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SUMMARY 

An a t t empt  has been made to evaluate  some of the kinetic parameters  governing 
the uptake  of amino acids by muscle bv measuring the s teady-state  concentrat ion 
ratios established on incubat ion of the tissue in vitro. The data  are analysed in terms 
of the stead\" state result ing from a balance between saturable uptake and efflux 
processes in conjuct ion with diffusion. For aminoisobutvra te  and excloleucine the 
data  were compatible with efflux being solely by diffusion, but  it was also possible 
to fit the data  to condit ions such that  efflux by a saturable process and by diffusion 
were both occurring. Measurement of initial ent ry  rates after preloading hearts with 
aminoisobutvra te  gave results consistent with the first possibility only. Such measure- 
lnents also suggested that  the parameters  governing a saturable uptake process chang- 
ed during the course of uptake,  but  that  the rate constant  for diffusion remained the 
same. The rate of approach to equi l ibr imn was found to be faster the higher the ex- 
ternal concentrat ion of amino acid. B~)th these observations would be consistent with 
accumulated amino acid progressively interfering with further operation of a carrier. 

l:or anfinoisolmtyrate  the enhan. ' ement  of accumulat ion in the presence of 
insulin appeared to result from an increase in the maximal  velocity ~,f the t ransport  
rate rather  than from any change in apparent  K,, .  l;or cvcMeueine there was some 
diminut ion  in the K, .  with insulin but  again a rise in the t ransport  rate. 

INTR() I )UCTION 

Insul in enhances the uptake of amino acids by muscle I, 2. This action of tile hor- 
mone is most clearly demonst ra ted  in its effects on the accumulat ion Itv various isolat- 
ed tissue preparat ions of certain m~)del amim) acids - aminoisobutvra te  and c\'ch)- 
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INSULIN AND AMINO ACID ACCUMULATION 227 

leucine being two part icularly responsive a,~. Uptake of amino acids by cells may  be 
par t ly  bv diffusion, but  active t ransport  demonstra t ing saturat ion and Michaelis- 
Menten like kinetics also plays an impor tant  part. Stimulation of uptake by insulin 
could result from an increase in the maximal  velocity of the uptake  process (V), a 
change in apparent  affinity constant  (KJ  of the solute (S) for the putat ive carrier, 
a change in the value of the diffusion rate constant  (KD) for first order diffusion or by 
changes in any two or all three. 

If uptake of an amino acid not already contained in a cell consists of diffusion 
operative in either direction across the membrane together with an active process 
functional in only one direction, the time course of uptake  is given b\" 

1" 
C = S (I -- (Ks _L_ S ) / x ~ ) ( I - - e  121)/') (I) 

where c is the intracellular concentrat ion present at time t with an external solute 
concentrat ion of S. From measurement  of initial rates of ent ry  with different values 
of N, AKEDO AND CHRISTENSEN 4 concluded tha t  insulin enhanced the uptake ()f amino- 
isobutvrate by intact rat diaphragm by lowering Ks from about  16 to 1.6 mM, without  
appreciably changing V. Others have confirmed this% On the other hand, some of us ~, 
using the same technique but  working with the chicken embryo heart,  found that  
insulin raised V by 45 % and lowered KD (from o.37 to o.25 h 1) without  affecting 
K~ (2.35 raM). The reason for this divergence of results is not immediately obvious. 

Isolated diaphragm or heart  does not consti tute the ideal biological system 
with which to measure kinetic parameters,  i~#er alia both because of the inherent 
variabil i ty between successive pieces of tissue and because uptake  of amino acid into 
intracellular water involves the passage of the amino acid from the bathing solution 
through the interstitial fluid. In for example efflux experiments it is possible tha t  the 
apparent  rate of efflux could be materially influenced by immediate reaceuumlation of 
the liberated amino acid whilst still in the interstitial fluid before its escape into the 
suspending medium. The same problem arises in uptake experiments. Measurement 
()f kinetic parameters  of the uptake  of amino acids by nmscle is of interest because of 
resp()nse to hormones which the aseites tumour  cell for example does not show. \ \ 'e  
have therefore investigated the usefulness of an alternative procedure for estimating 
kinetic constants  which tends to minimise the problems likely to arise in systems with 
i n terstitial fluid. 

:ks l increases, Eqn. I simplifies to 

V-S 
( c  - -  S )  A'I)  ( 2 )  

(K.~ + S) 

which indicates tha t  equilibrium is eventually at tained when the rate of efflux by 
diffusion equals the saturable uptake process. Eqn. 2 rearranges to 

[ ~ ~1 
. I - -  K . c - -  ( 3 )  

ND S 

where ,:1 = c--S.  Thus by  plott ing 21 against ~]/S for the s teady-state  concentrations of 
amino acid at tained between tissue and medium at different values of S it should 
prove possible to make estimates of Ks and V / K o .  W e  do not need to assume that  
the rate of exchange of the extracellular compar tment  with the medium is substan- 
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t ia l ly faster than  with tha t  of the in t race l lu lar  pool and  the problems !~f immedia t e  
reabsorpt ion  following efltux do not  arise. Moreover de te rmina t ion  of K~. from E, in. 2 
does not  require  exact  knowledge of the in t racel lu lar  space since the same t~.rm 
appears  on both sides ,~f the equat ion.  

The correctness of this procedure  depends,  h(~\~ever, on the va l id i ty  of Eqn>. 
z 3. The goodness of fit ob ta ined  might  be regarded as suppor t  for their  use, but  there 
is clearly a possibi l i ty  tha t  as the value of c increases a sa turab le  el'flux process ma\ '  
p lay  an aptweciable role in addi t ion  to diffusion. Such might  be implied from the t ime 
course publ ished in the earl ier  exper iments  of some of us ~, which, when compared  with 
the theoret ica l  curves der ived by subs t i tu t ing  the values of 1", K ,  and KD obta ined  
from init ial  veloci ty  exper iments  in Eqn. I, shows (lrig. I) tha t  tile exl)er inwntal  
curve p la teaus  off sooner than  expected.  The existence of a sa turab le  efl]ux t)r~,cess 
will of course v i t ia te  the va l id i ty  of de te rmina t ions  of KD es t imated  from ~.fltux 
exper iments  at  t empera tu res  compat ib le  with a f imct ional  mediat ion.  

To take  account  of this poss ibi l i ty  Eqn.  2 can be modified to 

I -N I - c  
(c S ) K l )  -- 14) 

(K, , .  { S} (K,~ ~ c) 

where K , .  is the affinity cons tan t  for the  effiux process and I" is assumed to reach the 
same max ima l  veloci ty  in e i ther  direction.  Though not  amenable  to graphica l  manipu-  
lat ion we have sought  to eva lua te  its significance to the present  da t a  by computer  
f i t t ing to a r ea r ranged  form: 

l "  .S" l "  
• ( c  - N )  , . ( 5 }  

K D  ( K s  = S)  KI)  ( K e  ~- c) 

since I" and/X" D cannot  be independen t ly  de termined.  
F rom the previous ly  repor ted  figures for the  chicken embryo  hear t  6 equi l ibr ium 
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Fig .  1. l : ~ x p e r i m e n t a l  a n d  t h e o r e t i c ~ d  t i m e  c o u r s e s  f o r  t h e  u p t a k e  of  a m i n o i s o b u t y r t e t e  by" c h i c k e n  
e m b r y o  h e a r t s .  - - - - ,  r e s u l t s  s h o w n  in  F ig .  1 of  rcf .  o;  , c a l c u l a t e d  t i m e  c o u r s e s  o b t a i n e d  
b y  i n s e r t i n g  in  ILqn. r t h e  c o n s t a n t s  t h e y  d e r i v e d .  S 2 r aM,  t h e  u p p e r  l i nes  a r e  d a t a  m t h e  
p r e s e n c e  o f  i n s u l i n ;  t h e  l o w e r  o n e s  in  i t s  a b s e n c e .  

F ig .  2. P l o t s  o f  t h e  f u n c t i o n  (1 c - K D / )  f o r  d i f f e r e n t  v a l u e s  of  A'D. ] ' h e  v a l u e s  of 1~" D u s e d  for  
t h e  d i f f e r e n t  c u r v e s  s u c c e s s i w d y  f r o m  l e f t  t o  r i g h t  a r e  1.9,g, o.5,q, 0 .37  a n d  o .25  h 1 ( t a k e n  f r ( ,m 
re f s .  6 a n d  IO). 
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appeared to be attained in 6-8 h. According to Eqn. I the rate of approach to equilib- 
brium depends on KD, being faster the greater its value. LoxI)o.x AXD SI~(;AL ~ found 
values of o.58 and 1.98 h 1 for -KD for efflux of aminoisobutyrate and cycloleucine 
from isolated diaphragm. The function ( I - -e  t,ij)t) for these values of Kl) and for 
().25 and o.37 h ~ found previously for aminoisobutyrate in hearP are shown in 1;ig. 2 
to give some idea of the likely periods of incubation required to reach reasonable 
steady-state conditions. Whether the prediction of Eqn. i and Fig. 2 about the rate 
,)f approach to equilibrium is correct is considered further in the R]~.SULTS section. 

M A T E R I A L S  A N D  MI£THO1)S 

Aminoiso ~I-14C~ butyrate was obtained from the Radiochemical Centre, Amers- 
ham, Bucks, England; [14C]cycloleucine (I-aminoeyclopentane carboxylic acid) 
came from New England Nuclear Chemicals, Dreieichenhain, West Germany. Each 
was diluted as appropriate with unlabelled material. 

Hemidiaphraglns were taken from non-fasting albino rats about IOO g weight 
and incubated at 37 ~ with shaking in Krebs Ringer bicarbonate gassed with 02 CO2 
(95:5, v/v). No glucose was added to the incubation medium. Insulin when present 
had a eoncn, of o.i unit/ml. To minimise inter-animal variation the hemidiaphragms 
were systematically distributed between incubation flasks with different concentrations 
of amino acid so that no pair of hemidiaphragms from any one rat were contained 
in any single flask. In the experiments with aminoisobutyrate incubation was for 
8 h; by the end of this period the tissue still looked healthy but was more fragile to 
touch. Reference to Fig. 2 suggests that by 8-h equilibrium will be 85 ('i, complete 
even if /k" D is as low as 0.25 h -1 and 99 % complete if KD is 0.58 h -1 (ref. 7). With 
cycloleucine incubation was for 6 h. 

At the end of the incubation the tissue was removed, gently blotted and weighed 
and the accumulated amino acid extracted by boiling with water s . Samples of tissue 
extract and medium were counted in a liquid scintillation system consisting of I ml of 
aqueous extract plus lO ml of scintillator (0. 4 o/ 2,5-bis-2-(5-tert.-butvlbenzoxazolvl) 
thiophene in toluene-Triton X-Ioo (2: I, v/v)). This system counts ~4C with about 7 ° % 
efficiency and shows little quenching. Entry of amino acid into the tissue led to lower- 
ing of its concentration in the medium. The concentration of amino acid remaining in 
the medium at the end of the incubation was calculated from the radioactivity 
present. 

The concentration of amino acid in the intracellular water of the tissue was 
calculated from the radioactivity found in a known weight of tissue and the con- 
centration of amino acid in the final mediunl by correcting for the dry weight of the 
tissue (0.23 g/g wet wt.) and assuming that the amount of solute in the extracellular 
fluid (o.27 ml/g) was the same as that of the medium. The precise volume of the 
various fluid compartments is somewhat variablP. Slight variations should have little 
influence on estimates of Ks, they will affect the absolute but not the relative values 
of I'//{D. 

Hearts (15 -}- I mg wet wt.), dissected from 5-day-old chick embryos ~, were 
incubated in 4 ml of Krebs-Ringer bicarbonate buffer supplemented with 8 mM 
glucose. Incubation was at 37.5 ° in an atmosphere of O,,-CO2 (95:5, v/'v) for the 
proper period of time (8 h with aminoisobutyrate and 6 h with cycloleucine in equilib- 
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ration experiments;  I -~2  h in t ime course e x p e r i m e n t s  2o 8o min after 6 -~o  h 
preincubation in experiments  of flux rate at s teady state).  When present, insulin was 
added at a concentration of o.2 uni t /ml  of lnediunL At the end of the incubation the 
hearts were blotted,  weighed and the accuinulated amino acid extracted by boiling 
in 3 % (w/v) sulphosalicylic acid ~. Samples of tissue extract  and ()f initial and final 
medium were added to a scintil lation mixture and counted in a "l'ri-Carb spectrometer.  
The means  for calculating the intracellular and extracellular concentrations (}f the 
amino acid in these experiments  were as described by (;UII)OTTI et al. °. 

('ardiac cell suspensions,  obtained by collagenase trcatment  {}f 7-(tas-(}ld chick 
embryo  hearts TM, were incubated for I -5  h, at 37.5 ~ in Krebs-Ringer  bicarbonate 
supplemented  with 8 mM glucose and ~ C  'cycloleucine in an atmosphere of O e ('()., 
( 9 5 5 ,  v /v) .  Isolated cell concentration was o . 0  ! o.~ mg protein per ml. The pro- 
cedures for extraction {}f amino acids, measurement  (}f radioact iv i ty  and calculation 
of the intracellular c{mcentration of amino acid were as previously described u~. 

l: itting (}f values ()f the constants  in Eqn. 5 1)y computer  involved scanning 
various appropriate ranges to find min inmm variances on subst i tut ion in the equ- 
ation. 

"I'A HIA~2 1 

THE I.'PTAKI'2 OF 1tl2" AMINOISOBUTYI~.ATt'- H\" ISOLATFD RAT I)IAI'IIRAGM ANI) CIIICIqEN E2MIM~X/{} 
HEARTS A'F VAI~IOUS EXTF2B}NAL SOLUTI'2 CONCI,2NTRATIONS 

l n c u t / a t i o n  w a s  f o r S h .  Al l  c o n c e n t r a t i o n s  a r e m M .  F o r  d i a p h r a g m  e a c h  f i g u r e  is t h e  m e a n  2 5.1'2. 
o f  f o u r  o b s e r v a t i o n s  a l l d  t i l e  c~_tlcu]ate(1 c o n c e n t r a t i o n s  a r e  d e r i v e d  frol l l  ];.tin. 2 f o r  v a l u e s  o f  Ix'., 
a n d  l',,'lx'i) o f  1.20 m M  a n d  0 . 9 / n n o l e s / m l  in  t h e  a l } s e n c e  o f  i n s u l i n  a n d  ~. 29 m M  a n d  2 2 . 8 / t m o l e s / m l  
in  i t s  p r e s e n c e ,  l ' o r  t h e  e l n b r v o  h e a r t s  e a c h  f i g t l r e  is t h e  m e a n  S . H .  o f  t h r e e  o l ) s e r v a t i o n s  an{I 
t h e  c a l c u l a t e d  c o n c e n t r a t i o n s  a r e  ( l e r i v e d  f r o m  E{in .  2 f o r  v a l u e s  of  t ( s  a n d  V/ I \ ' I )  o f  o . 7 8  m M  
a n d  3 3 . S / m ] o l e s / m l  in  t h e  a b s e n c e  ()f i n s u l i n  a n d  0 . 7 0  m M  a n d  70 .o  / t n l o l e s / n f l  in  i t s  t ) r e s e n c e .  

D i a p h r a g m  mltsclv limh~3:o hearts 

l~lvdilrm a t  c~zd in tracc/ lu lar  i~Hraccllular m v d i u m  a t  end illtrac{'llzr/ar intracc/hdaJ 
<~/ i~wuba/ i ,m water  wat{'r q/i~tcubati<m ~ at~ r z~,ah'r 

.\'o :nslt/i~z added 

o.o(}3 {7.54 : {}.o1() o.5¢) o . 2 8  ()-3 : °.(}3 {).2 
o. l (}  I . I 0  - 0 . 0 7 3  I . o  5 0 . 5 8  I 5 . 3  7 I-5 I5.O 
o . t 7  2 . I I  : ().{}3 () 2 -33  o . 9 8  I 9 - 7  " 1.2 l ( ) .S  
o . 9 5  3 . 6 2  * O. I I ~ .89  I.(){) 2 5 - 3  22 O.QI 2(). 3 
- '-05 S.o{) : {7.1{, 7.75 5 .oo 32-5 : 1-4 34 .3  

l o . o  I().3 : 0 . 2 o  I 6 . t  0 . 8 4  4 1 . 7  1.3 t ) . 2  
lt). 7 5 ] . ( )  : l . I  52 .2  

1 i~sldllz a d d e d  

o . o 7 S  1.50 c 0 . 0 0  1.38 ().27 19. 4 [: o.()0 2{).I 
o . t O  2 . 4 2  ~ o.(7 t 2.(,,~ o .5 t )  3 3 . 6  : l . l  3 32 .7  

° . 4 3  5 .57  ~ {).2{) o.~ 3 °-{}5 4 4 . 5  ~ 3 .o 43 -I 
o . S S  0 . 5  ~ 0 . 3 4  io .J  1 .93  5 (}.{) !£ 3 .0  50.4  
2.81 2(7.,~, t 1 . 4 4  t S . 4  4 . 8 S  0(}. 4 ~ 1.2 7 o . 0  

1o.o 3 ° . - '  } ~.~7 3 ° . - '  O.S7 70 .3  : o . 5 0  So .4  
IQ.5 {)3.4 1.2 ¢}2.() 
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RIiSULTS 

.t pparenl values of kinetic parameters under steady-state conditions 
In the  first exper iments  bemid i aph ragms  and embryo  hear ts  were incuba ted  

with var ious  concent ra t ions  of amino iosobu ty ra t e  for 8 h - - a per iod which seemed 
on the basis of recorded values of KD l ikely to lead to near  equi l ibr ium condit ions.  
Both tissues cont inue to respire l inear ly  th roughou t  this  per iod (ref. I I  and  unpubl ish-  
ed ~)bservations). Table  [ shows the in t race l lu lar  concent ra t ion  of amino i sobu tv ra t e  
a t t a ined  at  various ex te rna l  solute concent ra t ions  and in Fig. 3 (a b) is shown a 
plot  of ] versus A/S for these values.  For  the  figures from d iaphragm,  f i t t ing of the 
d a t a  bv least  squares to Eqn. 3 gives a value ( ±  S.E.) for K8 of 1.2q ± o.24 and 1.29 

! o.I0 nlM in the  absence and presence of insulin and V/KI) of 6.9 ! o.76 and 
22.8 - 3.2 #moles /ml .  1,28 in these exper iments  is s imilar  to t ha t  found by AKE1)O 
AND CHRISTENSl..'N 4 in the  presence of insulin. \Vith the embryo  hear ts  values ofo.7N 
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Fi~. 3. S t e a d y - s t a t e  concen t r a t ion  of a m i n o i s o b u t y r a t e  (a,b) and  cvcloleucine (c,d) in isolated 
ra t  d i a p h r a g m  musc le  (a, c) and  chicken e m b r y o  hea r t s  (b, d), p lo t t ed  as the  concen t r a t ion  differ- 
ence (.I) be tween  in t race l lu lar  fluid and  m e d i u m  aga in s t  J / m e d i u m  concen t ra t ion .  (),  in the  
absence  of insul in ;  O,  in i ts  presence.  The  s lope (K,,.) is u n c h a n g e d  by  insul in for a m i n o i s o b u t y r a t e  
b u t  decreases  for cycloleucine.  
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I n c u l ) a t i o n  \ \ a s  f o r  t) h . . k l l  c ( , n c v n t r a t i o l a S  D_I-() 111.~1. ] : o r  t l i a p h r a R m  e a c h  li.~lll 't, is t i l e  l i l t .J i l l  5 ['~ 
I)l IOtll" ( ) l ) s t , r x a t i o n s  a n d  t h t '  c M c u l a t e d  c o n c e n t r a t i o n s  a r c  d e r i v e d  f r o m  l ' i q n .  2 h ) r  \ ' a h w <  ,,t I Q  
a n d  l ' / Iql)  o f  5 . 2  h a m  a n ( l  s . 2  / , m o l c s / m l  i n  t h e  a b s e n c e  o f  i n s u l i n  a n d  2 .7 .  5 m.M a n d  i i 2 Hill<!]\>, II~l 
in  i t s  p r e s e n c e  F o r  t h e  o r a l ) r \ ' ( )  e a c h  f i x u r c  i s  t h e  i l lC[t l /  S . l  {. ()f t h r e e  ol)s(.i-x-ati()~'~> ;~l:,i the. 
ca lcu la ted  c o n c e n t r a t i o n >  ;/It' d c r i v c d  f r on l  b l t l n .  2 fo r  \a luc 's o f  Ix,  and ] ' / I t 'D ()f 2.S mM ; lml  
-'2. 5 ! (nm lcs i l n l  in thc  absc'ncc o f  i nsu l in  and 1. t tn.M and .tS.S /m~olcs /ml  in it> prcsci~cc. 
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and 0.76 mM for K~ in the absence and presence of insulin are found and 33-"; and 
76.o ~tmoles/ml respectively for V/KD. 

Table II and Fig. 3(c-d) show the results of similar experiments with cvclo- 
leucine. Incubation was for 6 h. With diaphragm there was some lowering ,)f K,  
on addition of insulin, from 5.21 * o.61 to 2.75 ! 0.37 mM and a rise in 17KD 
from 8.2 s o.54 to 11.2 ! I.o #moles /ml .  For the embryo hearts K,  also declined 
with insulin from 2. 9 to L 4 mM whilst  V/KD more than doubled from 23 t,) 4(~ 
/mmles /ml .  It was noticed that the point for the lowest concentration in b(,tfi the 
presence and absence ()f insulin did not fit the line drawn through the other data. 
The reason for this is possibly explicable later. 

.llteruative values of the kiJlelic parameters 
That the data of Tables I and II for two different tissues in tw() different con(li- 

t ions are consistent with Eqn. 3 as indicated graphically in Fig. 3, suggests that the 
formulation provides a possible description of events.  It was thought,  however, 
desirable to see whether the data could also fit Eqn. 5 and what would then be the 
value of Ks, Ke and l'/Kl). The first at tempts  at computer evaluat ion gave values 
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of Ke in excess of IO ~ M. Thus effectively the data  were found to fit preferentially to 
Eqn. 3 as is consistent  with the graphical fitting. Fur ther  evaluat ions,  however, in 
which the upper  range of values for Ke was restricted, showed that  addit ional  solu- 
tions can be found in which Ke has finite and potent ia l ly  realistic values. These in tile 
case of I ' / K o  range over several orders of magni tude  (Table I I l). A variety of values 
for the constants  of Eqn..5 will thus adequately describe the experimental  ol)serva- 
tions so far. The theoretical curves derived from the different solutions do not super- 
impose precisely : the lower the values of K ,  and Ix'e and the higher l ' / K o  the steeper 
the slope at low values of N but  discrepancies are too small for it to be possible to 
discriminate between the solutions, even if many  more points were obtained,  given the 
normal s tandard  deviation of the data. Extension of the theoretical curves to eoxer 
four orders of magni tude  (from o.oi to ioo raM) shows no greater divergence. It nlust 
be concluded therefore tha t  consideration of data at s teady-state  conditions will not 
allow unequivocal  de terminat ion  of the kinetic parameters.  

Two procedures were considered which might provide information differen 
t ia t ing between the various nets of values recorded for the kinetic parameters  in 
Table I11 ia) de terminat ions  of initial velocit\ '  of ent ry  calculated from uptake ~1 
labelled amino acid added to the system after equil ibrium had been a t ta ined with 
unlabelled amino acid, and (I)) t ime courses t)f the appr~ach to cquilibriunl.  

( :pla/ee ~{/ labd/ecl amino acid zlmler stead>stale colzdifiotls 
lgig. 4 compares the uptake of labelled aminoisobutvra te  by hearts pre-in 

eubated to equi l ibr ium with unlabelled amino acid as against  uptake by hearts pre- 
incubated without  amino acid. The presence of unlabelled amino acid diminishes the' 
rate of uptake of label and provides no indication for the existence of exchange dif- 
fusion. (()thers le,la also have found with a ln inois~butvra te  no evidence of exchange 
diffusion.) In Table IV are the rates of uptake of alnino acid observed for different 
concentra t ions  of anf inoisobutvrate  under  s teady-state  conditions. Evaluat ion ~,t 

.° I 
C 

4 O  

O 4 0  8 0  

Time (rain) 
Fig. 4" Comparison of rate of uptake by chicken embryo hearts of labelled aminolsobutvrate ( : )  
when cells have not been preincubated with unlabelled amino acid and (O) when cells t:ave been 
incubated for 6 h with unlabelled alnino acid. In both experiments medium concentration el 
aminoisobutvrate when present was 2 raM. 
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INSULIN AND AMINO ACID ACCUMULATION 235 

"I'At3LI£ IV 

RATE OF ENTRY OF LABELLED AMINOISOBUTYRATE INTO CHICKEN EMBRYO HEARTS PREVIOUSL't  
LOADED "~VITH UNLABELLED AMINOISOBUTYRATE 

The values of lqs, 1" and tgD were derived bv fitting them to the equation: initial rate of enlrx 
(which was linear for the first hour) I'.S/(A'~ + 5;) + ND'5;. Figures in parentheses are calcu- 
lated vahles using derived constants. 

Conch. in Rate of aminoiso( 14(7 [butyratc uptake 
the medium (/~moles/ml intracelhtlar water per h) 
(raM) 

No insldin added Insulin added 

°-5 5.4 (5.4) 8.o (8.o) 
l 7 .8 (7-9)  l I .  4 ( i  1.0) 
2 IO.2 (IO.41 14.8  (15 .0)  

5 13.7 (I3.6) I9.0 (1~.7) 
lU IO. 4 ( I 6 . 4 )  21 .2  (21 .3)  
/(~ (raM) o.78 0.78 
I" (/¢moles/ml per h) 13. 3 2o.2 
KD (h 1) o.4I 0.26 

Ks, ]£D and l" gives the values indicated.  The diffusion ra te  constant  (KD) does not 

change depending on whether  initial rates of en t ry  are made in the presence or absence 

of preloading, but  the values of Ks and V for the operat ion of a pu ta t ive  carrier system 

are lower in the preloaded state than those found from initial ent ry  rates 6 and the 

values for I ' / K D  (and for Ks) are v i r tua l ly  identical  to those found under s teady-  

s ta te  condit ions to be consistent  with Eqn.  2. These results must  indicate first that  

efl]ux is largely by diffusion, with saturable efflux of li t t le significance, and secondly 

that  the presence of intracel lular  amino acid in some manner  lowers the values of the 

parameters  governing uptake.  It  is possible tha t  the presence of intracel lular  amino 

acid interferes with fur ther  up take  through a sequestering of the carrier on the inner 

side of the cell membrane.  Fur the r  evidence interpretable  in this sense is discussed 
next.  

Time courses of  amino  acid uptake 

Determina t ion  of t ime courses of rate of approach to equi l ibr ium should offer 

a means of dist inguishing between the different solutions listed in Table I I I  on the 

grounds tha t  the t ime taken to reach a s teady state if described by Eqn.  I is indepen- 

dent  of the value of S, whereas this is not  so when Ke has a realistic value. The t ime 

, 'ourse for up take  of solute which when t --  :~ will become Eqn.  5 is 

(?,) i (C 1 @ C)JL(D'[ = ( C  ~ K e ) ' l n  - (el  - -  / ( e ) ' l n  , i b ~ (0)  

where c is equal  to the intracel lular  concentra t ion at t ime l, c~ is c when t ~c andc  I 
is the second root of the quadra t ic  which arises in de te rmina t ion  of c~ on subst i tu t ion 
of values in Eqn.  5. Plots  of t and c show tha t  a s teady s ta te  is more rapidly  reached 

when S is low and conversely  takes longer to achieve as S rises. The differences in the 
speed of a t t a inmen t  of s teady s ta te  according to Eqn.  6 for vary ing  concent ra t ions  

of S when K8 and Ke are very  small is d ramat ic  but  less so when Ke is round 5 ° mM. 

Biockim. Biophys.,qcla, 241 (I971) 22C 241 
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C 

5' 

o ( a )  zx n , o ~ ( b )  u/°] 

~ :  30~- 75 " ~ "  6 ( I  100 

, o t / y J f <  ,o , 

4 8 1 2  0 4 8 1 2  

T i m e  ( h )  T i m e  ( h )  

C 

A 

E] G 

. ,¢ ~'X 

I I I I i 
0 4 8 

Time (h) 

"1.o 
3 O  

i 
1 2  

(d) 

3 0  m 

5 -3Dj i ~ 1  i i 
0 4 8 

Time (h) 

8O 

4 0  

112 0 

Fig. 5- Time courses of uptake  by chicken einbryo hear t s  of aminoisobutyra te  (a,b) and cyclo- 
leucine (c, d) in the  absence (a, c) and presence of insulin (b, d) at  different medium concentra t ions  
of amino acid. c is in /~moles/ml of cell water.  Note  tha t  the scale for c is different for different 
values of H. (a)H (raM): II, o . r ;  ), 0.3; :.',, o.0; [~, 2; O, 20. {b).S" (InM): ~ ,  0.3; 2 ,  o.(~; EJ, 2: 
0 ,  co. (c) N (raM): - ,  O.T; . . ,  2; El, 20. ((1) S (mM}: 9t, o . l ;  A ,  2; II, 20. 

0 A n 
6 O  

3 0  

C 4 o  

4 2 0  

4 
2 0  

2 

1 3 5 

Time (h) 
l"ig. (). Time course of uptake  of cvcloleucme l)y isolated hear t  cells, r is in /mmles/ml of cell 
water. The scale for c is different for different values o r s  {raM): ,: , o . i ;  ZL, z; ~ ,  2o. 
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The time course of uptake of aminoisobutyrate and cycloleucine at different 
external solute concentrations by intact embryo hearts and isolated cardiac cells are 
shown in Figs. 5 and 6. The speed of approach to equilibrium is found to be greater 
for higher values of S. This is the converse of the predictions of Eqns. 5 and 6, but is 
consistent with the idea that increasing intracellular concentration of amino acid 
diminishes the capacity of the machinery to accumulate further material. As the 
size of the kinetic parameters declines so the existing degree of accumulation will 
more rapidly approach the steady-state concentrations applicable to that situation. 
it will be noticed (Fig. 5) that for similar values of S the time taken to reach equilib- 
rium in the presence of insulin is longer (and absolute value of c higher) than in its 
absence. 

in view of these findings it is probable that the points for the lowest concentra- 
tions of S in Tables I and II represent incomplete equilibration. Additional experi- 
ments in which incubation proceeded for longer, however, gave only marginally 
different results for the kinetic constants. 

I ) I S C U S S I O N  

As far as the authors are aware the present procedure has been little used 
hitherto for determination of kinetic constants of solute accumulation by tissues 14, 1~ 
It  has the advantage that it minimises the need for speed and accuracy of timing in 
manipulating and transferring tissue from various bathing solutions. It also avoids 
the problem of the influence of rate of transfer of solute between medium and ex- 
tracellular fluid which arises when rate of uptake to or efflux from the intracellular 
compartment are being measured. On the other hand steady-state measurements 
alone do not allow deduction of unequivocal figures. What the present results em- 
phasise is that the values of the kinetic parameters of the uptake process (saturable 
component) change with the intracellular solute concentration, a phenomenon similar 
to the "trans-inhibition" described by other authors ~6. Values derived under steady- 
state conditions thus represent lower limiting values whereas data of initial entry 
rates provide the upper limits. Impressive is the fact that though both Ks and V 
decline as the value of c rises, KD appears to remain unchanged. As mentioned in the 
introduction it seems possible that in a three-compartment system an apparent 
decrease in KB in the presence of insulin might be a consequence of an increase in V 
making for more efficient reabsorption of material leaking from the cell into the 
interstitial fluid. That the determined values of Kn  from efflux 6 are consistent with the 
data obtained in steady-state conditions, which minimise aberrations resulting from 
the use of a three-compartment system, suggests that the values of KD are in fact 
correct. Several implications follow from this: (a) that insulin as well as influencing 
the activity of the active, presumably carrier mediated, process of uptake can also 
affect non-active diffusion; (b) that the rate of diffusion, unlike other parameters, 
does not change as the intraeellular concentration of solute changes; (c) that the 
more rapid attainment of steady state as S increases is indicative of some alteration 
in parameters due to c (or S) since from KD attainment of equilibrium would not be 
expected to be so rapid, and (d) that the rate of interchange of material between 
medium and interstitial fluid in the embryo hearts is sufficiently rapid such as not to 
prejudice direct measurement of KD from efflux. 

Biochim. Biophys. Acta, 24I (I97I) 226-241 
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An a l t e rna t ive  exp lana t ion  to t ha t  sugges ted  above  for difference in t ime 
t aken  to reach equi l ibr ium for different  values of S can be based on the quest ion of 
the  ex ten t  to which diffusion th rough  the in te rs t i t i a l  space might  influence the  ra te  
of cel lular  uptake .  Thus if en t ry  into the  in te rs t i t i a l  fluid is solely by  diffusion, the 
ra te  of solute inovement  will be p ropor t iona l  to the  concent ra t ion  gradient ,  which 
will of necess i ty  be min imal  at  the  lowest med ia  concentra t ions .  A low ra te  of en t ry  of 
amino acid into the  in te r s t i t i a l  fluid, pa r t i cu la r ly  in propor t ion  to the  ra te  of act ive 
up t ake  into the cell, might  be expec ted  to slow down the approach  to equi l ibr ium,  
which is wha t  is observed here. The ra te  of diffusion o f  amino acid froln medium t o  

ext race l lu la r  fluid is not  known. Unfo r tuna t e ly  the cell wate r  of embryo  hear ts  a t  
five days  is pene t r a t ed  by  sorbitol lL but  measurements  with ma tu re  ra t  hear t  suggest 
a value of KD (subsequent ly  called KD' to d is t inguish from K n  for in t race l lu lar  
movement)  for e n t r y  of sorbi tol  into ex t race l lu la r  fluid of 15o h 1 (ref. I8). 

One can a t t e m p t  to assess the  ex ten t  to which diffusion th rough  the ex t ra -  
cel lular  space might  l imit  cellular up take  on the following basis. The ra te  of net  up- 
t ake  will be grea tes t  when in t racel lu lar  concent ra t ion  is low and will app rox ima te  to 

I'.N 
- 4 K I ) ' S  (7) 

W h a t  concent ra t ion  grad ien t  from med ium to ex t race l lu la r  space is necessary  t o  

ensure an inflow equal  to cellular  up take ,  or to wha t  ex ten t  is the  concent ra t ion  in 
the  ex t race l lu la r  fluid (5") less than  S? A s t eady  s ta te  will arise when 

U..% "! 
K D ' ( S  -S')  :: ~ K D . S '  (,~) 

( K~ + S') 

If we assume for the  emt)ryo hear ts  in the presence of insulin tha t  K D '  - -  IOO h -], 
V = 41 /mloles /ml  per h (ref. 6) and  Ks  == o.76 mM (tile te rm including KD is in- 
significant if KD is less than  i h ]), then when S =: o.I  raM, S '  is a round  o.o6 raM. 
Thus under  these c i rcumstances  en t ry  of amino acid into the  ext race l lu lar  fluid will 
de lay  cel lular  up take .  However ,  t i le values chosen are l ikely to represent  the ex t reme  
s i tua t ion ,  t ha t  is with KD' at  its lowest l ikely value,  with Ks as der ived  from the 
s t eady - s t a t e  d a t a  and in the  presence of insulin, and t ak ing  1" at  its max immn.  The 
calculat ion is also based on the lowest value of S employed  and is ca lcu la ted  before 
efflux from the cell con t r ibu tes  to the  ex t race l lu la r  poot. The results  with isolated 
cardiac  cells, showing a faster  a t t a i m n e n t  of s t eady  s ta te  as S increases even in a 
t w o - c o m p a r t m e n t  system,  suppor t  the a rgumen t  t ha t  the ex t race l lu la r  t ransfer  of 
the  amino acid in the  in tac t  tissue cannot  be regarded  as an impor t an t  ra te - l imi t ing  
s tep  for up take ,  o ther  than  in ex t reme  condit ions.  

In the calculat ions inves t iga t ing  the existence of a sa turab le  efltux process the 
value of V was assumed to be equal  both  inwards  and ou twards  19. I t  is possible tha t  
this  assumpt ion  is unjustif ied.  Compet i t ion  bv  amino acids in the cell with aminoiso- 
b u t y r a t e  or cvcloleucine for a t t a c h m e n t  to the carrier  will slow down efflux, bu t  this  
should show as an increase in Ke ra the r  than  lower V. A V outwards  lower than  in- 
wards  would render  the process less effective, and  it is not  clear wha t  c i rcumstances  
would raise it. I t  is of course impl ic i t ly  assumed tha t  the in t race l lu lar  amino acids are 
free in solution .)° . For  what  purpose the cells so av id ly  accumula te  the amino acids is 

]3iochim. Hiophys..4 eta, 24 ~ ( ~ 971 ) 220 -241 
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not clear, a concentration of aminoisobutyrate of nearly Ioo mM being attainable by 
the embryo hearts (Fig. 5)- 

At steady state the fitting of data  (Table I I I )  is consistent with efflux being 
either by diffusion alone, or by a saturable process together with diffusion. The data 
are not compatible, except possibly for cycloleucine movements in diaphragm, with 
efflux being solely by a saturable process - -  reflecting itself in very high V/KD values. 
Plots of log c against log S (shown for diaphragm in ref. I) do not produce the straight 
line which is to be expected if diffusion plays a negligible role in efflux since Eqn. 4 
rearranges to 

l og  c = l og  S + l o g  ( K D / K s )  (9) 

This is of particular interest in that  analysis of data  for uptake of amino acids by 
brain slices and the small intestine 21 have been shown to do just the reverse, namely 
to fit Eqn. 9 but not Eqn. 2. CHARALAMPOUS 22 has recently found from non-steady- 
state kinetics a Ks for aminoisobutyrate uptake by KB cells of about o. 4 mM and 
a Ke for efflux of 6. 5 raM. Following the example of COHEN 2~ the figures provided by 
LEMBACH AND CHARALAMPOUS 2a for steady-state concentrations of aminoisobutyrate 
and serine in KB cells can be tested for fit to Eqn. 9 or 2. Although there are only three 
points for each experiment they fall in a remarkably straight line on the log/log plots 
(Fig. 7) from which it may be concluded that  diffusion plays a relatively small part  
in amino acid movements in these cells; this despite their finding and that  of SCHOLF,- 
F I E L D  15 that  efftux was first order. 
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Fig.  7. P l o t  of log  c v e r s u s  l og  S for  t h e  s t e a d y - s t a t e  d i s t r i b u t i o n  of a m i n o i s o b u t y r a t e  in  n o r m a l  
( A ,  O) a n d  i n o s i t o l - d e f i c i e n t  ( O ,  L2, A )  K B  cells.  F r o m  d a t a  (Tab l e s  7 a n d  8) of LEMBACH AND 
(~,HARALAMPOUS 23 . 

F ig .  8. T h e  r a t e  of i n c o r p o r a t i o n  of [14C l g l y c i n e  i n t o  t h e  p r o t e i n  of i s o l a t e d  r a t  d i a p h r a g m  w i t h  
v a r i o u s  g l y c i n e  c o n c e n t r a t i o n s .  T h e  c i rc les  r e p r e s e n t  t h e  d a t a  of HECHTEIR AND HALKERSTON 24 in  
t h e  p r e s e n c e  (O)  a n d  a b s e e n c e  ( O )  of i n s u l i n .  T h e  so l id  l ines  a re  e x t r a p o l a t e d  M i c h a e l i s - M e n t e n  
c u r v e s  w i t h  v a l u e s  of Km 1.43 raM, V -- 88. 4 a n d  K,~ --  1.73, V -- 4 o. T h e  b r o k e n  c u r v e  is 
f r o m  I'Z m - -  1.24,  V - -  83. 4. F o r  o r i g i n  of v a l u e s ,  see t e x t .  
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A final impor tant  question is the significance of apparent  K m ' s  for t ransport  
processes. As others have pointed out curves tending to an upper limiting value lend 
themselves all too readily to analysis in this way. With the uptake of unutilised amino 
acids it is possible to regard the uptake process as essentially one step and the above 
analysis therefore rational. However, given a certain latitude of experimental error, 
it is readily possible to fit a Michaelis-Menten curve to the data  shown in Fig. 8 for 
the incorporation of ~vK;!glycine into protein of diaphragm. These figures which come 
from HECHTFR ANI) HALKERSTON 24 were not intended for analysis in this way, but 
values of 1.73 ~ o.17 mM for the K~n for incorporation of glycine in the absence of 
insulin and 1.24 ::} o.26 in its presence are readily obtainable by norlnal graphical 
means. By the procedure of BARBER el al. 2~, which minimises the influence of a variable 
V in different pieces of tissue, the data  show an apparent  K m  of 1.73 ~: 0. 4 mM in the 
absence of insulin and 1.43 ~ o.2 in its presence. Protein synthesis clearly is a more 
complex process than merely uptake of amino acid. However, the values of Km are 
remarkably  close to what  is obtained by subst i tut ing figures provided by CHRISTENSI~Y 
AND RIC, GS (Fig. I of ref. 26 for uptake of glycine into ascites cells), namely  1.54 raM. 
In a different context  it is interesting to note tha t  HARRIS AND MANGER 2v found 
a Km for suecinate oxidation by intact mitochondria  substantial ly larger than when 
they used mitochondrial  fragments,  from which they deduced that  the larger Km 
reflected the t ransport  step. Similar arguments  are implicitly assumed when kinetic 
parameters for glucose uptake  are measured from rates of '4CO 2 production 2s,29. 
However, the effects of insulin on Ks and V for glucose uptake by responsive cells are 
confuseda0 as. I t  is of interest tha t  both testosterone and estradiol promote uptake of 
anfino acids by responsive tissues and in these instances the enhancement  appears to 
result from a rise in V rather  than change in Ks (refs. 39,4o). Unfortunately,  the 
significance of kinetic measurements  is minimised by the absence of clear informa- 
tion as to the chemical nature of the carrier. 
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