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SUMMARY 

Amino acid transport in the rabbit alveolar macrophage was studied with a 
rapid sampling technique which made possible the determination of initial rates of 
uptake. Lysine was transported by a single saturable system, designated AM-I, 
with a Km of o.I mM and a Vmax of o.44 nmole/45 sec per lO 6 cells. Competition 
studies revealed that almost all natural amino acids had some affinity for the carrier, 
though it varied by several orders of magnitude. In general, there is preferential 
affinity for amino acids with a long lipolytic side chain and a terminal positive charge. 
Na + and K + inhibited lysine transport. A kinetic study of the Na + inhibition revealed 
that its effect was due to depression of the Vmax, K m  remaining constant (noncompeti- 
tive kinetics). Leucine was transported by the AM-I system and at least one other 
svstenl. 

INTRODUCTION 

Many recent investigations of the macrophage have focussed on its metabolism, 
particularly during phagocytosis and pinocytosis I a and on protein synthesis and 
lysosome formation4, 5. The high rates of macrophage activities indicated in these 
studies clearly depend on the availability of exogenous substrates such as the essential 
amino acids. However, virtually nothing has been reported on the mechanisms by 
which these compounds enter cells (i.e. their membrane transport). 

Although detailed studies have been made of amino acid transport in intestine 
and  kidney, the general conception of the membrane transport of amino acids in non- 
epithelial tissues is derived from its characterization in the Ehrlich ascites tumor cell s, 
and, to a lesser extent, tile erythrocyte~,L The latter highly specialized cells are 
unique in several transport systems. It  is important to determine to what degree the 
.ascites tumor cell is representative of normal animal cells. 

In this paper we report a detailed analysis of amino acid transport (expecially 
Jysine) in the alveolar macrophage, utilizing a rapid sampling technique 8 developed in 
this laboratory with polymorphonuclear leukocytes. The study indicates important 
,differences as well as similarities in amino acid transport between macrophages, 
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Ehrl ich ascites tumor  cells and  epithelia.  In addi t ion a novel effect of alkali  metal  
ions on a t r anspor t  sys tem is revealed:  depression of the Pmax for lysine t ranspor t .  

MATERIAL~; AND METHOI)S 

('hemicals 
[aH~Lysine and aH 'leucine were ob ta ined  from Schwarz Biochemical ,  Inc., 

!aHllysine was purified by  ascending paper  ch roma tog raphy  in lerl.-butanol methyl-  
e thyl  k e t o n e - f o r m i c  ac id -wa t e r  (4o:3o:  I5 : z5, by  w)l .) .The str ips  of paper  e(mtaining 
rad ioac t ive  lvsine were cut out  and  e lu ted with modified Hanks  solution (see below) 
in the cold. 11CALysine (uniformly labelled) ob ta ined  from New England  Nuclear,  
was used in some exper iments ,  l~(?qlnulin was also ob ta ined  from New F.ngland 
Nuclear  and purified by  ascending paper  ch roma tog raphy  in /z-butanol  ethan,H 
water  (52 : I8 :3o ,  bv vol.). 

Animals 
New Zealand  white rabbi t s  of ei ther  sex, weighing between e and 4 kg, were used. 

The flreparatio,l of alveolar macrophages 
Alveolar  maerophages  were ob ta ined  by  tile me thod  of ,~']YRVIK 8[ a[. ~') with 

some modifications.  Briefly, e i ther  rabb i t s  whieh had been injected with glycogen 
solut ions in t raper i tonea l ly  overnight  for o ther  purposes,  or unin jee ted  animals  were 
kil led bv inject ing air  into the marginal  ear  vein. Tile thoracic  cav i ty  was opened and 
the upper  par t  of the t rachea  was dissected free and c lamped shut  with a hemosta t  to 
avoid ent rance  of blood into tile lung when the t rachea  was t ranssected.  Transect ion 
was then performed above the c lamp and the lungs, heart  and t rachea  were freed 
and placed immed ia t e ly  in ice<hi l led  modified Hanks  solution. The heart  was dis- 
sected careful ly  away  and the lungs with t rachea  still c lamped were washed with ('f)l(l 
modified Hanks  solution unti l  they  were free of 1)lood. This s tep was impor t an t  for 
avoiding con tamina t ion  by  e ry throcytes .  Tile t rachea  was then opened and canula ted  
with a plast ic  canula connected t<) a buret te .  Modified Hanks  solution was in t r~duced 
into the t r achea  by  g rav i ty  unti l  the lungs were fulh'  d is tended.  This required at)prox. 
6o 8o ml of tile solut ion for the first washing and 5 o m l  for subsequent  washings. 
The canula  was d isconnected  from the buret te ,  the lungs inver ted  and the effluent 
collected in a pre-cooled flask. Caution was made to avoid con tamina t ion  (,f fluid 
from the externa l  surface of the lungs. The same washing was repea ted  twiee and the 
fluid was t)ooled. F u r t h e r  washing did not  increase signif icantly tile yield of cells. 
The cell suspension was centr i fuged at  5 o g for Io rain at 4 :  and the supe rna tan t  
discarded.  The cells were resuspended in modified Hanks  solution which consists of 
the following: 139 mM NaC1 2o mM K +, ~o mM phosl)hate ad jus ted  to pH 7.4 i o-05 
with NaOH and 5 mM glucose. P re l iminary  results  showed tha t  modified Hanks  
solution can main ta in  alveolar  macrophages  in a viable condit ion,  as judged  by 
their  up take  of neu t ra l  red, their  impermeab i l i t y  to eosin 3: and  their  up take  ()f amino 
acids, for at  least  4 h. Wi th  this  me thod  ~.o. Io"-zoo" IO 6 macrophages  can be pro- 
cured from one rabbi t  as compared  t() 8 '  I06-I6  - IO 6 cells bv MYR\q('K el al. ~a and an 
average of 20"106 b v  (~OHN AND WIENER 1°. The prepara t ion  was more than 0 o % 
homogene(ms. The con tamina t ing  cells were p r imar i ly  t )o lymorphonuclear  leukocvtes.  
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Cell water content 
The cell wate r  conten t  of a cell pel let  was de te rmined  by  dry ing  to a cons tan t  

weight  and  correct ing for the  ex t race l lu la r  fluid con tamina t ion  by  di lut ion of 'I*C]- 
inulin. The measurements  gave 1.67o _+ o . I I 2  ~,1 ( ~  S.D.) per  io  6 cells which is about  
5 t imes  the w)lume of r abb i t  po lymorphonuc lea r  leukocytes  s. 

Determination of amino acid uptake by a rapid sampling tech~ique 
The r ap id  sampl ing  technique deve loped  by  HAWKINS AXD BERLIX ~ was readi ly  

a d a p t e d  to the  macrophage .  Briefly, monolayers  were made  on 22-ram-diameter  
coversl ips by  incubat ing  o.5-ml al iquots  of cell suspension for 30 rain at  37 ~. In the 
first few exper iments  0.5" IO 6 macrophages  per coversl ip were used, bu t  la te r  the  use 
of o. 3. io  6 per  coversl ip was established.  At  the  lower densi ty ,  the  cells appea red  less 
crowded by  phase con t ras t  microscopy.  By direct  count  more than  q9 % of the cells 
adhere  to glass th roughou t  the  exper iment .  Af te r  the mono]ayers  were formed the 
coversl ips were dra ined,  and  approx.  0. 4 ml of the  incubat ion  media  conta in ing the 
rad ioac t ive  amino acids to be tested,  p rewarmed  to 3 8 . 5 ,  were placed over  the mono- 
layer.  When  the incubat ions  were completed,  the  coverslips were dra ined  and rinsed 
consecut ively  in four beakers  conta in ing cold modified Hanks  solution, which re- 
moved  ext race l lu lar  con tamina t ing  rad ioac t iv i ty .  The coverslips were then prepared  
for count ing by  l iquid scint i l lat ion.  Samples  were done in t r ip l ica te  and averaged.  

In order  to exanfine the possible loss of in t racel lu lar  label dur ing the washing 
process,  tim monolavers  were first incuba ted  with o.I mM -aH~lysine and 14C~inulin 
for 2 rain. The coversl ips were then r insed in cold modified Hanks  solution for periods 
up to 2 rain. The results  revealed tha t  the rinsing process was very  effective, r e n > v i n g  
all the 14(-~inulin with negligible lossess of in t racel lu lar  [iaH~lysine. 

The r ad ioac t i v i t y  recovered from the rnonolavers by  tiffs tec lmique arises hypo-  
the t ica l ly  from the sum of three processes:  (I) ca r r ie r -media ted  t ranspor t ,  (2) diffusion- 
med ia ted  t r anspor t  and (3) ex t race l lu lar  con tamina t ion .  Corrections for diffusion and 
ex t race l lu la r  con tamina t ion  were appl ied  to the  to ta l  r ad ioac t i v i t y  in order  to ob ta in  
the ca r r ie r -media ted  component .  The r ad ioac t i v i t y  recovered af ter  incubat ion of 
monolavers  at  37 ° a t  supe r sa tu ra t ing  concent ra t ion  of subs t ra te  was considered t .  be 
equal  to the sum off diffusion and con tamina t ion  components .  Con tamina t ion  ahme 
was considered to be the r ad ioac t iv i ty  adsorbed  to the  coverslips ahme (no cells 
present) af ter  brief exposure  to the  rad ioac t ive  subs t ra te .  On this basis it  was deter-  
mined tha t  the diffusion component  was negligible. In pract ice  therefore,  the carr ier-  
med ia ted  component  was de te rmined  by subs t rac t ing  from the to ta l  r a d ioa c t i v i t y  
the value for contamina t ion .  This value was equiva lent  to less than  o.I #1 of radio-  
act ive medium per  coversl ip and in general  var ied  from o to < 5 % of the to ta l  radio-  
ac t iv i ty  recovered af ter  a 45-sec incubat ion.  Fig. I shows the result  of the t ime 
course up take  of o.1 mM lysine by  a lveolar  macrophages .  I t  was found tha t  the  up t ake  
was l inear  within a 2-min incubat ion  per iod and when the results  were corrected for 
ex t race l lu la r  contamina t ion ,  the line ex t r apo la t ed  through zero up take  at  zero t ime. 
The results  presented  in this  paper  were ob ta ined  by  incubat ing  monolayers  for 45 sec 
and expressed as the  amount  of amino acid t r anspor t ed  per  45 sec per coversl ip  
(o.3" IO" cells) unless otherwise indicated.  Wi th  tiffs incubat ion  per iod a final in t ra-  
cel lular  to ext racel tu lar  d i s t r ibu t ion  ra t io  of 2 was ob ta ined  when the med ium was 
o.I  mM lvsine. This up take  was considered as the  in i t ia l  ra te  for the  kinet ic  analysis .  
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Chro~natography 
The fate of ]ysine in alveolar macrophages was analyzed by determining the 

fraction of radioact ivi ty  which was acid insoluble and by  analysis of the acid-soluble 
extract  by paper chromatography in tert.-butanol-methyl ethyl ketone - formic a c i d -  
water (40:3o: 15 : I5, by  vol.) and tert.-butanol-methyl ethyl k e t o n e - w a t e r - N H 4 O H  
(40:30:20:  IO, by vol). After incuba t ing  mono-layers with o.I mM lysine for 45 see, 
the coverslips were drained, washed and broken into beakers containing 0. 5 M KOH. 

800( / 

° / 
i 400q 

2 0 0 0 / -  

0 r i i i i 
0 0.5 I.O 1.5 2.0 

Time (minutes) 

Fig. 1. Time course of lysine uptake by rabbit alveolar macrophages. Cell monolayers were incu- 
bated with o. i mM [3Hjlysine for the times indicated and the radiolabel of the cells was measured 
as described in MATERIALS AND METHODS. 

After shaking at 38.5 ° for 3o rain to extract  the soluble material,  the pH of the solution 
was adjusted to less than  2 by adding concentra ted HC10 4 in the cold for more than  
I h. The precipitate was washed twice with o.I M cold HC10 4 and dissolved again in 
0.5 M KOH. Aliquots of acid-soluble and acid-insoluble fractions were neutral ized to 
phenol red with HC10 4 or KOH and were counted in Bray 's  solution by  liquid scintil- 
lation. The results showed that  no radioact ivi ty  was incorporated into ttle acid- 
insoluble fraction. Aliquots of the neutral ized acid-soluble fraction were placed on 
paper and developed in the above solvents. The chromatogram was cut into I c m x  2 
cm strips which were placed in vials and counted by  liquid scinti l lat ion in a toluene- 
based solution. I t  was found that  there was no significant metabolism of the radio- 
active lysine during the 45-sec incubat ion.  

RESULTS 

The kinetics of lysine transporl 
Ini t ia l  rates of lysine influx were measured at substrate  concentrat ions between 

o.oi and io  raM. The number  of d is in t . /min per coverslip was corrected for extra- 
cellular con tamina t ion  and converted to nMoles t ranspor ted per Io 6 cells. The data  
were expressed in a double reciprocal plot, from which the K,~ and Vmax were cal- 
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AMINO ACID TRANSPORT SYSTEMS 159  

culated. The derived values of Km and Vmax of lysine t ransport  were quite constant.  
Vig. 2 shows the results of a typical  experiment.  The Km was o.I mM and the Vmax 
was about  o.44 nmole/45 sec per I@ cells. Al though more than one t ranspor t  system 
for lysine has been described in a var ie ty  of tissues and cells including rabbit  ileum 22, 
human renal cortex 22 and the Ehrlich ascites tumor  celP a, only one lysine t ransport  
system in alveolar macrophages can be resolved from these kinetic data. Although the 
presence of more than one lysine t ransport  system with similar Km cannot be excluded 
from the kinetic analysis alonO 4, further results were consistent with the existence of 
a single system. 

Chemical specificity of the lysine transport system 
There is both experimental  and genetic evidence suggesting tha t  in intestine 

and kidney cvstine and the dibasic amino acids, lysine, arginine and ornithine but  not 
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Fig. 2. Kine t ics  of lys ine  up take .  Cell mono laye r s  were i n c u b a t e d  in the  presence of FJH!lysine 
in concen t r a t i ons  from o.oi  to  io  mM for 45 sec. The mono laye r s  were r insed and  coun ted  as 
descr ibed in MATERIALS AND METHODS. The po in t s  represen t  averages  of th ree  de t e rmina t i ons .  
v was expressed  as nmoles/45 sec per  0. 3 • lO 6 cells. 

Fig. 3. I nh ib i t i on  of lys ine  u p t a k e  by  leucine. Cell mono laye r s  were i n c u b a t e d  w i t h  o.l  mM 
[:3H~lysine for 45 sec in the  presence of leucine a t  var ious  concen t ra t ions .  IOO %, lys ine  up t akc  
~.as the  va lue  ob t a ined  in the  absence of leucine. Each  po in t  represen ts  the  average  of three 
de t e rmina t i ons .  

neutral  amino acids share the same t ransport  system a*,a5. In alveolar macrophages 
lysine t ransport  can be completely inhibited by  the neutral  amino acids leucine and 
histidine. Thus, we see immediately tha t  the specificity for lysine t ransport  in the 
macrophage is different from epithelia. These results further confirmed our kinetic 
s tudy  which indicated tha t  there was only one lysine t ransport  system. Fig. 3 il- 
lustrates an experiment in which leucine brought  about  complete inhibition of lysine 
transport .  These striking differences of the specificity of lysine t ransport  system in 
alveolar macrophages from those previously reported prompted  us to carry out  an 
intensive survey of its specificity. I t  was shown (see below) that  leucine is a competi-  
tive inhibitor of lysine. Hence we shall assume tha t  the kinetics of inhibition of all 
o ther  amino acids on lysine t ransport  is competi t ive in nature.  Under  this assump- 
tion, the Ki ' s  which characterize the affinity of the amino acids to the carrier may  be 
determined simply from their inhibition of t ransport  at a single concentrat ion of 
lysine. Almost all natural  amino acids and some amino acid analogs were tested. 
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For  the survey,  o.I mM lysine (its Kin) was used. The -/£i of the inhibitor can be 
calculated t rom a simple formula (Eqn. 4)* 

As shown in Table  I, the amino acids tested were classified into two groups:  
low and high affinity. Low affmitv amino acids were defined as those with Ki's more 
than io-fold the Km for lysine. Some of the chemical characterist ics of tlie specificity 
are immedia te ly  apparen t  from these results. I t  is obvious tha t  the ~-amino carboxylic 
group is required for the binding of the subs t ra te  to the carrier. Thus the affinity of 
his tamine (XI,  Ki  =: 3.84) is (me-tenth tha t  of histidine (XX, Ki - -  o.35) and tha t  
of ~-amino caproic acid (VII I ,  Ki :~ 5-5) is significantly lower than norleucine (X1X, 
o.36 ). Some length of side chain is required as suggested by the result with glycine 
(I, > lO) which has the poorest  affinity of the compounds  tested, i t  is also clear tha t  
in general the longer the side chain, the higher the affinity (compare glycine (I, > IO 
no carbon side chain), alanine (XI I ,  4.4, one carbon, ~-amino-butvr ic  acid (XIV, 3.2, 
two carbons), with norvaline (XVI I I ,  o.44, three carb~ms) and norleucine (XIX,  o.30, 
four carbons). In addition tile :,Alydrogen can not be subst i tuted.  :,.-Ainino-isotmtvric 
acid (VI I, 7.1) and cvcloleucine (V, 8.o(t) have very low affinities. Subst i tut ions at  tile 
/#carbon decrease the affinity as can be seen (Fig. 4) by comparison of isoleucine 
(XVII ,  i. i , / # m e t h y l  subst i tuted) ,  with leucine (XXI  II,  o.o8i,  ~-methyl  subst i tuted)  
and norleucine (straight chain); and valine (IV, > IO, /#methy l  substi tuted) with 
norvaline (straight chain). The low affinity of threonine (VI, 7-0) m a y  be due in par t  
to the/~-hydroxyl  group. I t  can also be seen tha t  a carboxvlic group at the end of tile 
side chain decreases the affinity s ee  aspart ic  acid (IX, 5.1) and glutamic acid (X, 
4.5)~. The el imination of the negat ively  charged carboxyl ic  group by forniation of an 
amide m a r k e d l y  increases the affinity. Thus the affinity of glutamine (XXI ,  o.I7) 
was nlore than 2o-fold tha t  of glutanfic acid. On the other  liand the amino group or 
guanido group at the end of the side chain (terminal positive charge) increases the 
affinity i see lysine, arginine (XXIV,  o.o5) and ornithine (XXV, o.o45)]. The s t ructura l  
basis of the affilfity of the unsa tura ted  cyclic amino acids such as phenylalanine 
( X I I I ,  3.9), t r yp tophan  (XV1, 1.4) and histidine (XX, o.35) is unclear. 

;'m,~,ESj ,, -- (r) 
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~'max[S~ 
,', . . . . . . . .  (2) 
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"'i Km @ iS] 
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s u b s t i t u t i n g  o.~ m M  f o r  [jS] a n d  K , , :  

* ' i [ l ]  
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2 ~ '  - -  2 U g  

w h e r e  IS ~ a n d  F/] a r e  t h e  c o n c e n t r a t i o n  o f  s u b s t r a t e  a n d  i n h i b i t o r  r e s p e c t i v e l y ,  vi  a n d  v a r e  the  
ve loc i t i e s  w i t h  a n d  w i t h o u t  i n h i b i t o r .  
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T A B L E  I 

I N H I B I T I O N  OF L Y S I N E  T R A N S P O R T  

Cell nIonolayers  were i n c u b a t e d  w i t h  o. i mM [aHj lys ine  for 45 sec in the  presence of the  inh ib i tor .  
The a m o u n t  of i nh ib i t i on  was  d e t e r m i n e d  by  compar i son  w i t h  a con t ro l  w i t h o u t  inh ib i tor .  All 
a m i n o  ac ids  t e s t e d  were in  the  L-form excep t  c~-a,minoisobutyric acid and nor- leucine in which  
the DL-form was used. The t f i  was  ca lcu la t ed  from Eqn .  4 (see text )  and  from the  c o n c e n t r a t i o n  
of the  L-form (assuming  t h a t  the  D-form has  no aff ini ty for the  carrier) .  E a c h  va lue  represen t s  
the ave rage  of th ree  to  five d e t e r m i n a t i o n s .  

.~ mino acids and analogs with low @nit) '  Amino acids and analogs with high a~mty  

Inhibitor Ki  Inhibitor Ki 
(s~M) (raM) 

I. Glycine  > io  
I I .  Serine 2> io  

I I [ .  Pro l ine  > i o  
IV. \ : a l ine  > io  
V. Cycloleucine 8.o 9 

V 1. Threon ine  7.9 
VII .  ~ -Amino i sobu ty r i c  acid 7.I 

V I I I .  e -Aminocapro ic  acid 5.5 
IX. Aspar t i c  acid 5.I 
X. G lu t amic  acid 4.5 

XI.  H i s t a m i n e  3.84 
X I I .  Alanine  4.4 

X I I I .  P h e n y l a l a n i n e  3.9 
X I \ ' .  ~ -Aminobu ty r i c  acid 3.2 

XV. Cvst ine  1.6 
XVI.  T r y p t o p h a n  1. 4 

X V I I .  l so leuc ine  i . i  

X V I I I .  Norva l ine  
(ce-aminovaleric acid) o.44 

X I X .  Nor- leucine 
(~-aminocaproic  acid) o.36 

XX.  Hi s t id ine  o.35 
X X I .  G l u t a m i n e  o.t  7 

X X I I .  Meth ion ine  o.15 
X X I I I .  Leucine  o.o8 l 
XX1V. Argin ine  o.o 5 
XXV.  Orn i th ine  o.o45 

Egect of cations on lysine transport system 
There  is a b u n d a n t  evidence t ha t  a lkal i  me ta l  ions exer t  m a r k e d  effects on 

anfino acid  t r anspo r t  sys tems in var ious  t issues and cells 16-2~. Lysine t r anspor t  in the  
macrophage  is also affected;  bu t  t i le effect of cat ions  is a novel  one. Table  I I  sum- 
marizes the  resul ts  of exper iments  in which Na  + in the med ium was replaced  b y  K +  
choline, sucrose and  manni to l .  Two s t r ik ing findings were noted.  Fi rs t ,  r ep lacement  
of Na  + with  K + had  no effect on the  ra te  of lysine t ranspor t .  Secondly,  r ep lacement  
of Na  + with  equimolar  sucrose or rnanni tol  caused a 50 % s t imula t ion  of lysine t rans-  
port .  Theore t ica l ly  this  s t imula t ion  of lysine t r anspor t  could have been due to an 
inh ib i tory  effect of Na  + or K +. We var ied  the  ionic concent ra t ion  of Na  + and K+ by  
vary ing  the propor t ions  of isotonic solut ions of manni to l ,  NaC1, KC1, Na,,SO4 and 
K4Fe(CN)s in an a t t e m p t  to s t u d y  the effects of Na ÷ and /o r  K + concent ra t ion  on 
lysine t ranspor t .  I t  was assumed for these purposes  tha t  the dissociat ion of the elec- 
t ro ly tes  was complete.  In  each case IO mM phospha te  buffer was present  in the med ium 
so tha t  the  p H  was equal  to 7.4 in all of the  incubat ion  media .  Thus we were able to 
keep the med ium iso-osmotic ye t  v a r y  concent ra t ion  of Na + and K +. The a lveolar  
macrophages  to le ra ted  these art i f icial  condi t ions qui te  well dur ing  45-sec exposure  as 
judged  b y  the i r  impe rmeab i l i t y  to eosin Y and b y  the accunmla t ion  of lysine. As 
can be seen from Fig. 5, there  was an inverse l inear  re la t ionship  be tween N a  + and /o r  
K + concent ra t ion  and lysine up take .  The  effect of K+ was the same as t ha t  of N a  +. 

Kinet ic  s tudies  were carr ied  out  to see whether  the  inh ib i to ry  effect of Na  + was 
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compet i t ive  or non-compet i t ive .  Lysine  up t ake  was measured  at  two different  ionic 
concentra t ions .  The upper  curve in Fig. 6 was ob ta ined  with lysine di issolved in modi-  
fied Hanks  solut ion (I39 mM Na  +, 2o mM K +) and the lower curve in 2o mM K ~ , N a  ~ 
being replaced b y  isotonic manni tol .  Na + exer ted  a non-compet i t ive  inh ib i to ry  effect 
on lysine t r anspo r t ;  the Km for lysine remain ing  the same, while vmax decreased from 
<).66 to o.44 nmole/45 sec per  zo 6 cells. 

The inh ib i to ry  effect of leucine on lvsine t r anspor t  was also inves t iga ted  in 

" [ 'ABLE I I  

THE EFFECT OF ALKALI METAL IONS ON LYSINE TRANSPORT 

Cell  m o n o l a y e r s  w e r e  i n c u b a t e d  w i t h  o . t  mM [3H] lys ine  for  45 sec in  v a r i o u s  m e d i a  i n c l u d i n g  
l n o d i f i e d  H a n k s  s o l u t i o n ,  a n d  s o l u t i o n s  in w h i c h  NaC]  was  r e p l a c e d  b y  i s o t o n i c  t¢C1, cho l i ne  
c h l o r i d e ,  s u c r o s e  or  m a n n i t o l .  T h e  a m o u n t  of i n h i b i t i o n  or  s t i m u l a t i o n  w a s  d e t e r m i n e d  b y  c o m -  
p a r i s o n  w i t h  l y s i n e  t r a n s p o r t  in  m o d i f i e d  H a n k s  s o l u t i o n .  E a c h  r e s u l t  is  t h e  a v e r a g e  of a t  ]eas t  
t h r e e  d e t e r m i n a t i o n s .  -.-, i n h i b i t i o n ;  ~ , s t i m u l a t i o n .  

3Iedium Na-  Ix" ~ Choline+ Inhibition o r  

stimulation (°o) 

Modi f i ed  H a n k s  s o l u t i o n  [ 39  2o - o 
N a  + r e p l a c e d  b y  K* ~59 5 3 
N a  + r e p l a c e d  b y  c h o l i n e  4 2o 139 J5 
N a ~  r e p l a c e d  b y  s u c r o s e  2o i 48 
Na~ r e p l a c e d  b y  m a n n i t o l  2o ~ 51 

~H3 
CH3CH2CI'I~I HCOOH (CH312CHCH~I HCOOH CI-~CI'~CI-~CH2CH CO0 H 

NH2 NH z NH 2 

Isoleucine Leucine Norleucine 

ICH 
CH3CHCHCOOHI CH3CH2CHz~ HcOOH 

NH2 NH 2 

Voline Norvaline 

/3- carbon substituted straight chain 

Fig .  4. The  s t r u c t u r e  of l euc ine  a n d  v a l i n e  a n d  t h e i r  a n a l o g s .  

IO0 

80 i • 

w 
~ 0  

c~ • potassium only 
• sodium+ 20ram potassium 

~_ 20 ~ 

/ 
08 ~'o ,60 ~o 26o z~o 

,&lkah Metal Ion Conceolrahon (mM) 

Fig.  5- E f fec t  of N a  + a n d  K+ on  t h e  r a t e  of l y s i n e  u p t a k e .  Cell  m o n o l a y e r s  w e r e  i n c u b a t e d  t o r  
45 sec w i t h  o. I m M  [aH~lys ine  in  t h e  p r e s e n c e  of v a r i a b l e  i on i c  c o n c e n t r a t i o n s  a t  c o n s t a n t  o s m o -  
l a r i t y .  To  m a i n t a i n  i s o t o n i c i t y  (3oo mosM) s o l u t i o n s  of i s o t o n i c  NaCI,  I(C1 a n d  t h e  m u l t i v a l e n t  
s a l t s ,  N a , S O  a a n d  KaFe(CN)6  w e r e  d i l u t e d  w i t h  i s o t o n i c  m a n n i t o l .  I t  w a s  a s s u m e d  t h a t  a l l  s pec i e s  
w e r e  c o m p l e t e l y  i o n i z e d .  In  e a c h  case  p o t a s s i u m  p h o s p h a t e  buf fe r  (lO m M  w i t h  r e s p e c t  t o  p h o s -  
p h a t e )  w a s  p r e s e n t ;  t h e  f ina l  p H  of t h e  m e d i u m  w a s  7.4. z ° ° ~ o  l y s i n e  u p t a k e  w a s  t h e  v a l u e  
o b t a i n e d  on  i n c u b a t i o n  in  t h e  t o t a l  a b s e n c e  of a l k a l i  m e t a l  i ons  ( m a n n i t o l  plus i 6  m M  T r i s  bu f fe r  
(pEI 7.4) or  in  p u r e  m a n n i t o l  so lu t i ons ) .  T h e  a d d i t i o n  of Tr i s  h a d  no  effect  on u p t a k e .  ]each  p o i n t  
w a s  t h e  a v e r a g e  of a t  l e a s t  t h r e e  d e t e r m i n a t i o n s .  
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modified Hanks solution as compared with the Na + substituted medium. The results 
are depicted in Fig. 7- Leucine exerted a competitive inhibitory effect on lysine trans- 
port in the presence or absence of Na +. In a double reciprocal plot the lines inter- 
sected at the same point of the ordinate at the two different Na + concentrations respec- 
tively, although the Vmax of lysine transport had been shifted in the presence of Na ÷. 

24 

20 

~ q6 

V ~2 

8 

-tO - 5  

• & ~ ~ ' +  No+ • 

0 ; I~0 I; 2? 

56  / 
/ +No ÷ 

/ +Leuctne 
/ / 

'~: t / / ° ~ -  A'" ~---J'c~:-No+ 

-,o -s ; ,'o ; ~b 
I I 

[L ysine] raM- [ Lysine] mM 

Fig. 6. Rec iproca l  p lo t s  of lys ine  u p t a k e  in the  presence and  absence of Na  +. Cell mono laye r s  
were i n c u b a t e d  for 45 sec in the  presence of [3H]lysine in concen t r a t i ons  from 0.05 to  2 raM. 
All po in t s  p l o t t e d  were the  mean  of th ree  de t e rmina t i ons .  The  media  con ta ined  e i ther  modif ied 
H a n k s  so lu t ion  (139 mM Na +, 20 mM K +) ( Q - - O )  or a so lu t ion  in which  the  Na  + was  replaced 
by  m a n n i t o l  (o mM Na  +, 20 mM K +) ( A - - A ) .  v was  expressed  as nmoles/45 sec per  0. 3 • lO s cells). 
See t e x t  for i n t e rp re t a t i on .  

Fig. 7. Effect  of Na  + on leucine  inh ib i t i on  of lys ine  up take .  Double  reciprocal  p lo t s  of u p t a k e  a t  
va r i ab le  lysine c o n c e n t r a t i o n s  wi th  a nd  w i t h o u t  leucine a t  e i the r  139 or o mM Na  +. The exper i -  
m e n t a l  cond i t i ons  were the  same as in  Fig. 6 excep t  leucine was  p resen t  as descr ibed below. 
~k---~k, u p t a k e  of lys ine  in 139 mM Na  + and 2o mM K+; 0 - - 0 ,  u p t a k e  of lys ine  in 2o mM K + 
(resul ts  are the  same as in Fig. 6); G- - - /X ,  u p t a k e  of lys ine  in the  presence of o.25 mM leucine 
in  t39 mM N a -  and 20 mM K+; © - - © ,  u p t a k e  of lys ine  in the  presence of 0. 5 mM leucine in 
2o mM K+. E a c h  po in t  was the  m e a n  of a t  l eas t  th ree  de t e rmina t ions ,  v was expressed  as 
nmoles/45 sec per  0. 3. io  6 ceils), See t e x t  for exp lana t ion .  

However, while the nature of the effect remains competitive, leucine affmity is en- 
hanced by Na +. In modified Hanks solution the K i  of leucine was 0.097 raM; whereas 
in 20 mM K + solution (Na + being replaced by mannitol) the K i  w a s  0.21 raM, a more 
than 2-fold decrease of affinity. The effect of K + on leucine affinity was also studied. 
The Ki of leucine was found to be the same (0.21 mM) in media in which Na + was 
totally replaced by either mannitol or K +. Thus, we have clearly demonstrated two 
completely different effects of Na + on this transport system. It  decreases the vmax 

of ]ysine transport. It also increases the affinity of leucine on the lysine transport 
system. The former effect is shared by K + but the latter effect is Na + specific. 

The effect of bivalent and polyvalent cations was also determined. In order to 
eliminate the effects of the monovalent cations, these experiments were done in 
isotonic mannitol solution with potassium phosphate replaced by Tris buffer. As 
shown in Table III,  except for Th 4+, all multivalent cations exerted some inhibition, 
but the effects of Mg 2+ and Ca 2+ at physiologic levels are especially noteworthy. 
Further experiments are required to explore the nature of this effect. 
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Leucine transport in rabbit alveolar macrophages 
In the previous  sections we descr ibed lysine t r anspor t  in some detai l .  As can 

be seen f romTab le  I, a lmost  all na tu ra l  amino acids have some affinity for the  carrier,  
though it  varies by  several  orders of magni tude .  I t  is conceivable tha t  most  amino 
acids can get  into the  cells through this t r anspor t  system. One m a y  ask whether  there  
are a l t e rna t ive  t r anspor t  sys tems for some amino acids in these cells. As an approach  
to this  question,  the capac i ty  of lvsine to inhibi t  leueine t r anspor t  was de termined.  
The resul ts  are shown in Fig. 8. Not  more than 5 o % of leucine t r anspor t  could be 
inhibi ted  by  lvsine. Thus leucine is t r anspor t ed  by at least t w .  systems,  only  one 

"I-A []l.1"i l l [  

I'HI~2 E F F I ~ ( ' T  O F  B I V A L E N T  A N I )  P O L ' V V A L I ' I N ' I "  C , ~ , T I O N S  ( I N  I . Y S I N F -  T R . k N S P O I , ~ T  

Cell naonolavers were illctll)ated with o. [ mM aH]lys ine  for 4,5 scc in iso osmotic nlanllitol solutilln 
with Tris buffer in the presence of the mult ivalent  cations. The amoun t  of inhibition or st imulation 
was determined by comparison with a control wi thout  the mult ivalent  cations, l'iach result is 
the mean of three determinat ions.  , inhibition; ~ , s t imula t ion .  
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l:ig. 8. Inhibit ion of leucine uptake  by lysine in the presence and al)sellce of ~Na; . Cell mouolayers  
were incubated with o.i mM [ati.leucine for 45 sec in the presence of various lysine concentrations.  
~oo % leucine uptake  was the value obtained in the absence of lysine in modified Hanks  solution 
(I39 mM N a !  and 2o mM K+). Leucine uptake  in o mM Na+, 2o mM K~ was 85 % (zero lysinc 
concentration).  Q - - O ,  and C . . . .  . denote leucinc uptake in the presence of various lysine concen- 
t ra t ions  in modified Hanks  solution and in o mM Na +, 2o mM 1<% respectively. Each point  was 
the mean of three determinat ions.  

s h a r e d  b y  1vsine. T h e  ef fec t  of  N a  + on  l e u c i n e  t r a n s p o r t  w a s  a l so  s t u d i e d .  R e p l a c e m e n t  

of  N a  + w i t h  m a n n i t o l  f r o m  m o d i f i e d  H a n k s  s o l u t i o n  d e c r e a s e d  l e u c i n e  t r a n s p o r t  15 %. 

( C o m p a r e  u p p e r  h o r i z o n t a l  l ines.)  In  t h e  a b s e n c e  of  N a  ~, 7 ° % of t h e  r e d u c e d  l e u c i n e  

t r a n s p o r t  c a n  be  i n h i b i t e d  by' l y s i n e  (see Fig.  8). O n  ti le o t h e r  h a n d ,  t h e  a l t e r n a t e  
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pathway for leucine transport represented by the amount of leucine transport not 
inhibited by lysine, is reduced in the absence of Na +. 

Exchange diffusion 
Tile stimulation of tracer influx by high intracellular substrate concentrations 

has been repeatedly described in animal cells and designated exchange diffusion 2~, 26. 
The existence of such transconcentration effects in the lysine transport svstem was 
readily demonstrated. The initial rate of ~4Cllysine influx at o.I mM was determined 
after cells were preloaded by incubation for IO min with various concentrations of 
'aH~lysine. After preincubation the monolayers were rinsed with warm modified 
Hanks solution and tile intracellular concentration of lysine before and after the initial 
rate determination was calculated from the content of 3H and the specific activity 
of extracellular lysine. Preincubation with modified Hanks solution alone was used as 
control. In Fig. 9, the per cent of stimulation of lysine uptake was plotted against 
tlle intracellular concentration of lysine determined prior to the initial rate measure- 
ment. The results when plotted against the intracellular concentration measured at 
the end of the rate determination did not differ significantly. The maximal stimula- 
ti<>n is about 2-fold. 

In order to show that the stimulation of lysine transport by the removal of 
Na= from the incubation media as described in the previous section, and exchange 
diffusion are independent processes, monolayers were preincubated with lysine such 
that the final intracellular concentration would induce near-maximal exchange dif- 
fusion, and initial rates then measured in the presence and absence of Na + and/or K *. 
The per cent of stinmlation of lysine uptake thus obtained was equal to that of cells 
without lysine preincubation. 

~4c 
mc 

g 6C 

4c 

m 2C 

inlraceUule" lysine concn.lmM) 
Fig. 9. Effect of preloading wi th  [3H]lysine on [14Cllysine uptake.  Monolayers were preloaded 
by  incubat ion for io min with various concentra t ions  of [aH]lysine. After pre- incubat ion the 
monolayers  were rinsed wi th  warm modified Hanks  solution and the intracellular concentrat ion 
of lysine prior to the initial rate  de terminat ion  wi th  o.i  mM [14Cllysine was measured.  Pre- 
incubat ion  wi th  modified Hanks  solution alone was used as control. The per cent of s t imulat ion 
of ~]~Cnlysine uptake was plot ted against  intracellular lysine concentrat ion.  

DISCUSSION 

Although attention was focused on lysine transport, none of the amino acid 
transport systems revealed in these studies can be identified with the lysine or dibasic 
amino acid transport system described in the intestinal epithelium and proximal renal 
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tubule. Unlike the epithelial system, the neutral amino acids, leucine and histidine, 
can bring about complete inhibition of lysine transport, and, in general, the membrane 
carrier of the macrophage has a high affinity for amino acids with long lipophilic 
side chains (see Table I). On the other hand the macrophage system has only poor 
affinity for cystine. The specificity of the macrophage system (which we shall designate 
AM-I, the first system described in the alveolar macrophage) is relatively broad. At 
the same time it is not the only amino acid transport system identified in these cells: 
there are at least two systems for leucine. 

Attempts have been made to generalize the transport systems of Ehrlich 
ascites tumor cells to other mammalian cells 6. However, several differences in the 
lysine transport systems of alveolar macrophages and tumor cells are readily apparent. 

(A) Lysine enters by a single carrier in the macrophage and by three in the tumor 
celP 3. 

(B) in the macrophage, lysine transport is completely inhibitable by neutral 
amino acids such as leucine and histidine, but only partially inhibited by these amino 
acids in tumor cells. 

(C) Although phenylalanine has appreciable affinity for the lysine carrier in the 
macrophage, the affinity of alanine is very poor; in the tumor cell, on the other hand 
both phenylalanine and alanine are significant inhibitors of lysine transport 13. 

The effect of alkali metal ions on the transport of non-electrolytes (e.g. amino 
acid and sugar) has been studied in a variety of animal cells and tissues 11, 16-2:1,'~7-31 

and certain marine bacteria 24. In most cases the evidence supports the hypothesis that 
Na + functions as a co-substrate for the transport system (or carrier). The ultimate 
driving force involved in the active accumulation of these non-electrolvtes is provided 
by the Na ~ gradient which is maintained by the Na + pump ~7,27. The effects of Na ~ 
on membrane transport thus far reported in tile literature may be divided into four 
categories depending on whether Km and/or Vrnax is altered by Na*. The data are 
summarized in Table IV. In Type 1, Na + decreases the Km but has little or no effect on 
Vmax. On tile other hand, in Type II, Na + increases Vmax but has little or no effect on 
Kin. GOLDNER et al. a° ascribed the difference of Na + effect on sugar transport found 
in rabbit ileum (Type II) and hamster small intestine (Type I) to differences of tech- 
nique. However, it could also be due to the species difference. In this connection it is 
interesting that in studies of intestinal sucrase, KoLiz<SK)X AND SEMENZA a2 reported 
a Type I Na-+ effect in rat and hamster while a Type II effect was found in rabbit and 
human. 

WoN(; et al. 24 reported that in a marine pseudomonad, as the Na + concentration 
in the suspending medium increased from o to 5o mM, the Km for =-aminoisobutvric 
acid transport decreased, while Vmax remained essentially constant. Between 5o and 
zoo mM Na ~, the IKm remained constant while Vmax continued to increase {Type I I I  
effect). The authors attributed the effects of Na + at low concentrations to its require- 
ment for the operation of the transport system. At 5o-2oo mM Na + was said to modify 
the porosity of the cytoplasmic membrane in such a way that it reduced the rate of 
leakage of a-aminoisobutyric acid from cells. Type IX" Na + effect is a combination of 
Type I and Type II, where Na + decreases the Km as well as increases the Z:max. 

We might emphasize at this point that the above effects are relatively specific 
to Na+; it cannot be substituted by other cations such as K +, Li -" or choline. Na + 
always facilitates the transport of these non-electrolytes by either increasing the 
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TABLE IV 

S U M M A R Y  O F  T H E  E F F E C T 8  O F  l ~ a  + O N  M E M B R A N E  T R A N S P O R T  O F  N O N - E L E C T R O L Y T E S  

167 

Type Na + effect Transport system (substrate) 

Km Vmaz Specificity 

Tissue or cell Ref. 

i ~ o (+)  

II  o f (+) 

i n  ~ o (+) 

o t' (+) 

6-Deoxyglucose Hamster  small intestine 27, 28 
6-Deoxyglucose Rat  jejunum 29 
Alanine, valine, leucine Rabbit ileum i{~-i8 
Alanine Rabbit jejunum 19 
Glycine (high Km system) Rabbit  ileum 20 
Glycine Pigeon erythrocyte 7 
0e-Aminoisobutyric acid Rabbit  lymph node cell 2I 
Lysine (high Km system) Rabbit  ileum II 

3-Methyl glucose Rabbit  ileum 3 ° 
~-Methyl-I~-glucoside Rabbit  kidney cortex 31 

~-Aminoisobutyric acid 
(at Na +concn. of 0-50 raM) 

~-Aminoisobutyric acid 
(at Na +concn. of 5o-2oo raM) 

Alanine 

I V ~ J, (+)  Glycine 
~- Anainoisobutyric acid 

V o $ K + shares Lysine (AM-I system) 
the effect 

Marine pseudomonad 24 

Mouse ascites tumor cell 22, 23 
Rabbit  reticulocyte 
Rabbit retieulocyte 23 
Mouse ascites tumor cell 22 
Rabbit reticulocyte 
Pigeon erythrocyte 

Rabbit  alveolar macrophage 

affinity of the substrate to the carrier (e.g. decreasing the Kin) or by increasing the rate 
of the transport, or both. All these effects are consistant with the hypothesis that Na+ 
behaves as a co-substrate for the transport system, inducing some allosteric change of 
the carrier perhaps. The Na + gradient appears to provide the driving force for the 
intracellular accumulation of non-electrolytes. 

The effects of Na ÷ observed in this study can not be categorized in any of the 
types enumerated. From Figs. 5 and 6, it was apparent that Na + decreased the Vma ~ 
of lysine transport by the AM-I system but had no effect on the Kin. These effects are 
categorized as Type V in Table IV. As shown in this table this effect of Na + is shared 
by K + and in this sense is non-specific. Inhibition of enzyme activity by Na + has also 
been described. From our own laboratory it was demonstrated that the activity of 
adenylate pyrophosphorylase (EC 2.4.2.7) purified from extracts of Bacillus subtilis 
was inhibited by Na + but not by K + (ref. 33)- 

Reports of the effects of Na + on lysine transport in tumor ceils are somewhat 
conflicting. It  is apparent from the data of CHRISTENSEN AND LIANG 13 that substitu- 
tion of sucrose for Na + increased the amount of lysine transport which was non- 
inhibited by neutral amino acids. This was a small fraction of the total lysine transport 
and the kinetics of the effect were not examined. Recently CHRISTENSEN et al. ~t de- 
scribed a Na+-facilitated reaction of neutral amino acids with a cationic amino acid 
transport system in ascites tumor cells. They suggested that Na + occupied the position 
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normally taken by the charged terminal amino group of the dibasic anfino acid, and 
facilitated the inhibition of dibasic amino acid transport by neutral anfino acids. 
Theoretically, these two findings of ('HRISTENSEX el al. a4 suggest that Na ~ should 
compete with lysine for the carrier. 

It is clear in our study that the affinity of leucine for the AM-I system is also 
increased specifically by Na ÷. On the other hand the effects of Na" on lysine transport 
do not provide evidence for interaction of Na + with the carrier site which binds the 
cationic terminal group of lysine since the kinetics indicate that Na ~ affects Vm~ ~ 
and not affinity. The dissimilarities of lysine transport in tumor cells and macrophages 
have already been pointed out, however. The existence of multiple lysine transport 
systems in the tumor cell makes comparison between the cells difficult at best. 

As discussed above the accunmlation of non-electrolytes bv animal cells has 
been largely explained by the effect of Na ~ to increase the affinity of non-electrolytes 
to the carrier or to increase the rate of translocation of these Na-" substrate-carrier 
complexes across the membrane or both; and accomplished bv the asymmetry of Na~ 
distribution across the cytoplasnfic membrane under physiological conditions (high 
Na~ outside; low Na + inside). However, the accumulation of lysine (and probably 
other basic amino acids) in alveolar macrophages cannot be explained by this mecha- 
nism, since the effects of Na-  and K + are equivalent and the total cation concentration 
is approximately equal intra- and extracellularly. On the other hand there is con> 
petition for exit of lysine with the neutral amino acids sharing the AM-I system which 
could lead to its accunmlation. Thus lysine accumulation in turn also becomes 
dependent on the asymmetry of Na ~ distribution, which determines the concentration 
of the competitive neutral amino acids. 
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