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SUMMARY 

I. I mM lysine inhibited the uptake of I mM alanine, leucine, methionine, 
phenylalanine, threonine and histidine but not I mM valine, isoleucine, t ryptophan 
and proline by  epithelial cells isolated from rat  intestine. 

2. A stimulation of lysine uptake by leucine or alanine was always accompanied 
by an inhibition of leucine or alanine uptake by lysine at amino acid concentrations 
between I and 1o mM. 

3. The lysine-induced increase of the movement  of alanine out of alanine-loaded 
cells was independent of extracellular Na +. 

4. In the absence of extracellular Na +, i mM alanine uptake was not inhibited 
by  I mM lysine but was inhibited by I mM leucine. 

5. The inhibition of I mM alanine uptake by lysine was essentially maximal at 
lysine concentrations as low as z mM. 

6. Lysine was a partially competitive inhibitor of alanine uptake. 
7. These results show a definite correlation between the properties of the lysine 

inhibition of neutral amino acid uptake and the stimulation of lysine uptake by 
neutral amino acids and are generally compatible with the operation of a hetero- 
exchange transport  system between intracellular neutral amino acid and extracellular 
ysine. 

INTRODUCTION 

The ability of basic amino acids such as lysine and arginine to inhibit the 
t ransport  of various neutral amino acids across mammalian intestine is well 
documented 1-s. This inhibition has been previously at tr ibuted to allosteric interactions 
between the neutral and basic amino acid binding sites I or to an overlapping in the 
transport  specificities of certain neutral and basic amino acids such as leucine and 
lysine 4. However, one ofthechamcterist ics  of this inhibition appears to be a difference 
in the ability of the basic amino acid to inhibit the t ransport  of neutral amino acids 
having very similar t ransport  specificities. In  this regard it has been shown that  lysine 
and arginine inhibit methionine uptake in rat  intestine while not significantly 
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decreasing isoleucine uptake a. Similarly, the transport  of leucine 4, e but not valine 7 has 
been reported to be inhibited by lysine. Recently it has been shown that  leucine and 
methionine, but not valine and isoleucine, stimulate the transport  of lysine across 
intact intestine 4 and stimulate the uptake of lysine by isolated intestinal epithelial 
cells 6. This similarity in the dichotomy between the neutral amino acids whose 
transport  is inhibited by lysine and the neutral amino acids producing a stimulation 
of lysine transport  suggest that  these two interactions may  be related. The purpose 
of this s tudy was to examine the properties of the lysine inhibition of neutral amino 
acid uptake in order to determine whether this inhibition is a result of a concurrent 
stimulation of lysine uptake by  neutral amino acids which has been attributed to 
a hetero-exchange transport  system s. 

MATERIALS AND METHODS 

Wistar strain, male rats weighing 18o-26o g were used as a source of both 
the everted intestinal sacs and the isolated epithelial ceils. The animals were fed on 
a standard diet and watered ad libitum but deprived of food 4-8 h prior to sacrifice. 
The methodology used to prepare the isolated intestinal epithelial cells has been 
described in detail s. The only modification employed was the filtering of the cell 
suspension through a single layer of gauze prior to the final collection step. The 
tissue handling and manipulations involved in the preparation of the everted sacs 
have also been previously described 9, lo. 

The standard incubation medium employed to measure amino acid uptake by 
the cells and amino acid transport  in intact intestine was 5 ml of an oxygenated, 
Krebs-Ringer Tris buffer, pH 7.4, containing 118 mM NaC1, 25 mM Tris-HC1, 
4-7 mM KC1, 2.5 mM CaC12, 1.2 mM MgSQ, 1.2 mM KH2PO 4, and radioactive 
(10000-15000 counts/min per ml) and non-radioactive amino acids to the desired 
final concentration. In addition, the medium used in the sac studies contained 
8000-12000 counts/min per ml of methoxy I3Hjinulin. The serosal compartment  of 
each sac was filled with I ml of the identical incubation medium bathing the mucosal 
aspect of the sac. The methodology used for the calculation of the intracellular 
accumulation ~, 11 and the medium translocation 11 of the amino acid after incubation 
in the sac system has been previously described. 

To measure amino acid uptake by the isolated epithelial cells, 0.3 ml of the cells 
representing an average of 6.05 mg protein were added to 5 ml of the oxygenated 
Krebs-Tris amino acid medium without inulin described above. An aliquot of the 
incubation medium was taken after the cells were dispersed in the medium for a 
determination of the initial counts in the reaction mixture. The reaction mixture was 
then incubated with shaking for the desired time period at 37 o after which the reaction 
was terminated by pouring the contents of the reaction mixture into a graduated 
centrifuge tube in an ice bath  and the ceils centrifuged in the cold at 275 × g for 
2 rain. The cells were then washed and centrifuged 3 additional times with 5 inl cold 
Krebs-Tris. The final pellet was diluted to I ml with cold saline and mixed, and 
aliquots were taken for the determination of protein 12 and radioactivity 13. The 
uptake of the amino acids by the cells was determined as previously described ~,s 
and expressed as the concentration of the amino acids in the cell water. 

In the studies using Na+-free incubation med.ia, choline chloride was used as 
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an isotonic  rep lacement  for the  NaC1 of the  K r e b s - R i n g e r  Tris  buffer. The  N a  + 
concent ra t ion  of the  incuba t ion  m e d i a  was de t e rmined  b y  d i rec t  analys is  in a 

Coleman flame pho tomete r .  
In  the  k ine t ic  s tudies  the  regression lines were ca lcula ted  b y  the  me thod  of leas t  

squares.  The  m e t h o d  used  to calculate  the  confidence l imi ts  for the  x and  y in te rcepts  
and  slopes of the  l ines was t ha t  of Je rv i s  and  S m y t h  ~4. 

The source and  specific ac t i v i t y  of the  rad ioac t ive  compounds  used in th is  
s t u d y  were:  L-[14C]alanine (156 mC/mmole) ,  L-[14C]leucine (334 mC/mmole) ,  
L- [14C] phenyla lan ine  (447 mC/mmole) ,  L- [14C]valine (260 mC/mmole) ,  L- E14C]isoleucine 
(312 mC/mmole) ,  L-[14C~histidine (31o mC/mmole) ,  L-I14C]threonine (208 mC/mmole) ,  
L- I14C~tryptophan (312 mC/mmole) ,  L- [14C]proline (265 mC/mmole) and  L- I14C]lysine 
(312 mC/mmole) ,  all f rom A m e r s h a m  Searle and  L-[s4C]methionine (21o mC/mmole) 
and  methoxy- I3H] inu l in  (431 mC/mmole) from New Eng land  Nuclear.  

RESULTS 

Table  I i l lus t ra tes  the  lack of un i fo rmi ty  in the  inh ib i t ion  of I mM neu t ra l  amino  
acid  up t ake  b y  the  cells in the  presence of I mM lysine.  Alanine,  leucine, methionine ,  
phenyla lanine ,  threonine  and his t id ine  all were s ignif icant ly  inh ib i ted  b y  lysine while 
valine, isoleucine, t r y p t o p h a n  and prol ine were not.  These  amino acids  are genera l ly  
accep ted  as being t r a n s p o r t e d  by  a p a t h w a y  having  a high aff ini ty for neu t ra l  amino  
acids wi th  l ipophil ic  side chains.  Proline, in addi t ion ,  also appears  to  have  aff ini ty for 
an imino acid-glycine preferr ing p a t h w a y  15, le. Of the  amino acids inh ib i ted  b y  lysine,  
all except  his t id ine  have  been previous ly  shown to s t imula t e  lysine up t ake  e. On the  
basis  of 8 indiv idual  exper iments ,  I mM threonine  was found to s ignif icant ly  
(P < 0.05) s t imula t e  I mM lysine up t ake  by  14. 7 % (2.20 + 0.07 mM lysine pe r  
5 min, in the  presence of i mM threonine  2.52 4- 0.o8 mM lysine per  5 rain). In  

TABLE I 

T H E  E F F E C T  OF I m M  L - L Y S I N E  ON T H E  U P T A K E  OF V A R I O U S  N E U T R A L  A M I N O  A C I D S  B Y  I S O L A T E D  

I N T E S T I N A L  E P I T H E L I A L  C E L L S  

Isolated intestinal epithelial cells were incubated for 5 min at 37 ° in a Krebs-Tris medium con- 
taining i mM of the indicated neutral amino acids without or with i mM L-lysine. Each value 
represents the mean 4- i S.E. from the number of individual experiments shown in parentheses. 
A paired-difference t test was used to obtain the probability values and a P of o.o 5 or less was 
interpreted as indicating a significant inhibition by lysine. 

Neutral amino acid A raino acid uptake (mM[5 rain) % Lysine P 
(z raM) inhib#ion 

No lysine With I raM lysine 

L-Alanine (20) 5.69 4- 0.26 3-74 + o.2I 34.3 <o.ooi 
L-Leucine (23) 3.21 -[- o.2o 1.99 i o.io 38.o <o.ooi 
L-Methionine (22) 1.7o + o.12 1.3I 4- o.o8 23.0 <o.oi  
L-Phenylalanine (20) 3.49 -}- o.19 2.20 + o.15 37.0 <o.ooi 
L-Threonine (14) 2.92 4- o . i i  2-47 4- o.Io 15. 4 <o.oi  
L-Valine (22) 2.46 4- o.18 2-32 4- 0.22 5.7 
L-Isoleucine (22) 1.87 + o.i2 1-74 4- o.o9 7.o 
L-Histidine (22) 3.44 4- o.2o 2.79 4- o.14 18.9 <o.ooi 
L-Tryptophan (14) 5.71 4- o.29 5.65 4- o.35 i . I  
L-Proline (14) 1.6o 4- o.o8 1.6o ± o.o9 o.6 
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contrast, the amino acids which did not stimulate I mM lysine uptake such as valine, 
isoleucine, t ryptophan and proline ~ were not inhibited by I mM lysine. 

Since the stimulation of lysine uptake by leucine has been shown to be dependent 
on the leucine concentration s, the validity of the interrelationship between concurrent 
stimulation and inhibition was tested by varying the concentrations of lysine and 
leucine over the range I - IO mM. The resultant uptake values are shown in Table II .  
At all concentrations at which leucine stimulated lysine uptake, the uptake of leucine 
was inhibited by lysine. At the concentrations at which leucine either inhibited or 
had no effect on lysine uptake, the uptake of leucine was not significantly inhibited 
by lysine. 

T A B L E  I I  

T H E  I N T E R R E L A T I O N S H I P S  B E T W E E N  L Y S I N E  A N D  L E U C I N E  U P T A K E  B Y  I S O L A T E D  I N T E S T I N A L  

E P I T H E L I A L  C E L L S  AS A F U N C T I O N  OF T H E  R E L A T I V E  C O N C E N T R A T I O N S  OF T H E  A M I N O  A C I D S  

Isolated intestinal cells were incubated for 5 min at 37 ° in a Krebs-Tr is  medium containing 
L-lysine and L-leucine at  the indicated concentrations.  Each value represents  the mean amino acid 
uptake  :t: i S.E. from at  least 6 individual experiments.  The percent of control was obtained by 
dividing the average uptake  of lysine in the presence of leucine by  the average uptake  of lysine 
alone or by dividing the average uptake  of leucine in the presence of lysine by the average uptake  
of leucine alone. A paired-difference t test  was used to obtain  the probabil i ty values and a P of 
0.05 or  less was considered significant. All percent of control values significantly different from 
the control are italicized. 

Lysine concn. Leucine conch. Lysine uptake Leucine uptake 
(mM) (mM) 

m.~l per 5 rain % Control mM per 5 min % Control 

I I 4.Ol ± 0 . 2 3  z44 1 . 9 9 ± O . l O  62 
I 5 2.60 ± o.18 94 7.79 ± 0.75 lO2 
I IO 1 .334-o .12 48 1 2 . 3 7 ±  °.82 95 
5 I 12.89 ± 0.67 I4o 1.67 i 0.08 52 
5 5 1 1 . o 7 ± o . 9 4  95 7 . 7 8 ± 0 . 7 2  93 
5 IO 8.92 ± 0.37 77 11.74 ± 0.58 90 

IO I 1 7 , 9 4 ± 1 . o 9  136 1 . 7 o l o . I I  53 
IO 5 14,21 ± 0 . 9 9  12I 5 . 7 9 ~ o . 2 4  76 
IO IO I 3 , O 7 ! O . 9 6  112 I I . O O ~ I . O 8  85 

Table I I I  illustrates the interrelationships between lysine and alanine uptake 
by the cells as a function of the relative concentrations of the amino acids over the 
concentration range I - IO mM. In  contrast to leucine, alanine stimulated lysine 
uptake at all concentrations tested and was inhibited by  lysine at the corresponding 
concentrations. On the basis of these results, it appears that  the interactions between 
leucine and lysine are more complex than those between alanine and lysine and that  
the characteristics of the inhibition of neutral amino acid uptake due to stimulation 
of lysine uptake could best be interpreted using alanine instead of leucine. 

Table IV shows the comparison between the lysine and leucine inhibition of 
alanine uptake in the presence of extracellular Na + (lysine uptake stimulated by 
alanine) and in the absence of extracellular Na + (lysine uptake not stimulated by  
alanine). Leucine significantly inhibited alanine uptake in the presence or absence of 
extracellular Na + while the lysine inhibition of alanine uptake was evident only in 
the presence of extracellular Na +. These results indicate that  the Na + dependency 
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TABLE III  

THE INTERRELATIONSHIPS BETWEEN LYSINE AND ALANINE UPTAKE BY ISOLATED INTESTINAL 
EPITHELIAL CELLS AS A FUNCTION OF THE RELATIVE CONCENTRATIONS OF THE AMINO ACIDS 

Isolated intestinal  cells were incubated for 2 or 5 min a t  37 ° in a Krebs-Tris  medium containing 
L-lysine and L*alanine at  the indicated concentrations. Each value represents the mean amino acid 
uptake 4- i S.E. from at  least 6 individual experiments.  Percent of control and probability values 
were obtained and expressed as described in Table II. 

Lysine conch. Alanine conch. Lysine uptake Alanine uptake 
(raM) (mM) 

m M  per 5 min % Control m M  per 2 rain % Control 

I I 4 .784-0 .28  X82 2.264-O.12 64 
I 5 5 .294-0 .35 I9Z 8"444-0 '38 74 
I IO 3 .494-0 .24  X59 12.61 4-0.44 82 
5 I 8.19-}-O.41 I34 2.144-O.11 60 
5 5 10"324-O"93 176 6"684-0 '30 72 
5 IO 13"184-1.25 142 9"904-0"44 73 

IO I 11'784-O-61 125 1"894-O"11 53 
IO 5 15.664-1.43 134 5.884-0.65 65 
I0 I0 15.594-1.31 133 10.434-0.77 8 5 

TABLE IV 

COMPARISON OF THE LYSINE AND LEUCINE INHIBITION OF I ml~ ALANINE UPTAKE BY ISOLATED 
INTESTINAL EPITHELIAL CELLS rN THE PRESENCE AND ABSENCE OF EXTRACELLULAR SODIUM 

Isolated intestinal epithelial cells were washed once with 2o vol. of a 4 o Krebs-Tris--choline medium 
prepared by the isotonic replacement of the NaC1 of the Krebs--Ringer-Tris buffer with choline 
chloride. The cells were then incubated for 2 rain a t  37 ° in either the normal Krebs-Tris  medium 
or the Krebs-Tris-choline medium containing i mM of the amino acids indicated. Each value 
represents the mean alanine uptake 4- I S.E. from 16 individual experiments.  The probability 
values were obtained and interpreted as described in Table I. 

Amino acid Extracellular Na + Alanine uptake % P 
(x raM) (raM) (raM per a rain) Inhibition 

Alanine 112.2 4- 2.9 3.17 4- 0.23 
Alan ine plus lysine 112. 5 4- 3.0 2.38 4- o.16 24. 9 <:o.ooi 
Alanine plus leucine 111.8 4- 3.1 1.49 4- 0.o6 53.o <o .oo i  

Alanine 1.9 4- o.2 0.77 :t: 0.04 
Alanine plus lysine 1.9 ± o.i 0.76 ± o.o 3 1. 3 
Alanine plus leucine 2.0 4- o.2 0.53 4- o.o2 31.2 <O.OOI  

of t h e  l y s i n e  i n h i b i t i o n  of n e u t r a l  a m i n o  ac id  u p t a k e  c o r r e s p o n d s  t o  t h e  N a  + d e p e n d e n c y  

of t h e  s t i m u l a t i o n  of l y s i n e  u p t a k e  b y  t h e  n e u t r a l  a m i n o  ac ids .  

T a b l e  V s h o w s  t h a t  I m M  e x t r a c e l l u l a r  l y s i n e  p r o d u c e d  a s i g n i f i c a n t  i n c r e a s e  in  

t h e  n e t  m o v e m e n t  of  a l a n i n e  o u t  of  a l a n i n e - l o a d e d  cells.  I n c r e a s i n g  t h e  l y s i n e  con-  

c e n t r a t i o n  f r o m  I m M  to  i 0  m M  d id  n o t  s i g n i f i c a n t l y  i n c r e a s e  t h e  m a g n i t u d e  of t h i s  

a l a n i n e  m o v e m e n t .  T h e  l y s i n e - i n d u c e d  i n c r e a s e  in  t h e  m o v e m e n t  of  a l a n i n e  o u t  of  t h e  

cells  a p p e a r s  to  b e  r e l a t e d  t o  t h e  l y s i n e  i n h i b i t i o n  of a l a n i n e  u p t a k e  s i nc e  I m M  l y s i n e  

n e i t h e r  i n h i b i t e d  t h e  u p t a k e  of I m M  v a l i n e  n o r  i n f l u e n c e d  t h e  m o v e m e n t  of  v a l i n e  

o u t  of  v a l i n e - l o a d e d  cells. T h e  m o v e m e n t  of  l y s i n e  o u t  of  l y s i n e - l o a d e d  cells w a s  n o t  

i n f l u e n c e d  b y  t h e  p r e s e n c e  of I m M  a l a n i n e  in  t h e  e x t r a c e l l u l a r  m e d i u m .  
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T A B L E  V 

THE EFFECT OF Na  + ON THE LYSINE-INDUCED ACCELERATION OF ALANINE MOVEMENT OUT OF 
INTESTINAL EPITHELIAL CELLS PRELOADED WITH ALANINE 

I so l a t ed  epithelial  cells were p re incuba ted  for 5 min  a t  37 ° in t he  no rma l  Krebs -T r i s  m e d i u m  
c o n t a i n i n g  i mM L-alanine. The  cells t h e n  were washed  once in a 4 ° Krebs -Tr i s - cho l ine  m e d i u m  
p r e p a r e d  by  the  isotonic r ep lacemen t  of the  NaCI of t he  K r e b s - R i n g e r - T r i s  buffer  wi th  choline 
chlor ide.  The  o t ime  cells were washed  two addi t ional  t imes  wi th  cold Krebs -T r i s  and  the  a lan ine  
c o n c e n t r a t i o n  in t he  cells de t e rmined  as described in Resul t s .  The  r emain ing  cells were t h e n  
i n c u b a t e d  for 2 rain a t  37 ° in t he  indica ted  K r e b s - T r i s  med i a  w i thou t  or wi th  I mM lysine.  
E a c h  va lue  represen ts  the  m e a n  cellular a lanine  concen t ra t ion  - -  i S.E. f rom 6 ind iv idua l  experi-  
men t s .  The  probabi l i ty  va lues  were de te rmined  and  in te rpre ted  as described in Table  I. 

Incubation Incubation medium Lysine Extracellular Na + Cellular alanine 
time (I mM) (mM) 
(rain) mM % Decrease 

due to lysine 

P 

o 5.35 -¢- 0.33 
2 Krebs -T r i s  --  117.5 + 1.7 1.99 - -  o.17 
2 Krebs -T r i s  + 115.5 i 0-7 1.49 i o.o8 25.1 
2 Krebs -T r i s - cho l i ne  -- 4.4 • 0.3 1.83 _-L 0.22 
2 Krebs -Tr i s - cho l ine  + 4 .2 ! 0.4 1.29 -[- 0.09 29. 5 

P < o . o l  

P <o.o~ 

T h e  l y s i n e - i n d u c e d  m o v e m e n t  o f  a l a n i n e  o u t  o f  t h e  ce l l s  w a s  o f  s i m i l a r  m a g n i t u d e  

i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  e x t r a c e l l u l a r  N a  + ( T a b l e  V) .  T h e  m a g n i t u d e  o f  t h e  

s t i m u l a t i o n  o f  t h e  u p t a k e  o f  I m M  e x t r a c e l l u l a r  l y s i n e  b y  ce l l s  p r e l o a d e d  w i t h  a l a n i n e  

w a s  a l s o  f o u n d  t o  b e  i n d e p e n d e n t  o f  e x t r a c e l l u l a r  N a t  T h e s e  f i n d i n g s  a r e  c o n s i s t e n t  

w i t h  t h e  o p e r a t i o n  o f  t h e  h e t e r o - e x c h a n g e  b e t w e e n  i n t r a c e l l u l a r  a l a n i n e  o r  l e u c i n e  

a n d  e x t r a c e l l u l a r  l y s i n e  i n d e p e n d e n t  o f  t h e  p r e s e n c e  o f  e x t r a c e l l u l a r  N a  + (ref .  6).  

T h e  e f f e c t  o f  t i m e  o n  t h e  i n h i b i t i o n  o f  I m M  a l a n i n e  u p t a k e  b y  i m M  l y s i n e  is  

s h o w n  i n  T a b l e  V I .  T h e  i n h i b i t i o n  w a s  e v i d e n t  a f t e r  a i m i n  i n c u b a t i o n  a n d  r e a c h e d  

T A B L E  VI 

T I M E  S E Q U E N C E  O F  T H E  I N H I B I T I O N  O F  I ml~/~ L - A L A N I N E  U P T A K E  B Y  I mM L - L Y S I N E  I N  I S O L A T E D  

I N T E S T I N A L  E P I T H E L I A L  C E L L S  

I so la ted  in t e s t ina l  epi thel ial  cells were  i n cuba t ed  a t  37 ° for t he  indica ted  t ime  in a K r e b s - T r i s  
m e d i u m  con ta in ing  e i ther  i m M  aianine  or i m M  a lan ine  and  I m M  lysine.  E a c h  va lue  represents  
the  m e a n  a lan ine  u p t a k e  4- i S.E. f rom 8 ind iv idua l  exper imen t s .  P robab i l i ty  va lues  were de- 
t e r m i n e d  and  in te rp re ted  as descr ibed in Table  I. 

Time Alanine uptake (raM) % 
(rain) Inhibition 

r m M  alanine x m M  alanine and 
I m M  lysine 

1 2.39 -V o . i2  1.78 4- o.16 25.5 
P < o . o o i  

2 4.00 4- 0.36 2.41 -~" ° .15 39.7 
P < o.ooi  

3 4.53 4- o.17 2.72 4- o.15 40.0 
P < o.ooi  

5 5"50 4- 0.25 3.51 4- 0.19 36.2 
P < o .ooi  

I O  5.81 4- 0.26 3.60 4- O.21 3~8.O 
P < O.OOl 
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a maximum of about 4 ° % after 2 rain from which it did not significantly vary over 
the course of the study. The stimulation of lysine uptake by alanine was also present 
after I min and maximum after 2 min. A similar time response in the interactions 
between leucine and lysine has been previously reported e indicating a general relation- 
ship exists between the stimulatory and inhibitory patterns in the amino acid pairs. 
It  is also apparent from the data in Table VI that alanine uptake after 2 min is no 
longer at initial velocity. 

Fig. I shows the effect of varying the lysine concentration over the range 
0-25 mM on the uptake of I mM alanine. At a concentration as low as 0.5 mM, lysine 
produced a significant (P < o.o5) 23 % inhibition of alanine uptake. Increasing the 
lysine concentration from 1-25 mM did not significantly increase the magnitude of the 
inhibition which had reached a maximum level of about 40 %. Lysine can therefore 
be classified as a partial inhibitor of alanine uptake. The low lysine concentration 
producing maximum inhibition suggests that lysine has a high affinity for the transport 
system mediating the interaction between lysine and alanine. 

"~ 4 . 0 -  

~ 3 . 0 -  

~ 2 . 0 -  

~ - 

~ 1.O- 
Z 
5 - 
'~ 0 

t i 

i I 

I I I I I 
0 5.0 10.0 15.0 20 .0  25 .0  

LYSINE CONCENTRATION (raM) 

Fig. I. The effect of lysine concentrat ion over the range 0-25 mM on the uptake  of I mM alanine 
by  isolated intestinal epithelial cells. The cells were incubated for 2 rain at 37 ° in a Krebs-Tr is  
medium containing i ml~ alanine and the indicated concentrat ion of lysine. Each point  represents  
the mean of 12 individual experiments  with the vertical lines representing 4- I S.E. 

In order to determine whether the inhibition of alanine uptake by lysine is 
reflected in a change in the apparent affinity of alanine for its binding site on a 
membrane component, a study of the kinetic characteristics of the lysine inhibition 
of alanine uptake was undertaken. Table VII shows the effect of alanine concentration 
over the range o.5-1o mM on the uptake of alanine in the absence and presence of 
3 mM lysine. Lysine significantly decreased alanine uptake at each alanine concen- 
tration tested. In general, as the concentration of alanine increased, the magnitude 
of the lysine inhibition decreased suggesting competitive inhibition. Fig. 2 presents 
the data of Table VII plotted according to Lineweaver and Burk 17. The equation of 
the line representing alanine uptake in the absence of lysine wasy = o.274x + 0.044. 
The intercept on the y axis, I/Vmax, was 0.044 with 95 % confidence limits of 4- o.o18. 
The intercept on the x axis, -I/Km, was -o.161 with 95 % confidence limits of 
+ 0.063. The equation of the line and x and y intercepts 4- the 95 % confidence limits 
for alanine uptake in the presence of 3 mM lysine were y = o.426x + 0.038, 
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T A B L E  V I I  

E F F E C T  O F  L - A L A N I N E  C O N C E N T R A T I O N  O N  T H E  I N H I B I T I O N  O F  L - A L A N 1 N E  U P T A K E  B Y  I S O L A T E D  

I N T E S T I N A L  E P I T H E L I A L  C E L L S  I N  T H E  A B S E N C E  A N D  P R E S E N C E  O F  3 m M  L - L Y S 1 N E  

The cells were i n c u b a t e d  for 2 min  a t  37 ° in a Krebs -Tr i s  m e d i u m  con ta in ing  L-alanine a t  t h e  
in i t i a l  concen t ra t ions  ind ica ted  in the  absence and presence of 3 mM L-lysine. E a c h  va lue  repre- 
sents  the  mean  from 16 i nd iv idua l  e xpe r im e n t s  4- I S.E. The p r o b a b i l i t y  va lues  were ob ta ined  
as descr ibed in Table  I. 

Alanine conch. Alanine uptake (mM per 2 lnin) % 
(mlll) Inhibition 

No lysine 3 m M  lysine 

0. 5 1.73 4- 0.08 I . I  7 4- O.O 7 32. 4 
P < o.ooI 

1,o 3.22 4- o.14 2.3 ° ± 0.09 28.6 
P < o.ooi  

2.0 5.9 ° 4- 0.35 4.31 4- o.19 27.0 
P < o.ooi  

5.o lO.14 4- 0.46 7.81 :~ 0.37 23.o 
P < o.ooi  

io .o  14.4o 4- 0.55 11.25 4- 0.43 21.9 
P < o.ooi  

y = 0.038 ± 0.035 and x = -0 .089 + 0.069, respectively. These lines yielding the 
same y intercepts but different x intercepts are characteristic of competitive inhibition. 
The lysine inhibition of alanine uptake can therefore be classified as partially 
competitive 18. The arginine inhibition of cycloleucine transport 1 and the arginine 
inhibition of methionine and citrulline uptake 3 have also been reported to be partially 
competitive. Competitive inhibition was also indicated when the experiments were 
repeated using I mM lysine instead of 3 mM lysine and when the data were plotted 

0 . 6 -  

0.4 - 

0 . 3  - 
rO 

~ 0.2- 

® 0.1- 
8 

I I | 
-0.2 -0.1 

m M  Lys lne  

0 Lys /ne  

I I I ! 
0.1 0.2 0.3 0.4 

I/raM ALANINE 

I 
0.5 

Fig. 2. L i n e w e a v e r - B u r k  p lo t  of the  d a t a  shown in Table  IV. The equa t ions  of these  regression 
lines w i t h  the  95 % confidence l imi t s  of the i r  i n t e rcep t s  are as follows: a lan ine  u p t a k e  in the  
absence of lys ine :  equa t ion  to  line, y = o.274 x + o.o44; i n t e rcep t  on y axis  (I/V) = 0.044 
4- o.o18, i n t e rcep t  on x axis  ( - - I /K in )  = ---o.161 4- o.o63. Alan ine  u p t a k e  in  the  presence of 
3 mM lys ine :  e q u a t i o n  to  line, y = 0.426 x + o.o38; i n t e rcep t  on y axis  = 0.o38 4- o.o35, i n t e r cep t  
on x ax i s  = ---o.089 4- o.o69. 
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as the velocity as the ordinate against the velocity divided by the initial substrate 
concentration as the abscissa xg, 20. 

A lysine inhibition of neutral amino acid transport having some of the same 
characteristics as that described using the isolated epithelial cells also appears to be 
operating in intact intestine (Table VIII). The mucosal-to-cell flux as measured by 
the intracellular accumulation at 5 min6' 11 and the transmural transport as measured 
by the medium translocation at 30 min 7' 9 was determined for I mM valine and I mM 
leucine as a function of lysine concentration over the range 1-5o mM. Valine, a neutral 
amino acid which has been previously shown 'not to stimulate lysine transport in 
intact intestine 6, was not inhibited by lysine concentrations as high as 50 mM. In 
contrast, lysine significantly inhibited leucine transport at concentrations as low as 
I mM. Leucine has previously been shown to stimulate lysine transport in intact 
intestine4, 6. As with the cells, increasing the lysine concentration above 5 mM did not 
appreciably increase the magnitude of the inhibition of leucine transport. In similar 
studies utilizing other neutral amino acids, the transport of isoleucine was not 
inhibited by lysine while the transport of methionine and alanine exhibited inhibitions 
similar to that of leucine. 

DISCUSSION 

The major purpose of this study was to determine whether the inhibition of the 
uptake of certain neutral amino acids by lysine was a result of the concurrent ability 
of these neutral amino acids to stimulate lysine uptake. Such information would 
clarify one of the aspects of the complex interaction between neutral and basic amino 
acid transport 3, 4, s, 7. In addition, such a correlation would lend indirect support to the 
suggestion that these processes are the result of a hetero-exchange transport system 
which mediates the concurrent stimulation of the uptake of extraceUular lysine at the 
expense of intracellular neutral amino acid e. We believe that these results show a 
definite correlation between the properties of the lysine inhibition of neutral amino 
acid uptake and those of the stimulation of lysine uptake by neutral amino acids. 
In addition, many of the properties of the inhibition are compatible with the operation 
of a hetero-exchange transport system. 

If the lysine inhibition of neutral amino acid uptake is the result of the con- 
current stimulation of lysine uptake by certain neutral amino acids, then certain 
predictions can be made about the properties of this inhibition. I t  would be expected 
that  the uptake of all the neutral amino acids that  stimulate lysine uptake (i.e. 
alanine, leucine, methionine, phenylalanine and threonine) would be inhibited by 
lysine. In these studies, I mM lysine was seen to inhibit the uptake of all the 
stimulatory neutral amino acids. In contrast, lysine would not be expected to 
necessarily inhibit the uptake of the neutral amino acids that did not stimulate lysine 
(i.e. valine, isoleucine, tryptophan, proline and histidine). With the exception of 
histidine, lysine did not inhibit the uptake of the nonstimulatory neutral amino acids. 
The differences in the sensitivity of the neutral amino acids to lysine inhibition do not 
appear to be related to differences in the affinities of the neutral amino acids for their 
binding site since the apparent Km values of leucine, valine, methionine and isoleucine 
have been shown to be virtually identical ~l-as. This dichotomy is also not an artifact 
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of the cell preparation since lysine was shown to inhibit leucine but not valine transport 
in everted intestinal sacs. Previous studies have shown similar examples of this 
dichotomy in intact intestine, e.g. lysine inhibited methionine 3 and leucine 4 transport 
but not isoleucine 3 and valine ~ transport. A basis for the inhibition of hisfidine uptake 
by lysine may be found from the recent work of Chez et al. 5 who reported a similar 
inhibition in intact rabbit ileum. These authors reported that the dissociation con- 
stants that characterize the binding of Na + to the lysine-carrier and histidine-carrier 
binary complexes are of the same order of magnitude and higher than the corre- 
sponding dissociation complexes for other neutral amino acids 28. These results suggest 
that  histidine is transported, at least in part, in the cationic form and that  the lysine 
inhibition of histidine uptake may be the result of a partial affinity of histidine for 
the basic amino acid transport pathway. 

I t  would also be predicted that when a neutral amino acid stimulates lysine 
uptake, an inhibition of the uptake of the neutral amino acid should always be 
evident. The concentration-dependent stimulation of lysine uptake by leucine 
presented a further test of the interrelationships between stimulation and inhibition. 
As expected on the basis of a concerted process, at all amino acid concentrations 
resulting in a stimulation of lysine uptake by leucine there was always an inhibition 
of leucine uptake by lysine. A similar relationship existed between lysine stimulation 
by alanine and alanine inhibition by lysine. 

If the lysine inhibition of neutral amino acid uptake is dependent on the 
concurrent stimulation of lysine uptake then lysine should not inhibit neutral amino 
acid uptake when the exchange transport is not operating. In the absence of extra- 
cellular Na ÷, I mM alanine does not stimulate the uptake of i mM lysine, presumably 
because the alanine can not reach the intracellular concentration needed to energize 
the hetero-exchange. Similarly, the inhibition of I mM alanine uptake by I mM lysine, 
but not by I mM leucine, wa~ prevented by the absence of extracellular Na +. This 
finding also differentiates the lysine inhibition of alanine uptake from that  of leuciue 
which is probably the result of a competition for the formation of the binary complex 
with the neutral amino acid carrier site 23. 

The stimulation of lysine uptake by cells preloaded with leucine s or alanine 
(unpublished result) has been shown to be independent of extracetiutar Na *. Assuming 
that  the lysine-induced increase in the movement of alanine out of cells preloaded with 
alanine is a reflection of the lysine inhibition of alanine uptake, then a corresponding 
Na+-insensitive lysine inhibition of alanine uptake occurs during the Na+-insensitive 
stimulation of lysine uptake by alanine-loaded cells. These findings of an increase 
in the net movement of alanine out of the cells in the presence of extracellular lysine 
represents the only direct evidence for the operation of the hereto-exchange transport 
system as previously visualized e. However, the limitations inherent in the use of the 
isolated cell method makes it extremely difficult to interpret these results as they 
pertain to the mechanism or kinetics of the hetero-exchange in a more definitive 
manner. Some of these experimental difficulties include an inability to accurately 
measure the very rapid unidirectional movement (i.e. efflux) of alanine out of the 
alanine-loaded cells and the inability to separately evaluate the contribution of the 
brush border membrane and the other epithelial cell membranes to this process. 
The characteristics of the increased net movement of alanine out of the cells do not 
appear to be consistent with a competi t ivetype of exchange diffusion since increasing 
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the lysine concentration from I to IO mM did not significantly increase the movement 
of alanine out of the cells and the reverse increase in the net movement of lysine out 
of lysine-loaded cells was not affected by i mM alanine. 

The affinity of lysine for the exchange transport system appears to be very high 
as seen from the half-maximal inhibition of alanine uptake produced by about 0. 5 mM 
lysine. In previous studies 7 it was found that the apparent Km for lysine uptake in 
intact rat intestine was 3.8 raM. The apparent Km for lysine uptake in isolated cells 
was found to be i . I  mM (unpublished results). These values indicate that the affinity 
of lysine for the exchange carrier is at least as great as for the basic amino acid uptake 
carrier. In Ehrlich cells it has been reported that the concentration at which ethionine 
and methionine saturate an exchange process is less than that  at which they saturate 
the transport process 24. On the basis of our results, it is not possible to establish 
whether lysine uptake by the exchange process is mediated by an independent carrier 
system or by a modification of the basic amino acid carrier mediating normal lysine 
uptake. 

The classification of lysine as a partial competitive inhibitor of alanine uptake 
can be explained on the basis of the action of the two transport systems believed to 
be required for the operation of the exchange. The first transport system mediates 
the active uptake of alanine by the structurally specific, Na+-dependent neutral 
amino acid transport system. The failure of lysine to generally inhibit all neutral 
amino acids utilizing this pathway as well as the failure of lysine to influence alanine 
uptake in the absence of Na + argues against a lysine inhibition of alanine uptake due 
to an interaction with this transport system. The second transport system mediates 
a Na+-independent, hetero-exchange between a portion of the intracelhilar alanine 
and extracellular lysine which results in a concurrent increase in the movement of 
lysine into the cell and alanine out of the cell. As a result of the operation of these 
transport systems, it would appear that the neutral amino acid transport system 
requires a higher concentration of alanine for saturation in the presence of extra- 
cellular lysine than in its absence. I t  has been shown (unpublished results) that 
alanine, like leucine e, can participate in exchange transport as the stimulated as well as 
the stimulating amino acid. A competition between extracellular lysine and extra- 
cellular alanine for the same site on the exchange carrier would also be compatible 
with partial competitive inhibition. 

An alternate explanation of the inhibition of neutral amino acid transport by 
basic amino acids has been proposed based on an allosteric interaction between 
separate neutral and basic amino acid binding sites on a polyfunctional carrier 1. In 
pursuing this line of reasoning, the position at which Na ÷ is bound to the carrier may 
alternately be occupied by the distal cationic group of lysine .5, or the presence of 
lysine at its binding site may decrease the affinity of Na + for its binding site on the 
carrier *a. As a result of the partial decrease in the affinity of Na + for its binding site, 
the formation of the ternary carrier-alanine-Na + complex would be limited resulting 
in a decrease in the affinity of alanine for the carrier *a. Consistent with this explanation 
are the findings that  lysine is a partially competitive inhibitor of alanine uptake, that 
lysine does not inhibit alanine uptake in the absence of Na ÷, and that the affinity 
of lysine for the inhibitory process is quite high and about equal to the apparent Km 
for lysine uptake by the basic amino acid transport system. However, the above 
explanation is not compatible with the observed differences in the lysine inhibition 
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of neutral amino acids having similar Na + requirements (i.e. valine, leucine, isoleucine 
and methionine), and with the finding that lysine increases alanine movement out 
of cells even in the absence of extracellular Na +. 
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