  findings have provided crucial support  for carrier h ~ o t h e s e s  of active 
transtmrt.  The increase in flux owing to counter  flow cannot  be explained by  models 
of act ive t ransper t  which involve a set of fixed binding sites; mobile binding sites 
must  be invoked 7-9. 

Many of the amino acids compete for active transport .  However we have found 
tha t  for some pairs of amino acids the initial flux of one amino acid is greater  when 
the other  amino acid is present in roughly equimolar amountsL This raises the question, 
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"Wha t  s toichiometry between amino acid and carrier is necessary to explain these 
findings?" We have shown that  the findings on heteroexchange diffusion can be 
explained by  a carrier model in which the ca r r i e r - amino  acid binding ra~io is I : I  
(see ref. 9). I t  was not possible to solve the differential equations describing this model 
to check whether  it  could also predict the st imulat ion of initial  flux of one amino acid 
by  another  amino acid As will be shown later,  this is unlikely. Short ly after  the 
appearance of this paper  9, J. WONG suggested in a personal communication tha t  it 
may be necessary to postulate a te rnary  complex to explain the st imulat ion of uptake 
of one amino acid by  another.  

In order to resolve these questions it was necessary to obtain more extensive 
da ta  on the concentrat ion dependence of the s t imula tory  effects seen in the competit ion 
experiments,  and on the effect of amino acid structure on the effects seen in exchange 
diffusion and competi t ion experiments,  and to examine the possible relations between 
these effects. This is the raison d 'Stre for the present work. 

METHODS AND MATERIALS 

The Ehrlich ascites cells used in these experiments  were from a hypote t raplo id  line 
tan ' led in thi:~ laboratory by  weekly intraperi toneal  inoculation of o . I -ml  ascites 
into male Swiqs albino mice. 

Collection and preparation of ascites cells 

Mice with 6-day-old ascites tumors  were killed by  cervical dislocation; the 
abdomens were opened and the ascites removed with a pipet te .  Ascitic fluids which 
were ;'c,~' hemorrhagic were not used. A tota l  of 2o-5o ml of ascitic fluid was collected 
into IOO ml K R B  containing 0.2 mg heparin. The resulting suspension was di luted 
with an equal volume of distilled water.  The cells were concentra ted by  centrifugation, 
resuspended in KRB,  centrifuged once more and resuspended in KRB.  This t rea tment  
does not impair  the abi l i ty  of the Ehrlich ascites cells to concentrate  amino acids. 
Subsequent procedures other than the incubations were carried out in a cold room 
m~!:ltained at 2-4 °. 

Exchange diffusion experiments 

Solutions, 4 ° mM in an amino acid, were prepared.  The acidic and basic amino 
acids were neutralized to pH 7.0 with NaOH or HC1 and the  solutions were made 
up with K R B  and distilled water  in the proport ions calculated to correct for the 
osmolari ty of the  amino acid and any  added HCI or NaOH. Equal  par ts  of such a 
solution and a suspension of the cells in K R B  were mixed and incubated with gentle 
shaking for 30 rain in a water  ba th  at  37 °. For  a control, a mix tu re  of equal  par t s  
of K R B  and the suspension of cells in K R B  was incubated at  the same time. The high 
concentrat ions were used to obtain high intracelluiar  concentrations of *:he amino 
acids in the expectat ion tha t  in the subsequent exchange diffusion experiment,  the 
carrier would be near sa tura t ion in the  intracellular  amino acid. F rom the work o~ 
CHRISTENSEN AND RIGGS l° and CHRISTENSEN ei al. n one would expect  tha t  the  intra-  
cellular levels a t ta ined  with pract ical ly all of the amino acids used would be consider- 
ab ly  higher than 20 mM. The incubation was terminated by  chilling the suspension 
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by agitating the vessel in an ice bath. The cells were collected bv centrifuging in the 
cold and were resuspe-lded in fresh, cold K RB, centrifuged once more and resuspended 
in sufficient cold KRB '~o give a suspensi~n with a cytocrit of o.2o-0.22. As shown in 
previous experiments with azaserine, an amino acid analog, and tryptophan ~, high 
intraco!Iular levels are maintained during this washing in the cold. 3 ml of this 
suspension was placed in one arm of a Heinicke reaction vessel and 3 ml of KRB 
containing 5.0 mM L-tryptophan was placed in the other arm. This gave initial extra- 
cellular concentrations of L-tryptophan of 2.70-2.77 raM. This concentration was 
chosen because it was above the steeply rising portion of the curve of initial flux 
against extracellular concentration 6 and because at much lower concentrations tilt.re 
was a large drop in extracellular concentration if the uptake was markedly stimulated 
by exchange diffusion. The vessels were gassed with 5 % CO2 in air and stoppered. 
The vessels were immersed in a water bath at 37.o-37.2 ° for I mi.a, the contents of 
the two arms were mixed and the incub;~tion continued, with shaking, for one more 
minute. The vessels were plunged into ice water :md agitateci to hasten temperature 
equilibration. 2 ml of the suspension was pipetted into a IOO x I3 mm test tube, 
and centrifuged at 3500 rev./min in a Precision Vail-Hi-Speed Centricone centrifuge 
for 2o min, in the cold. The pelle" and I ml of the supernatant  solution were extracted 
and analyzed for L-tryptophan. The remainder of the suspension was used to obtain 
cell counts, cytocrit, and wet and dry weights, as described in a previous paper ~. 

"Competition" experiments 

4 ml of an ascites cell suspension (cytocrit 0.20-0.22) was pipetted into one arm 
of a Heinicke reaction vessel and 4 ml of KRB containing L-tryptophan or L-trypto- 
phan plus another amino acid was pipetted into the other arm. The vessels were gas.~;ed 
with 5 % CO2 in air and stoppered. After an incubation of 2 min at 37.o-37.2 °, the 
contents of the two arms were mixed and the incubation continued for another 
minute. The remainder of the procedure was the same as for the exchange experiments 
with the addition that  in some experiments the pH of the extracellular fluid was 
d, termined at 37 ° with a Beckman GS pH meter with use of a Beckman No. 4o29~ 
constant  temperature blood electrode assembly. 

The extraction procedures and methods of analysis have been described in detail ~. 

Calculations 

The quantit ies which were actually measured on each sample were the extra- 
cellular concentration of L-tryptophan, the total L-tr3q~tophan in the pellet derived 
from 2 ml of suspension, pellet dry weight and total pellet water. The extracellular 
water retained in the pellets was assumed to equal the sucrose space of the pellets 
prepared by our procedure. The sucrose space was not measured in the experiments 
but  was read from a calibration curve relating pellet extracellular water and pellet 
volume which was deteLTnined beforehand. The intracellular concentration was 
calculated with the assumption that  the pellet tryptophan, corrected for that  in the 
pellet extracellular space, was uniformly distributed in the intracellular water. 

Source of materials 

All amino acids used were the best cemmerciallv available I, forms. 
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~ t r L ' r S  

E x c h a n g e  d i f f u s i o n  

Table I shows the results of a ~ ,pka i  e.'q~eriment. As indicated in this table all 
variations were run in duplicate. The x-rain flm~es and  flux coefficients were calculated 
in each expeximent but  these o~ered no advamages over the I -min distribution ratios 
for comparative purposes and ~ the disadvantage that  the cell count, our least 
accurate procedure, was used in their calculation. The variation in i-rain distribution 
ratio is greater in "between e ~ t "  comparisons than in "within experiment" 
comparisons. In  seven independent repeat~ of duplicate determinations of the i -min  
distribution ratio for L-tryptophan, the ~ m d a r d  error of the means of the duplicates 

TABLE I 

T R A N S P O R T  Ak~TD E~CHL~.~GE D I F ] F U S I O N  OF L - T R Y P T O P H A N  

After the first incubation, cells wewe ~ ~ cold KRB and resuspended in cold KRB; 
3 ml suspension was placed in one arm off a H ~ k e  reaction ves~¢,, and 3 ml of 5.o mM L-trypto- 
phan in KRB was pipetted into ttae x~er arm..After x rain of temperature equilibration, the 
contents of the two arms were mixod ~ i~-~ t ted  I mi~ longer before being chilled and analyzed. 

L - T ~ , ~  l ~ = ~ d a ~  second incubation - r mitt 

First i,~cubation ~ ' ~  Imra~ellular 
(3 ° rain) ~unatmCtr~, ¢om:entration Distribution ratio 

"(~,J (q) (qlce) 
(~mo2e~/~g H ~  (mamdeslkg H~.O) 

KRB 2.5~ z . 6 t  t.o4 
2~¢~ z.85 1.15 

L-Isoleucine 1.95 ~o.48 5.37 
2o mM ~-9~ 9-94 5.07 
L-Glutamine 243 3.46 1.4" 
20 mM 2.4-" 3.25 1.34 
L-Glutamic acid -'45 3 .22 I. 3 l 
20 m i  x-4l~, r.Q~) 1.21 

(variation between experiments) was o.x22 whereas the standard error of duplicates 
(variation within experiments) was 0 . o , _  9 . For this reason the average distribution 
ratio for L-tryptophan for ~ which had not been loaded with another amino acid 
was set equal to one in each e ~ l t  and the relative distribution ratio for the 
preloaded ceils was determined. The means of the duplicates and standard errors 
of the mean for all amino acids tested are g~ren m Table II.  The values grouped around 
a relative distr ibution ratio of one {L-g~mtamic to L-lysine) do not differ significantly 
from I.OO or from each other. A large number  of repeats will be required to determine 
whether the small deviations ffaxma x.oo are sigmil~ant. We have previously reported e 
on an experiment in which the cells were preloaded for 30 rain with glycine at  15 mM 
extracellular concen t ra t ion( the  ~ extraeellttlar concentration of L-tryptophan 
was 3.4 raM. In_ this experiment the  ~ le-minute  uptake of L-tryptophan by  the 
glycine-loa&:d ceils (triplicate determinati~ms) was 86 % of that  in the cells not loaded 
with glycine and the relative distri tmtion rat io was 0.84. If these data can be combined 
with those presented in Table II ,  we ¢ d ~ n  a mean relative distribution ratio for 
t ryptophan of 0.92 for g l y ~  ~ ~ t h  a s tandard error of the mean of 0.053 
(4 degrees of freedom). 
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T A B L E  I1 

I~XCHANGE DIFFUSION EXPERIMENTS, RELATIVE DISTRIBUTION RATIO FOR L-I'RYPTOPHAN 
AFTF.R PRI'LOADIN(; CELLS \VITH DIFFERENT AMINO ACIDS 

L- Tryptophan relative distrlbution ratio" 

Prd,adcd amin,, at zd 
Mean Standard error 

of mean 

L-Methioninc 6.44 o.o35 
L-ili.~tidinc 5.77 ~.o42 
L-Leucine  5.6,q o.o43 
L- Norleuc int. 5.49 o.o 14 
z.-lsolcucine 4.77 o. I3(~ 
t .-Valine 3.95 o.~I 
L-Norva l inc  3.84 o.035 
L-C~-.\mino-n-I)utvric ;t~id I .H 7 o.o2-" 
L-Threonine  I. 72 o.oz 4 
L-Citrullim, t .63 o.o64 
L-(; lutamin¢, t .-¢, o.o3,~ 
L-C ys te ine  i. 2¢, o.o i -' 
L - t ; l u t amic  ;t¢:i¢1 t. 15 o.o40 
L-.krgininc I .o 4 o.o 5 J 
L-..\lanine 1.03 o.oo i 
(;l_vcine I .o 3 o. I t -' 
L - 2 , 4 - D i a m i n o b u t  3 ric acid t .oo o.oo 4 
L-Orni th inc  o.08 o.oo 4 
L-Serinc o.95 o,oo 5 
e -Lys ine  o.90 o.o32 
L-Prol ine 0,74 o,o 17 

" I n c u b a t i o n  t ime ,  z rain. Ini t ia l  ex t r ace l lu l a r  c o n c e n t r a t i o n  of L - t r y p t o p h a n  was  z. 7 o 2 .77  mM 
The  d i s t r i bu t ion  ra t io  is g iven  r e l a t ive  to t h a t  for L - t r y p t o p h a n  for c,.lls which  had  no c~ther a m i n o  
ac id  p r e sen t  in the  p r e l i m i n a r y  incuba t ion .  
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Fig. 1. Effect  of side cha in  of p re loaded  a m i n o  ac id  on re la t ive  d i s t r ibu t ion  ra~io for L - t r y p t o p h a n  
in e x c h a n g e  diffusion e x p e r i m e n t s .  I n c u b a t i o n  t i m e  I min .  A b b r e v i a t i o n s  ; G, g lycine  ; AI, L-a lanine  ; 
n-B,  L -~ -amin o -n -b u ty r i c  ac id ;  n V ,  L-norva l ine ;  nL ,  L-norleucine;  Me, L-meth ion ine ;  V, L-val ine ;  
L, L-leueine;  iL, L-isoleucine;  d iNH2-B,  L -2 ,4 -d i aminobu ty r i c  ac id :  tOrn., L-orni th ine ;  Ly,  L-lysine;  

GI, L-g lu tamic  acid.  
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Examinat ion of Table II  suggests a correlation between the lipid solubili ty 
properties of the side chain of the loaded amino acid and its effect in s t imulat ing 
the initial flux of L-tryptophan by  exchange diffusion. This is shown in Fig. I in 
which tile relative distr ibution rat io for L-tryptophan is plot ted against the number  
of carbons in the side chain for the amino acid which haw~ a straight  or branched side 
chain. Methionine is included in the graph since it is a s traight  chain with sulfur 
replacing a carbon. The covalent single-bond radii for carbon and sulfur are 0.77 
and I.o 4 .~ respectively ]2. Methionine was placed at  4•25 carbon atoms to correspond 
to measurements made on molecular models, using atomic models according to Stuar t  
and Briegleb (LaPine Scientific Co.). There is a strong correlation between the number  
of carbons in the side chain and the exchange diffusion effect. The value for isoleucine 
suggests tha t  there may  be a superimposed steric effect from the branching; this is 
brought out more clearly in the competit ion experiments• The lipid solubil i ty argument  
is s trengthened when we examine the  effect of adding a charged group to the side 
chain as in diaminobutyxic,  ornithine, lysine and glutamic acid• In  each case the 
enhanced uptake of L- t ryptophan due to exchange diffusion is abolished• Of course 
this may  mean that  these amino acids use a different t ransport  system• On the other 
hand,  perhaps the combinat ion of carrier  with amino acid can cross the membrane 
at  a significant rate  only when the ionizable group on the side chain is nonionized• 
If we take lysine, for example,  with a pKa of Io. 5 for the  e-amino group and assume 
an intracellular  pH of 6.8, we find tha t  only 0•02 % of the  intracel lular  lysine would 
have the e-amino group nonionized; even if the initial  intracel lular  concentrat ion of 
lysine were 5 ° mM in these exchange experiments  this would give an effective concen- 
t rat ion of only o.oi  mM. Since histidine markedly  s t imulated the exchange uptake  

4.0 

~.~ 

1.0 ~ 

~ .4 

= 
. z  

xlO-3 
.6 

%. 
• 1 i ? 3 4 5 10 

x 

L - Me th i on i ne  - I n i t i a l  Ce -mM 

Fig, 2. Effect of extracellular L-methionine on initial uptake of L-tryptophan. Initial extracellular 
concentration of L-tryptophan, x raM. Incubata. n time, x rain. ce, extracellular concentration• 
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of t r y p t o p h a n  it  is i n s t r u c t i v e  to look at  it f rom th i s  v iewpoin t .  T h e  imidazole  g r o u p  
of h i s t i d ine  has  a p K a  of (7.1. At  an  in t r ace l lu l a r  p H  of 6.8, 83 % of the  imidazo le  
g roups  wou ld  be  nonionized .  

Competition experiments 

In  a p rev ious  p a p e r  6, we r epo r t ed  t h a t  the  u p t a k e  of L - t r y p t o p h a n  in a 2-rain 
i n c u b a t i o n  was i n h i b i t e d  b y  m a n y  of t h e  o t h e r  a m i n o  acids b u t  t h a t  azaser ine ,  
2 , 4 - d i a m i n o b u t y r i c  acid,  h i s t id ine  a n d  leucine s t i m u l a t e d  when  p resen t  in r o u g h l y  

1 . 5 ~ ~  

o o o 
1.0 - - - ~  . 

0.5 

0 °I 
3.0 

2 4 6 8 10 20 30 40 

L- Methionine- initial Ce- mM 

Fig. 3. Effect of extracellular L-methionine on initial uptake of L-tr)~ptophan. Initial extracelhdar 
concentrations of L-tryptophan, 2 mM for lower curve; 5 mM for upper curve. Incubation, I rain" 

x ° ~ i ° 
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0 1 | t . _ _  
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t ~ J L ~  J 

i I , i I I I 
20/1 1011 411 211 111 1/2 114 lllO 1120 

Ratio Ce ( try#opi'lant 
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Fig. 4. Relative distribution ratio for L-tryptophan as function of the initial ratio of L-tryptophan 
to L-methionine in the extracellular fluid. Initial ex~+racellular L-tryptophan: O - - O ,  I raM, 

O---O. 2 raM; ~<---×. 5 raM. Incubation, i rain. 
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equimolar amounts and inhibited when present at five fold higher concentrations. 
SCHOLEFI~LP 13 has also reported significant stimulation of uptake of BL-leucine in 
the presence of a few other amino acids but for incubation times of 45 rain. These 
findings require more detailed examination. All of the amino acids tested in the 
exchange diffusion experiments were therefore tested in competition type experiments. 

In Fig. 2 are plotted the results of three independent experiments on the I-min 
uptake of t-tryptophan, initially at I mM extracellular concentration, at different 
initial extracellular concentrations of L-methionine. The data are given in terms of 
distribution ratio and flux coefficient. The flux coefficient was calculated by dividing 
the I-rain flux by the average of the initial and final extracellular concentrations of 
L-tryptophan, the latter being expressed in mmoles/ml. At I mM L-methione there 
is slightly more than a two-fold stimulation of t-tryptophan flux and inhibitk n does 
not appear until the t-methionine concentration is greater than 8-9 mM. Furthermore, 
there is a marked stimulation when the L-methionine is only o.I mM. CHRISTENSEN 81~ 
al.  n have reported a marked effect of pH on the concentrative uptake of glycine and 
histidine. The findings reported here cannot be attributed to a pH effect; there was 
no significant difference in extrace:lular pH at the end of the iltcubations, for the 
entire range of L-methionine concentrations used. Also, there were no significant 
differences in pellet volume at the various concentrations of L-methionine. Fig. 3 
gives the results of similar experiments conducted at initial extracellular concen- 
trations of L-tryptophan of 2 and 5 mM respectively. In Fig. 4 all of the data on 
competition experiments with L-methionine are given in terms of the relative dis- 
tfibution ratio for L-tryptophan and the tryptophan-methionine ratio in the extra- 
cellular fluid. Apparently the relative effect is dependent primarily on the tryptophan 
to methionine ratio. However, it is also apparent from examination of the curves in 
Figs. 2 and 3 that the peak tends to broaden and that there is a small shift in t h e  

L-tryptophan to L-methionine ratio at the peak as the concentration of L-tryptophan 
increases. 

In contrast to the results with methionine, aIanine, which gave no enhanced 
uptake of L-tryptophan in the exchange diffusion experiments gave only inhibition 
in competition experiments, the inhibition increasing with the concentration o f  

alanine (Fig. 5)- 

2.o 

o 

Fig. 5- Effect 

"r 

o o  

0 1 2 3 4 5 10 15 20 

L-Alanine- initial Ce-rnM 

of L-a lan ine  on u p t a k e  of  L-tryptophan. Initial e x t r a c e l l u l a r  c o n c e n t r a t i o n  of  
L-tryptophan, i raM. Incubation, x rain. 
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Fig.  6. R e l a t i v e  d i s t r ibu t ion  ra t io  for L - t r y p t o p h a n  in presence  of va r i ous  c o n c e n t r a t i o n s  of L-lysinc 
a n d  L-g lu t amic  acid.  I n c u b a t i o n ,  r rain. In i t ia l  ex t r ace l lu l a r  concen t r a t i on  of L - t ryp tophan ,  t m.M. 

T A B L E  I l l  

COMPETITION EXPEPI MENTS 
EFFECT OF OTHER AMINO ACIDS ON I-MIN DISTRIBU'IION RATIO OF L-FRYPTOPHAN 

L-Tryptoplmn" 
relative distribution ratio 

No. el 
Other amino acid detetmimltions Mean Standard error 

of meall 

L-Methionine 5 -',o9 o.o6 
L-Norleucine  4 1,93 o.o8 
L-Norva l ine  4 u,49 o.o8 
L-His t id ine  5 [ ,41 o.o7 
L-Leucine 4 l, 25 o.o2 
L-Cysteine 4 z. 25 0.02 
L-~-amino-n -bu ty r i c  acid 4 t. I I 0.03 
L-Valine 4 i .o6 o.o2 
L-Orni th ine  .5 t .o 3 o.o2 
L-Arginine  5 r .o i 0,03 
L-Citrull ine ,5 t .oo o,o3 
L-Glu tamic  acid 4 0.96 0.04 
L-Threonine  4 0.94 o,o2 
L-Lysine  4 o.94 o.o2 
L-Z ,4 -Diaminobu ty r i c  ac id  4 o.93 o.o3 
Glyc ine  4 o.91 0.o4 
L-Serine 4 0.9 x 0.03 
L - G l u t a m i n e  5 o.88 o.o3 
L-Prol ine 4 o.88 o.o6 
L-Isoleucine  ,5 o.8o o.o4 
L-Alanine ,5 o. 78 0.03, 

* L - t r y p t o p h a n  a n d  t h e  o t h e r  a m i n o  acid were  p re sen t  a t  ini t ial  ex t r ace l lu l a r  c o n c e n t r a t i o n s  
of  I raM. T h e  d i s t r i bu t ion  ra t io  a f t e r  a I - ra in  incuba t ion  is g iven  r e l a t ive  to  t h a t  for L - t r y p t o p h a n  
in t he  absence  of a n y  o t h e r  a m i n o  acid.  

Bioch im .  B i o p h y s . . 4 e t a ,  71 (I963) I 5 -33  
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Because cf the findings in the exchange diffusion experiments, it was important  
to do concentration-dependence studies with glutamic acid and lysine. As shown in 
Fig. 6 no evidence for any stimulatory or inhibitory effect was found with glutamie 
acid. In one of the experiments with glutamie acid all points but those at zero and 

R - C- COOH o Me 2.0 I 
NH 2 / n L  

~ l . o ~  -" 
~ ~" eiL 

I 
0 I 1 [ I / 

0 1 2 3 4 

Number carbons in R 

Fig. 7. Effect of side chain of "competing" amino acid on r~lativc distribution ratio for 
L-tryptophan in competition experiments. Incubation, z min. Abbreviations as for Fig. z. 

0.5 mM glutamic acid were slightly low, but no concentration dependence was 
evident. With lysine, however, a small Lnhibitory effect was obtained, increasing up 
to about 5 mM lysine and then remaining constant up to zo raM. 

All of the amino acids used in the exchange diffusion experiments were tested 
in "compet i t ion" experiments with the initial extracellular concentrations of L-trypto- 
phan and the other amino acid both at z mM. The results are summarized in Table I I I .  
Because the st imulatory effects were not nearly so large as in the exchange diffusion 

2.0 - n L ~  

~ , ~ o  1.0 ~ nBe~"" OV 
o iL ~ o ~ ° I °  .. 

AI 

0 I I 1 I I 1 I 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 

L - Tryptophan 
relative distribution ratio 
exchange diffusion expts. 

Fig. 8. Relative distribution ratios for L-tryptophan for incubation time of I rain. Correlation 
between results of "competition" experiments and exchange diffusion experiments. The straight 
line was drawn by eye to fit the points for the straight-chain amino acids indicated by the 
darkened circles. Abbreviations as (or Fig. z; H, L-histidine. The unlabeled points are  for  

the other amino acids given in Tables II and III. 
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experiments,  4 or 5 independent experiments were carried out with each amino acid. 
The s t imulatory  effects of leucine and histidine were again found but  our previous 
report  of a s t imulatory effect with 2,4.,~iaminobutyri c acid 6 could not be substant ia ted 
;.n the present more detailed investigation. 

In Fig. 7 the results for the amino acids with aliphatic side chains are plot ted 
ageinst the number  of carbons in the side chain. Methionine is included as in tile 
corresponding graph of the exchange diffusion data. Star t ing with alanine, which 
inhibits, there is a progressive increase in the s t imulatory  effect for the straight-  
chain compounds, but  branching the chain decreases this effect and isoleucine actual ly 
inhibits.  The results obtained in the "compet i t ion"  experiments are plot ted against 
those from the exchange diffusion experiments in Fig. 8. For the straight  al iphatic 
side-chain amino acids there is a close correlation between the results obtained in 
the "compet i t ion"  and in the "exchange diffusion" experiments with L-tryptophan. 

THEORY 

In theoretical  discussions of carrier active t ransport  the assumption has usually been 
made tha t  the carrier combines with one molecule of substrateS, 9,1~, x~. Thus HEINZ 
AND PATLAK'S 14 calculation of the energy expenditure for active t ranspor t  of glycine 
in Ehrlich asocites cells is based on a model which assumes a I : I  combination of 
carrier with amino acid. Recently, S'rEIN 16 has suggested tha t  facili tated diffusion 
of glycerol in the erythrocyte  could be explained with the assumption that  dimeri- 
zation occurs at  a binding site on the membrane followed by  dissociation of the dimer 
and crossing of the membrane.  This comes close to an assumption of a t e rnary  complex 
involving a carrier,  however, STEIN specifically discards a movable carrier as par t  
of his hypothesis.  In  a previous paper 9 we have shown tha t  a number of carrier models, 
all of which involve a I : I  c a r r i e r - s u b s t r a t e  complex, can predict the st imulat ion 
of init ial  flux by  exchange diffusion. I r  the simplest of these, the linkage to cellular 
metabol ism is via reactions whose effect is to speed up the movement of free carrier 
from the inner  to the outer  surface ot the cell membrane.  In order to eyplain the in- 
crease in init ial  flux of amino acid "a"  after preloading with amino acid " b "  this 
model requires tha t  the rate of regeneration of free carrier at  the outer  surface of the 
cell membrane by  movement  as the complex Cb be higher than the rate  of regeneration 
b y  the act ive t ranspor t  system. This implies tha t  the rate  of regeneration of free 
carrier by  active t ransport  is the pr imary  rate-l imiting step in the uptake of an amino 
acid like L-tryptophan.  To prove this, assume the contrary,  tha t  is assume that  the 
rate  of formation of Ca and the rate a t  which Ca crosses the membrane is rate-limiting. 
But  then an increase in the delivery of free cart ier  to the outer surface of the cell 
membrane by  exchange diffusion could have li t t le effect on the initial flux of L-trypto- 
phan, Fur thermore,  preloading the cells with L-tryptophan could not s t imulate  uptake 
of another  amino acid by exchange diffusion. However, we have shown tha t  preloading 
with ei ther t ryp tophan  or with azaserine markedly  st imulates the uptake of the other 
amino acid 8. 

Wi th  this as a background it is easy to show that  a model which assumes a i : i  
c a r t i e r - s u b s t r a t e  combination cannot explain the results of the competi t ion ex- 
periments.  To be specific, consider the experiments with t ryptophan and methionine. 
Assume tha t  the cart ier  - amino acid complex is I : I.  Then so long as we assume tha t  
methionine and t ryp tophan  utilize the same carrier and tha t  the to ta l  amount  of 
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carrier is constant  during the I-min incubations,  we must  expect  competi t ion between 
the two amino acids. At  first glance, one might  assume tha t  the methionine can enter  
much more rapidly  than  the t ryp tophan  and then increase the  t ryp tophan  flux b y  
exchange diffusion. However, appl icat ion of the  above conservation conditions makes 
this untenable.  No ma t t e r  how much carrier is made available at  the outer  surface 
of the cell membrane  b y  outward movement  as a complex with methionine, this 
same amount  of carrier had  to be used to get the  methionine into the intracellular  
phase in the first place, a self-cancelling process. Fur thermore,  the amount  of methio- 
nine which could have entered the cells b y  free diffusion would be negligible compared 
to the carrier-borne methionine at  the low concentrat ions which gave marked  st imu- 
lation of the init ial  flux of L-tryptophan.  

Let us consider then whether  a model  in which one molecule of carrier  can 
combine with two molecules of amino acid can explain the  exper imental  findings 
on amino acid t ransport .  To simplify mat ters  we assume an obl igatory 2 : I  amino 
acid to carrier ratio. VChatever new features are introduced by  the assumption of 
the 2 : i  ratio should appear  in this model. However,  i t  should be kept  in mind tha t  
this is a simplification and if 2: I amino acid - carrier  complexes can be formed then 
it is possible tha t  I : I complexes m a y  also be able to cross the  cell membrane at  an 
appreciable rate.  

A ter~uzry complex model of carrier active transport 

The basic model is shown schematical ly  in Fig. 9 for the  ease in which only one 
amino acid is present. The following simplifying assumptions  are made :  (a) The 
combination of carrier with amino acid is so rapid  in comparison to the ra te  constants  

ii 
a. C -  7 C  a 

k. 1 

Cell 
membrane 

Fig. 9- Schematic diagTam of a transport model with a z : i ratio of amino acid to carrier. 

for the crossing of the membrane tha t  we can use equilibrium constants.  This simplifies 
the model considerably and cannot  be far off because if the opposite were t rue it 
would be difficult to explain the s t imulat ion of init ial  flux by  exchange diffusion. 
(b) The dissociation constants  are the  same for the  two sides of the membrane.  (c) The 
complex Ca moves so slowly in comparison to Caz tha t  its effect may  be neglected. 
This is the  assumption of an obl igatory t e rna ry  co.~r..plex. (d) The "act ive t r anspor t "  
is int roduced in a highly simplified form by  assuming tha t  the effect of the  l inkage 
to cellular metabolism is equivalent  to increasing the rate  constant  for outward 
movement  of free carrier, i/e. k 1 >~ k-l. 

Notation 

Assuming tha t  two amino acids " a "  and " b "  are present,  the following nota t ion 
will be used. 
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C o = to ta l  amoun t  of carrier  in ~moles /cm 2 surface area;  x l , x  2 = concent ra t ions  
of free carr ier  at ou ter  and  inner  .surface of cell membrane ,  in o~moles/cm 2. c,a, c,~ = 
concent ra t ion  of amino  acid " a "  in the ext racel lu lar  and  intracel lular  pha.ses respec- 
t ive ly  in /~moles /cm3;  Ce,. c,b = concent ra t ion  of amino  acid " b "  in the  ext racel lu lar  
and  int racel lular  phase re.spectively ; kp~, kpb = permeabi l i ty  constants  for free amino  
acids, c m / m i n ;  k 3, ka ~ ra te  cons tants  for m o v e m e n t  of complexes Cb z and Cab 
across cell m e m b r a n e :  k 2, k~ and k_~ are indica ted  in Fig. 9; .4 = .surface area of 
cells in cm2; Ve - vo lume of ex t race l lu lar  phase in cm a ; V, = w, lume of intracel lular  
water  in cm3; .4, Ve and Vt are assumed to be cons tan t ;  K1,  K 2 - -  association 

cons tan ts  for Ca 2 and  Cb z, K t ::- !Ca2]/[C ] Ea]°-; K 3 = association cons tant  for Cab, 

K s = [Cab]/[C3 [a] [b]. 
The  associat ion cons tan t s  have  units (t, moles) 2 cm.6. These association cons tan t s  

are different  f rom the  usual association cons tants  since the  process invo lved  is the 
crossing of an in terface  be tween  a bulk aqueous  phase and the m e m b r a n e  lipid phase 
by  the  amino  acid and the  format ion of the complex  xvith the carrier. 

M a t h e m a t i c a l  f o r m u l a t i o n  

The  model  is comple te ly  described by the  init ial  condit ions,  three conserva t ion  
equa t ions  (1-3) and  three different ial  equation:;  (4-6). 

C0 = 55111 + Klcea ~ + K2ceo "z + K3ceaCeb] -r x2[l + KlC'Zta + g2c2~b + K3ClaClb] (I) 

Sa = IreCea + r~cla + .'I[2KtXlC2ea +- K3xlCeaCeb ~.- 2Klx2c2/a + Kax2C~aCibj (2) 

Sb --  [/eCeb + VfCib + :l[2K2XlC2eb ~- K3XlCeaCeb 4- 2K~o~ce,b + Kax2c*ac~bj (3) 

Sa,  Sb are  the  amoun t s  of amino  acids " a "  and "b"  in the  system, assumed constant .  

If  one can assume tha t  the ext race l lu lar  concen t ra t ions  are constant ,  Eqns.  2 and 
3, are no t  needed.  

d 

dt  J 
--x2!. kl + k21~'lc21a + k3Kec2*b + k4K3c*ac~b] (4) 

I d--it -A- Cia + 2KlX2C2ta + Kax2ciaCib -= hpa(Cea --- cia) + Xl[2h2KlC2ea + k4K3ceaCeb] 

- -  x2[2k2Klc'2;a + kaI~'3ciacibJ (5) 

1 d~t A cfb + -'Klx2c~~b + Kax2CiaCib :=- kpb(Ceb---c,b) + xl[2kaKo~c"eb + k41~'3CeaCeb] 

- -  X2[2kalq2C2fb -i- k4tx'aCtaC~bj (0) 

Simple analy t ic  solutions of these  equa t ions  cannot  be obtained.  However ,  we 
can find the  s t a t iona ry  s ta te  fluxes corresponding to the  int ial  condit ions of exchange  
diffusion and  compet i t ion  exper iments .  This should tel l  us whether  this model  could 
give the  type  of results  found exper imenta l ly .  

E x c h a n g e  d i f f u s i o n  

In  order  to see whe the i  this  model  can predic t  an increase in the  c a g i e r  flux 
of " a "  aRer  the  cells have  been preloaded with  " b "  we solve for the  s t a t iona ry  s ta te  
flux under  the  condi t ions  C,a and  c,b cons tan t  and  Ceb = O, C~ = O. We neglect  s imole  
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permeability. Using Fx (a) to denote the flux of "a"  in the exchange diffusion type 
of experiment, we obtain Eqn. 7- 

F~(a) 2h2K~C°c2ea [kl + k,~K2c2tb] (7) 

where 

Ao = [kl + k-1 + Kj(kx + k2)c2ea + K2(k-I + ka)c2~b + K1K2(k2 + k3)c2eaC2tb] (8) 

If we also set clb - -  0, we obtain the transport flux of "a",  FT(a), when the cells 
have not been preloaded. 

2klk~K1CoC2ea 
Fr(a) (9) 

A1 
where 

At = kl + k-1 + Kl(kt  + k~)c'~ea (Io) 

Note that FT(a) shows a saturation effect 6. The difference Fz(a) --. F~,(a) is given by  

2 k ~KI K2Co 
Fx(a) - -  Fa,(a) - - - -  C2eac2~b(k-1 + k2Klc2ea) (ha--hi) (It) 

AxA~ 

Since all the rate constants and association constants are positive by definition, 
A 1 and A2 are positive and F z - - F ~ ,  > o if ka > kp This then is the necessary con- 
dition for the carrier-mediated flux to 13e greater in an exchange diffusion experiment 
than in a transport experiment." Furthermore, if k3 < kt this model predicts tha t  
preloading the cells with "b"  will decrease the flux of "a".  This is fairly obvious 
physically for in this ease the intracellular amino acid competes for carrier with the 
transport system but delivers carrier to the outer surface of the cell membrane at 
a rate lower than the rate of regeneration of carrier by  active transport.  L-Proline 
may be an example of this (Table II) ; however, the experiments with L-proline should 
be repeated to clearly establish the significance of the value o.74 for the relative 
distribution ratio. 

The present model clearly predicts the stimulation of influx of one amino acid 
by prelo~ding ~4th another amino acid. 

Competition 

To check whether the initial flux of "a"  could be increased when both "a"  and 
"'b'" are present initially onlv in the extracelhilar phase, Eqns. x-6 were solved 
for the stationary state fluxes under the assumptions c~a = o, c~b = O, and cea and 
c~b constant, these being the conditions at the start of the competition experiments. 
If Fc(a) represents the stationary state flux of "a"  in such a hypothetical competition 
experiment, the solution obtained is given by  Eqn. z2. 

ktCo 
Fc(~-,) = ~ [2k2Klc.2ea + k4K3CeaCeb] (12) 

A3 = [kl + k-1 + KI(kl + k2)CZea + K2(kl + k3)C2eb + K3(kl -i- k4)CeaCeb] (13) 

As expected Eqn. I z  reduces to Eqn. 9 if Ceb = O. Eqn. z2 may be rewritten 

C2ea q- ~CeaCeb 
Fc(a) = (x4) 

et + Bcae~ + CccaCeb + Dc2eb 

Biochim. Biophys. Aria, 71 (1963) t5-33 



AMINO ACID TRANSPORT IN ErIRLICH ASCITES CELLS 29 

An at tempt  was made to fit the cur,:es of t ryptophan uptake in the presence of 
mettfionine with Eqn. 14, but  a good fit could not be obtained under the constraint 
that  all rate constants and association constants are positive. This was not unexpected 
because Eqn. 14 is derived with the assumption that  the intracellular concentra.tions 
remain zero over the time of measurement of the flux. In  the experiments, the intra- 
cellular concentration of L-tryptophan attained after I min of incubation was in 
most cases higher than the extracellular. Thus even if one had good estimates for 
the constants A, B, C, D and E, Eqn. 14 should give fluxes higher than the measured 
initial fluxes. However, it is important to determine whether any choice of positive 
constants can give the type of curve for the flux coefficient shown in Fig. 2. To this 
end, the constants A and B were estimated from the initial flux data on L-tryptophan 
in the absence of L-methionine; for the reasons gi~'en above these are probably over- 
estimated. The constants C, D and E were then estimated from the t ryptophan-  
methionine competition experiments by ,assuming that even if Eqn. 14 gives a poor 
quant i ta t ive fit, the concentration of L-methionine giving maximal stimulation for 
a given concentration of L-tryptophan will not differ appreciably from that  predicted 
by Eqn. 14. Carrying out this program we obtain a range of positive values for A, 
B, C, D, E which give reasonable values for the fluxes when substi tuted into Eqn. z 4. 
Choosing a particular set : A, I- lO 3 (/,moles) cm ~ min ; B, 2. lO 3 (/mtoles)-I cm .~ min ; 
C, 2.1o 3 (/zmoles)-Z cm 2 min;  D, 3.1o 3 (/zmoles) -1 cm 2 min;  and E, xo (dimensionless 
constant), and calculating the flux, Fc(a ) , /o r  "a" at a constant  extracellular concen- 
t rat ion of I mM one obtains the graph shown in Fig~ xo. This curve has practically 
the same shape as does the experimental curve bu t  as" expected the predicted fluxes 
a r e  considerably higher than the experimental. Furthermore, retaining the values 
for A and B, one can fit the curve for inhibition of t ryptophan uptake by alanine by 
a new choice of C, D and E and the data on glutamic acid and lysine can be fitted by 
choosing very low values for the association constants K~ and K 3 and for the rate 
constants k3 and k,. 

x 10 -~ 

1.4~- 

1.2 

= 1.0 

5 10 15 20 
Amino acid "b" - Ce - ,umoleslcm 3 

Fig. zo. S ta t ionary  s ta te  flux, Fc(a),  calculated from Eqn.  x 4 for diffe~'ent extracel:ular concen-  
trat ions  of anaino acid "'b". The  cons tants  appearing in Eqn.  14 were chosen to  be: A ,  zoS; 

B ,  2.  zon; C, 2- xo3; D,  3" 1o3; E, io .  The  uni ts  are g iven in the t ex t .  
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Consideriug the approximations made in the derivation,  this model adequate ly  
predicts all of the results of the experiments  on compet i t ion between t ryp tophan  and 
other amino acids. 

The steady state 

One can solve, without  any approximations,  for the s teady s ta te  relation between 
intracellular  and extracellular  concentrat ions if one amino acid is present.  Doing 
this one obtains Eqn. 15. 

2k2KICo [kle2e - -  k-lc2i] 
(c~ - -  c~) = (I5) 

/~, [ki + k-x + Kt(kl  + ko~)c% + Kt(k-x + k2)c2, + 2Kt2k2c*-~c~l] 

Compariso~ of initial f luxes and steady state concentrations 

CHRISTENSEN et al. 5 have pointed out tha t  among the neutra l  amino acids one 
can find all combinations of values for init ial  flux and s teady  s ta te  dis t r ibut ion rat io,  
tha t  is, one can find both high and low s teady  s ta te  dis t r ibut ion rat ios in combinat ion 
with high and low ini t ial  fluxes. They have suggested tha t  this might  be explained 
by  the existence of a second carrier for the amino acid, this second carrier  being ei ther  
ent irely distinct  from the active t~ansport carrier or an al tered form ot the act ive 
t ransport  carrier. The al terat ion in the la t t e r  case could be an essential par t  of the  
active process which moves the  carrier  outwards.  The present  model is also consistent  
with thc.~e findings. If  one arbi t rar i ly  picks values for Co, kl, k - l ,  k2, K1 which give 
correct order of magnitud .dues for the s teady  s ta te  dis t r ibut ion rat ios for L-t rypto-  
phan, then by  varying k e and K 1 one can obtain ei ther high or low init ial  fluxes from 
Eqn. 14 combined with either high or low s teady  s ta te  dis t r ibut ion rat ios as calculated 
from Eqn. 15. 

In  summary,  a simplified model of carrier  active t ranspor t ,  based on the  as- 
sumption of an obl igatory I : 2 carrier - amino acid combination,  at  least qual i ta t ive ly  
fits the exper imental  findings on amino acid t ransport .  In  part icular ,  this model 
predicts (a) saturat ion kinetics of t ranspor t  (b) the possibil i ty of an increase or decrease 
of initial flux in an exchange diffasion experiment  (c) s t imulat ion or inhibit ion in 
competi t ion experiments  and the correct concentrat ion dependence of theseeffects, 
and (d) the occurrence of high or low s teady s tate  dis tr ibut ion rat ios in combinat ion 
with high or low init ial  fluxes for different amino acids. 

There remains one exper imental  finding which is not explained by  previous models 
or by  the model with an obl igatory 2 : I amino acid - carrier ratio.  !n  a previous paper  s 
we have reported on the I -min  uptakes  of L- t ryptophan at  init ial  extracel lular  concen- 
t ra t ions of 3.3-3.4 mM. The intracellular  concentrat ions a t ta ined  were 12.15 mmoles/kg 
water  for cells which had been loaded with azaserine and 2.6 for cells which had not  
been loaded with azaserine. For  the cells loaded with azaserine, the  intraceUular 
azaserine concentrat ion dropped 6 mmoles/kg water  more in the cells incubated with 
t ryp tophan  than  in those incubated in KRB.  Corrections for simple diffusion, made 
with the assumption tha t  the permeabi l i ty  congtants are IO -~ cm/min, changed these 
figures by  insignificant amounts.  This allows us to calculate upper  and lower bounds 
for the t ryp tophan-azase r ine  exchange ratio.  To obtain a lower limit,  assume tha t  
the active t ranspor t  was unchanged in the  cells undergoing exchange diffusion, then 
L-t ryptophan and azaserine exchanged in the rat io 1.59:1. The assumption tha t  the 
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act ive t ransport  was abolished in the exchange diffusion si tuation gives an upper  
limit for the exchange rat io  of 2 .o3: i .  If active t ransport  and exchange diffusion 
compete for available carrier one would expect the true value to lie inside these 
limits. For  the reverse experiment  in which the cells were first loaded with t ryptophan.  
the limits of the  exchange ratio for azaser ine : t ryp tophan  were 1.4:1 to 1:2.o6. 
JOHNSTONE AND SCHOLEFIELD 3 have reported exchange rat ios for methionine and 
ethionine. Recalculat ing lower and upper bounds for the exchange ratios from their  
data ,  one obtains the bounds 1:1.23 to 1:1.35 for the methionine:ethionine ratio 
when the cells have been preloaded with ethionine. For  the reverse experiment,  in 
which the  cells were preloaded with methionine, one obtains e thionine:methionine 
exchange rat ios of 1 : I . I 6  to i :1 .43.  Some reservations should be made about the 
exper iments  with azaserine because this amino acid is toxic. However even if one 
assumes tha t  the  cells were damaged and tha t  the permeabi l i ty  of the cell membrane 
was changed one cannot explain the exchange rat io  obtained in the experiment  in 
which the cells were loaded with azaserine. Obviously the stoichiometry of amino 
acid heteroexchange must  be re-examined in extenso. For  the moment ,  it should be 
pointed out  tha t  the  above observations can fit into the present model if we relax 
the restrict ion on an obl igatory 2:1 amino acid to carrier ratio. For  the sake of 
argument ,  assume tha t  the relative rate constants  and ease of formation of = : I  and 
2 : I  complexes can vary  with different amino acids; the  size, orientat ion and polar  
character  of the  amino acid side chain migilt be significant factors involved in this. 
Then with this addit ion,  the  present model predicts tha t  the exchange rat ios for 
different pairs of amino acids should fall in the range I : I to 2 : I in exchange diffusion 
experiments .  This is obviously a critical test  of this added assumption and should 
be tes ted with a number  of different pairs of amino acids. Final ly,  it should be observed 
tha t  exchange rat ios other than I : I are not excluded on the basis of energetics; the 
exchange diffusion or counter flow experiments  are carried out under conditions which 
are far from an equil ibr iam or s ta t ionary  state.  

I)ISCUSSION 

The da t a  presented relate anfino acid t ranspor t  to the lipid phase of the cell membrane.  
The involvement  of lipids in ion t ranspor t  has frequently been suggested r7-24 and 
recently l i p i d - a m i n o  acid cnmplexes 2~-27 have been repor*ed which could conceivably 
be involved in amino acid t ransport .  However the da ta  on exchange diffusion put  
constraints  on the complexes adrnissable for this role. Since active t ransport  fluxes 
are inhibi ted but  exchange diffusion fluxes are pract ical ly  unaffected by  inhibitors 
such as dini trophenol 4,~, it  is unlikely tha t  cellular metabolism is required for f~r- 
marion of the  amino ac id -ca r r i e r  complex. Thus this binding must  be readi ly 
reversible, suggesting tha t  we seek salt linkages or coordination linkages between 
amino acid and carrier. Because the  ~-amino and -earboxyl groups are involved in 
the binding ~, a zwitterionic membrane consti tuent  such as phosphat idyl  ethanol- 
amine or choline a° would seem a likelv candidate.  Some time ago, CHRISTENSEN fit 
al. 31-3s proposed a specific coordination hypothesis but  recently CHRISTENSEN 29 h a s  
questioned its val idi ty.  

The amino acids alanine, ~-amino-n-butyric acid, n-valine and n-leucine are a 
s t ructural  series with increasing length of a straight,  al iphatic side chain. Methionine 
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fits into this series if we accord it a position corresponding to the increase in chain 
length obta ined by  subst i tut ing sulfur for one carbon. Their effect on the initial  
flux of L-tryptophan,  both in exchange diffusion and competi t ion experiments,  in- 
creases progressively with the length of the  side chain and there is a good correlation 
between the effects obtained in the  two types  of experiments.  This series suggests 
a lipid solubil i ty effect. In  terms of a carrier  model there are two basic processes to 
consider. One is the formation of the  ca r r i e r - amino  acid complex, the other  is the 
crossing of the membrane  by  this complex. The former involves not  only binding of 
the ~-amino and -carboxyl  groups to the carrier but  also the ease with which an 
amino acid can cross from the aqueous phase into the surface layer. The la t t e r  should 
be markedly  affected b y  the length of the al iphatic side chain. PANKHURST ~ has 
shown tha t  the per.etrat ion of water-soluble al iphatic alcohols and acids into mono- 
layers of higher f a t ty  acids, of cholesterol and of coprostenone, increases 4-5-fold 
for each addit ional  CH 2 group in the penet ra t ing  molecule. We would expect  to find 
a similar effect o f  side-chain length on the penetra t ion of amino acids into the  cell 
membrane,  par t icular ly  since the cell membrane may  have an ordered s t ructure  as 
similar to tha t  found in monolayers of lipids on water.  The length of the side chain 
may  also affect the ra te  of crossing the  membrane,  depending on the  ease of fit into 
the membrane structure.  Both  the ease of penetra t ion of the membrane  and the  ra te  
of crossing the  membrane might  be decreased in the branched-chain analogs because 
of a bulk effect of the side chain on the  case of fi t t ing into th~ reembrane structure. 
There might  also be a more specific steric effect on the binding to the  carrier. This 
effect of branching of the chain is quite obvious in the  compet i t ion experiments ,  less 
so in the exchange diffusion experiments.  Perhaps  sa tura t ion  of the  carrier  by  the high 
intracellular  concentrat ions in the  exchange diffusion exper iments  pa r t ly  masked 
the effect of the branching of the  side chain. In  terms of the  model  of an obl igatory  
2 : i  amino a c i d - c a r t i e r  complex the correlation between the  fluxes in exchange 
diffusion and competi t ion exper iments  implies a correlation between the association 
constants  K 2 and K 3 and also between the ra te  constants  k 3 and k,. 
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