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SUMMARY 

Comparisons were made of the utilization of intracellular and extracellular 
proline for protein synthesis in vitro by embryonic chick cartilage and of the effects 
on these processes of agents known to modify proline uptake (serum, ouabain, amino 
acids). 

The results support the concepts that  a complex formed between the amino 
acid and the membrane transport system is the source of substrate for activation 
and incorporation into protein or, alternatively, for release intracellularly; that  in 
order for intracellular amino acid to be incorporated, it must first become reassociated 
with the membrane, in competttion with extracellular amino acids and at a site 
exposed to other extracellular modifiers of amino acid uptake; and that  serum 
stimulates the incorporation and/or intracellular accumulation of amino acids by 
stimulating the formation of the membrane-amino acid complex. 

INTRODUCTION 

The assumption that  amino acids for protein synthesis are drawn from the 
intraceUular pool of free amino acids has appeared to some workers to be incompatible 
with observation. When various tissues are incubated in vitro with radioactive amino 
acids, the specific activity of the intracellular pool increases in a curvilinear manner 
for some hours while the rate of incorporation of radioactivity into protein is typically 
linear from almost the beginning of the incubation. To explain this phenomenon it 
has been hypothesized that intracellular free amino acids are functionally compart- 
mented into two or more distinct pools 1-4 with a small rapidly equilibrated one being 
the protein precursor pool. Alternatively, it has been proposed that  free amino acids 
for protein synthesis are drawn from the extracellular pool, with some of the incoming 
amino acids being diverted in the membrane for protein synthesis instead of being 
transferred to the intracellular pool 5-~. 

Earlier work s with embryonic chick cartilage in vitro had indicated that  in this 
tissue the rate of protein synthesis is limited by the rate of amino acid transport. We 
have used this system for further investigation of the relationship between these two 
processes. The experiments reported here were designed to compare the utilization 
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for protein synthesis of extracellular and intracellular proline, in the presence or 
absence of factors which st imulate or inhibit proline uptake and incorporation. 

The results also bear on the question of whether the stimulation by serum 
sulfation factor of both amino acid transport  and protein synthesis could be accom- 
plished by action at a single membrane site. 

METHODS 

Tissue. Fertile eggs (White Leghorn-Black Austrolorpe cross) were obtained 
commercially. The tissue used was the intact cartilaginous pelvic bone of the i2-day 
embryo. These rudiments (two per embryo) are thin plates with a wet weight of 
approximately IO mg and are only slightly mineralized. 

Conditions of incubation. Each incubation vial contained four bones and 4 ml 
of medium. The standard incubation medium used (pH 7.40--7.45) was Dulbecco 
phosphate buffer (which contains sodium, potassium, magnesium and calcium 
chlorides) plus Na~SO 4 (0.3 mM) and glucose (I mg/ml). Amino acids were added 
individually as noted in the legends or as a standard amino acid mixture. This mixture 
consisted of Eagle's minimum essential amino acid mixture 9 plus glutamine (I mM) 
and proline, glycine and serine (each 0.2 mM). The essential amino acid mixture was 
sometimes used at one-half the recommended concentration. Radioactive amino 
acids were added as required. 

The stoppered vials were incubated with shaking in a 37 °C water bath. In 
some experiments one vial was held at o °C instead of 37 °C in order to provide a 
measure of extracellular radioactivity for use as a blank correction 1°. 

Separation of amino acid fractions. To terminate the incubation, each bone was 
removed from the medium, blotted, and dropped into a scintillation counting vial 
which contained 2 ml of cold 0. 9 % NaC1 solution. The vial was maintained at o °C, 
with occasional shaking, for 20 rain for extraction of the extracellular fraction 
(Fraction E). The bone was then removed from the vial, blotted, and placed on a 
labelled piece of parafilm. After being allowed to dry overnight at room temperature, 
it was weighed to the nearest microgram. I t  was then placed in a second counting 
vial with 2 ml of water and re-extracted with occasional shaking at room temperature 
for 2 h. This second extract is referred to as the free intracellnlar fraction (Fraction I). 
After the water extraction, the bone was blotted and transferred to a third counting 
vial. The bone was allowed to dry, 0.2 ml of 5 M KOH was added and the vial was 
capped and allowed to stand overnight at room temperature. Final disintegration 
of the bone was achieved with the help of a vortex mixer. This KOH digest included 
the amino acids incorporated into protein and is referred to as Fraction P. 

Radioactivity was measured in all samples by liquid scintillation counting as 
previously described I°. Results were calculated as #moles of substrate amino acid per g 
dry weight of bone. For this purpose, it was assumed that  the specific act ivi ty of 
amino acid in the various fractions was the same as that  of the medium, with no 
dilution by endogenous non-radioactive proline. To the extent that  there was such 
dilution, the calculated amounts are underestimated. 

The tables and figures show the mean values for the four bones of each vial 
(unless another n is indicated) and the standard deviations ([Zd * + (n-I)]½).  

The fraction designations are based on earlier work with this tissuO ° in which 
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it was shown that  after incubation with labelled amino acid, the radioactivity in 
the water extract of the dried bone (Fraction E plus Fraction I, which was referred 
to as the "diffusible fraction") consisted for the most part  of unchanged substrate 
amino acids, although, for longer incubations, this fraction also contains a minor 
component of protein. The radioactivity left in the tissue after the water extraction 
was shown to be precipitable by trichloroacetic acid. Furthermore, the appearance of 
radioactivity in this unextracted fraction was promptly  inhibited if the incubation 
medium contained puromycin, in contrast to the delayed puromycin effect on intra- 
cellular accumulation 1~. Therefore, Fraction P is usable as a measure of amino acid 
incorporation into protein. 

RESULTS 

Extraction of the extracellular fraction (Fig. I). Other workers 12-14 have concluded 
tha t  after intracellular accumulation of radioactive amino acid by muscle, the extra- 
cellular radioactivity can be removed from the tissue without maior loss from the 
intracellular fraction by extraction in the cold. As can be seen from Fig. i, such a 
fractionation is also possible with the intact cartilaginous rudiments used here. In 
this experiment, SH-labeUed x-aminoisobutyric acid was preaccumulated in the 
bones before the lat ter  were transferred to 0. 9 % NaC1 solution in an ice bath. Fraction 
E was obtained by extraction for periods ranging from IO min to 3 h. The t ime courses 
of the appearance of ~-aminoisobutyric acid in the extracellular extract  (Fraction E) 
and of its compensatory loss from the subsequently extracted intracellular fraction 
(Fraction I) indicate that  the procedure does not provide complete separation of 
these two amino acid pools. However, it is apparent that  the bulk of Fraction E can 
be thus simply separated from most of the free intracellular pool. 

Fig i also illustrates the fact, previously reported for muscle by Hider et al. 1~, 
that  after accumulation of concentrated free intracellular pools of radioactive amino 
acid, the radioactive amino acid content of the "extracellular" fraction can exceed 
tha t  to be expected on the basis of extracellular water content. For proline and 
~-aminoisobutyric acid, we find that  the inulin space (at o °C or 37 °C) and labelled 
amino acid space (at o °C) are only slightly different. On incubation at 37 °C, however, 
the content of labelled amino acid in Fraction E increases slowly during the period 
when the content in Fraction I increases (see also Fig. 2). 

Early time course of accumulation of isotope in Fractions E, P and I (Fig. 2). 
To compare the initial rates of accumulation of extracellular [3H]proline in Fractions 
E, I and P the experiment shown in Fig. 2 was done. There was a relatively slight 
increase of 3H in Fraction E during the 3o-min incubation. The increase of isotope 
in Fraction P was linear after IO min. There is a typical delay of 5-1o min (as seen in 
Fig. 2) before any isotope can be detected in Fraction P, but thereafter we do not 
observe significant departures from linearity. In contrast, radioactivity accumulates 
in Fraction I at a decreasing rate. With longer times of incubation, this curve reaches 
a plateau in 2-3 h (see, for example, Fig. 3). 

The implications of this set of curves are that  about 7 min are required for 
[aH]proline to be transferred in detectable amounts from the incubation medium 
into the protein fraction; tha t  the specific activity of protine in Fraction I would have 
been changing during the continual accumulation of radioactive proline into an 
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Fig. i .  E x t r a c t i o n  a t  o °C of t i ssue  ext race l lu lar  ~ -amino i sobu tyr ic  acid. All bones  were i ncuba t ed  
for 2 h a t  37 °C in m e d i u m  con ta in ing  o.I m M  SH-labelled a -amino i sobu ty r i c  acid and  no o the r  
a m i n o  acids. Ex t race l lu l a r  r ad ioac t iv i ty  (E) was  separa ted  us ing  ex t rac t ion  periods of io  min ,  
I, 2 or  3 h in cold saline. T he  r ad ioac t iv i ty  r ema i n i ng  in t he  bones  a f te r  ex t rac t ion  a t  o °C was  
d e t e r m i n e d  and  ca lcula ted  as free in t race l lu lar  ~ -amino i sobu ty r i c  acid (I). Also shown,  for i -h  
ex t rac t ion ,  are  a - amino i sobu t y r i c  acid in Frac t ions  E a n d  I when  the  p re l iminary  incuba t ion  
was  a t  o °C in s t ead  of 37 °C. T he  ca lcula ted  a m o u n t  of ext race l lu lar  rad ioac t iv i ty ,  based on the  
specific ac t iv i ty  of  t he  m e d i u m  and  t he  p rev ious ly  de t e rmined  inul in  space,  is indica ted  (A)  in 
th is  and  s u b s e q u e n t  figures. 

Fig. 2. A c c u m u l a t i o n  of [3H]proline in ex t race l lu la r  (E), free in t race l lu lar  (I), and  pro te in  (P) 
f ract ions .  The  incuba t ion  m e d i u m  con ta ined  insul in  (i mU/ml ) ,  [SH]proline (0.2 mM) and  t he  
comple te  a m i n o  acid mixture.- '  Bones  were he ld  in the  m e d i u m  for 45 min  a t  o °C before being 
t r ans fe r red  to 37 °C for t he  t i m e s  indicated.  Inu l in  space  is ind ica ted  (Ak). 

initially unlabelled intrace!lular pool; that the [3H]proline incorporated into protein 
was drawn from a pool of constant specific activity; that  the specific activity of 
proline in Fraction E may have been constant, or nearly so; and that,  therefore, 
Fraction E may have been the precursor pool for Fraction P, although Fraction I 
could not have been. 

The incorporation o/isotopic proline from diferentially labelled intraeellular and 
extracellular poo~s (Fig. 3). To compare the utilization of extracellular and intracellular 
proline for protein synthesis, we adopted the approach used by Hider et al!. The bones 
were incubated initially with [14C]proline and were then transferred to a second 
medium of identical composition except that  the proline of the second medium was 
labelled with 3H. The increase of 14C in Fraction P ceased completely on removal 
of the bones from the [14C~proline medium (Fig. 3). The appearance of [SH]proline 
in Fraction P, on the other hand, appeared to commence promptly after the transfer 
and at a constant rate which was as great as the prior rate of incorporation of [14C~ - 
proline, even though initially the concentration of [3H~proline in Fraction I would 
have been low compared to that  of [14Clproline. 

The effects of serum, ouabain and extraceltular metaboIizab;e amino acids on the 
• incorporation ofpreaceumulated proline (Fig. 4, Tables I - I I I ) .  The above experiments 
support the conclusion that  proline for protein synthesis is drawn from the extra- 
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cellular pool, when available, rather than from the supply of intracellular free proline. 
I t  therefore seemed reasonable to speculate that  intracellular proline, in order to be 
incorporated, must first become reassociated with the membrane transport system 
to be re-presented for activation and incorporation into protein. If this is indeed 
the route taken by intracellular amino acid for incorporation, then this incorporation 
may be directly susceptible to extracellular agents which influence amino acid trans- 
port. We accordingly at tempted to assess the effects on the incorporation of pre- 
accumulated intracellular proline of agents known to inhibit or stimulate the uptake 
of extracellular proline. 

Stimulation by serum of incorporation of proline from the incubation medium 
is shown in Fig. 4. The incorporation of proline was again linear with time (after the 
usual lag) with or without serum. Under the conditions of this experiment, the 14C 
content of Fractions E and I was not changed by serum. 

To assess the effects of serum and of the extracellular proline on the incorpora- 
tion of intracellular proline, I~4Clproline was preaccumulated. The bones were then 
transferred to a secondary incubation medium containing non-radioactive proline 
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Fig. 3. Prol ine  incorpora t ion  du r ing  and  af te r  a c c u m u l a t i o n  of a labelled in t race l lu lar  pool. The  
m e d i u m  con ta ined  t he  comple te  ami no  acid m i x t u r e  (at half  s t rength)  and  [3HI- or  [x4C]proline 
(o.2 mM). Bones  were i ncuba t ed  first wi th  t h e  [l*C]proline m e d i u m  for 2 or 4 h. At  4 h, bones  f rom 
some  vials  were b lo t t ed  a n d  t r ans fe r red  to [aH]proline and  the  incuba t ion  was  con t inued  for an  
addi t iona l  2 or  4 h. I n  these  bones  b o t h  8H ( A - - - A )  and  x¢C ( O - - Q )  were de t e rmined  in t h e  free 
in t raceUular  (I) and  t he  p ro te in  (P) f rac t ions .  Ex t race l lu la r  r ad ioac t iv i ty  was  n o t  measu red .  
Ins t ead ,  F rac t ion  I was  ob ta ined  by  use  of a o °C b l ank  (see Methods) .  

Fig. 4. Effect  of s e rum  on a c c u m u l a t i o n  of [x4C]proline in t i ssue  f ract ions .  The  incuba t ion  m e d i u m  
con ta ined  [14C]proline (o.2 mlVI), t he  comple te  a m i n o  acid mix tu r e ,  a n d  insul in  (i mU/ml ) .  T h e  
bones  were p r e incuba t ed  in the  m e d i u m  a t  o °C for 3 ° rain before t r ans fe r  to 37 °C. Some  vials  
([3, I )  con ta ined  n o r m a l  h u m a n  blood s e r u m  (7.5 %). Inu l in  space  is shown  (~k). 
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or no prol ine  a t  all. Serum was included in the  secondary  incuba t ion  med ium in some 
cases. The  14C con ten t  of F rac t i ons  E,  P and  I a f te r  the  secondary  incuba t ion ,  and  
the  changes in these  f rac t ions  f rom the  in i t i a l  values,  are  shown in Table  I. 

The presence of non- rad ioac t ive  prol ine in the  med ium d id  not  mod i fy  the  
72 % loss of label  f rom Frac t i on  E. However ,  i t  appea red  to have  caused a s l i gh t ly  
g rea te r  r e t en t ion  of p r eaccumula t ed  [laC3proline in F rac t i on  I. 

P r eaccumula t ed  [l~C~proline was incorpora ted  in to  F rac t i on  P when ex t r a -  
cel lular  prol ine was not  avai lable .  This  incorpora t ion  of p r eaccumula t ed  label  (in 
the  absence of ex t race l lu la r  proline) was a t  a g r e a t l y  reduced r a t e  as compared  to  
the  hour ly  ra te  of incorpora t ion  dur ing  the in i t i a l  i ncuba t ion  wi th  ex t race l lu la r  
I14Clproline (1. 7 vs 7 . 9 / ~ m o l e s ~  d r y  wt  per  h). Other  expe r imen t s  have  shown t h a t  
th is  decreased  ra te  of incorpora t ion  of p reaccumula t ed  r a d i o a c t i v i t y  is cons tan t  for 
a t  leas t  I h (with or wi thou t  serum) r a the r  t han  be ing  a t e m p o r a r y  con t inua t ion  
a t  a fas ter  ra te  followed b y  a cessat ion or s lowing of incorpora t ion  dur ing  the  per iod  
observed.  However ,  even this  low incorpora t ion  of p r eaccumula t ed  r a d i o a c t i v i t y  
was p reven ted  b y  the  presence of pro l ine  in the  secondary  medium.  

As can be seen from the  las t  columns of Table  I, in the  absence of ex t race l lu la r  
prol ine  se rum caused a I00 % s t imu la t ion  of the  incorpora t ion  of p r eaccumula t ed  
proline.  However ,  in the  presence of ex t race l lu la r  prol ine,  there  was no incorpora-  
t ion  of p r eaccumula t ed  prol ine,  even in the  presence of serum. 

In  ano the r  exper iment ,  in t race l lu la r  and  ex t race l lu la r  prol ine were aga in  
d i f ferent ia l ly  label led.  The bones were incuba ted  first wi th  med ium con ta in ing  
[14Clproline, bu t  no o ther  amino  acids.  The o ther  amino  acids  were o m i t t e d  in order  
to min imize  prol ine incorpora t ion  and  al low g rea te r  accumula t ion  of E1aC~proline 
in F rac t i on  I dur ing  the  in i t i a l  incubat ion .  The bones were then  t rans fe r red  to  
secondary  med ia  which con ta ined  the comple te  amino  acid  mix  (p lus  or m i n u s  serum 

TABLE I 

T H E  E F F E C T  OF E X T R A C E L L U L A R  P R O L I N E  A N D  S E R U M  ON T H E  I N C O R P O R A T I O N  OF P R E A C C U M U -  

L A T E D  I N T R A C E L L U L A R  P R O L I N E  

All bones were incubated for 3 h in the same ~14C]proline medium as for the experiment of Fig. 4. 
The incubation of two vials (eight bones) was then terminated for the determination of initial 
(preaccumulated) tissue proline radioactivity. The remaining bones were incubated for an ad- 
ditional hour in fresh medium which contained no [14C]proline and did or did not contain [12C]- 
proline or normal human serum (7.5 %)- E14C]P roline content of the different fractions after this 
additional hour (and the changes from the initial values) are shown as pmoles/g dry wt 4- S.D. 

Tissue fraction Serum 14C after z h Change 

--Proline + Proline --Proline + Proline 

Extracellular (E) No o.42 4- o.o6 
(Initial: 1.44 ) Yes o.45 4- o.o 4 

Intracellular (I) No 1.63 4- o.24 
(Initial: 6.6o) Yes 1.61 :k o.25 

Protein (P) No 25-5 4. 1.7 
(Initial: 23.8 ) Yes 27.2 4- o.8 

Total No 27.6 
(Initial : 31.8) Yes 29.3 

0.42 4. o.I 4 --1.o2 --1.o2 
o.38 + o.o 7 --0.99 --1.o6 

2.21 -4- o.13 --4-97 --4.39 
2.08 -4- o.19 --4-99 --4-52 

23.4 4- 1.6 +1. 7 --o. 4 
24.0 4- 1.9 +3.4 +o.2 

26.0 --4.2 --5.8 
26.5 --2-5 --5.3 
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and/or ouabain) with or without proline which, when present, was tritiated. The 
changes of lac and 3H in Fractions E, P and I during the secondary incubation of 
I h are shown in Table II .  

In this experiment, too, more of the preaccumulated 14C was transferred to 
Fraction P in the absence of medium proline than in its presence, so that  the total  
loss of ~4C from the tissue was less if the medium did not contain proline. In the 
absence of medium proline, serum in this experiment caused only an I8 To stimulation 
of incorporation of preaccumulated proline (vs I I  % in the presence of medium 
proline). By contrast, it simultaneously caused a 55 % stimulation of incorporation 
of ESHlproline when it was present in the medium. This lat ter  stimulation occurred 
without a stimulation of total  uptake by the tissue of LSHlproline. 

In this experiment, the initial concentrations of ~4C in Fractions E and I were 
markedly higher than those of the experiment of Table I. With these higher levels, 
the rate of incorporation of preaccumulated proline was greater than was that  of 
the medium proline (2.8 vs 2.0) and incorporation of tissue proline continued, although 
at an inhibited rate, after the transfer to the medium containing extracellular proline. 
This o b s e r v a t i o n - t h a t  the inhibitory effects of medium proline on the incorporation 
of tissue proline can be at least partially overcome if the concentration of preaccu- 
mulated proline is i nc reased-has  been repeatedly confirmed, supporting the inter- 
pretation that  intracellular and extracellular proline are in a competitive relationship 
with respect to protein synthesis. 

In this experiment the effects of ouabain were also followed. I t  had little effect 
on the loss from Fractions E and I of preaccumulated E14C~proline, but it strongly 
inhibited the incorporation of preaccumulated ~4C into Fraction P. With respect 
to medium [SHlproline, ouabain prevented its accumulation in Fraction I, prevented 
the increase of Fraction E above the 0 °C value, and strongly inh ib i ted /bu t  did not 
prevent) incorporation into Fraction P. The inhibition by ouabain of the transfer 
of proline from the medium to the free intracellular pool was I00 %, whereas the 
inhibition of incorporation of proline whether from the tissue or from the medium 
was 7 ° %. This greater inhibition by ouabain of the appearance of medium proline 
in Fraction I than in Fraction P has been observed during incubations lasting from 
30 rain to 3 h. 

The stimulation by  serum of intracellular and extracellular proline incorpora- 
tion was not apparent in the presence of ouabain. Indeed, in both cases there is an 
indication that  serum accentuated the inhibition by ouabain. 

I t  was possible that  the inhibition by  ouabain of incorporation of preaccumul- 
ated proline was indirect, resulting from inhibition of uptake of other amino acids 
which were present in the medium. If the uptake of those amino acids, rather than 
the supply of preaccumulated proline, were the limiting process for proline incorpora- 
tion then ouabain would indirectly inhibit the incorporation of intracellular proline. 
This possibility seems unlikely in view of the results of Table I I I .  For this experiment, 
E~4Ciproline as well as a partial  mixture of amino acids, including those (Group A) 
whose uptake might be expected to be inhibited by  ouabain, and which would 
compete with proline for transport,  were preaccumulated during a primary incubation. 
The bones were then incubated for an additional hour in non-radioactive secondary 
media containing various combinations of amino acids. Changes, during the final 
hour, of 14C contents of Fractions I and P are shown. 
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Incorporation of preaccumulated [14C]proline into Fraction P was greatest 
if the secondary medium contained the complete amino acid mixture without proline 
(Medium 6), whereas if the medium contained Group B or Group A alone, incorpora- 
tion was less than in the complete absence of added extracellular amino acid. Ouabain 
caused little or no increase in the inhibition caused by proline alone, or Group A 
alone. However, it did inhibit incorporation of preaccumulated proline in the complete 
absence of extracellular amino acids (Medium I) or when the medium contained 
Group B with or without Group A (Media 2, 5, 6). Although the competitive inter- 
relationships in this type of experiment are complex, it is apparent that ouabain or 
extracellular competitors for proline transport can inhibit the incorporation of pre- 
accumulated proline independently of any effect on the uptake of other extra- 
cellular amino acids needed for protein synthesis. 

With all media, ouabain caused an increased loss of 14C from Fraction I. This 
was presumably because it blocked the active process by which effluxed proline can 
be reaccumulated. Retention of 14C in Fraction I was greatest in the absence of both 
ouabain and extracellular competitors (Medium I). 

The relative inhibition by a-aminoisobutyric acid of the incorporation of pre- 
accumulated and extracellular proline (Table IV). If intracellular proline must return 
to the membrane transport system before incorporation, then extracellular a-amino- 
isobutyric acid (a competitive inhibitor of proline uptake) should inhibit the in- 
corporation of preaccumulated intracellular proline. This prediction has been con- 
firmed. For the experiment shown in Table IV, [14C]proline was preaccumulated. 
Bones were then transferred to secondary media containing [3H]proline or no proline 
at all. Some of the secondary media also contained a-aminoisobutyric acid. In order 

T A B L E  111 

THE EFFECT OF EXTRACELLULAR AMINO ACIDS ON LOSS AND INCORPORATION OF PREACCUMULATED 
PROLINE 

Dur ing  a pr imary  incubat ion  of 3 h, the  m e d i u m  contained [14C]proline (o.2 mM) and non-radio-  
act ive  amino  acids of Group A (serine, val ine,  glycine,  hist idine,  methionine ,  threonine,  arginine 
and lysine) at  the  same concentrat ions  as in the  s tandard amino  acid mixture .  Bones  were then 
blot ted and transferred to non-radioact ive  secondary  media  containing,  in some cases, ouabain  
(o.I mM) and a m i n o  acids as indicated.  Group B consisted of the  rest of the  s tandard amino  acids 
(g lutamine,  isoleucine,  leucine, phenyla lanine ,  tyros ine ,  t r y p t o p h a n  and cystine) .  Init ial  [14C]- 
proline fractions were determined at  the  t ime  of transfer  from the p r ima ry  m e d i u m  and were 
io . I  ~ o.9 and 4.9 -¢- 0.4 for Fract ions  I and P, respectively.  The changes  in Fract ions  I and P 
during the  secondary  incubat ion  are shown as /zmoles/g dry  w t  4- S.D.  The init ial  value  for 
Fract ion  E was  1.72 :j_ 0.25. Decreases  in this fract ion were essent ial ly  the  same for all t rea tments  
and are not  shown,  a l though,  in every  case, loss in the  presence of ouabain  was s l ight ly  greater 
than  in its absence. For the  6 media,  the  average [l*C]proline remain ing  in Fract ion E after the  
secondary  incubat ion ,  was  0.57 (range o.48--0.70 ) in the  absence, and 0.47 (range o .31-o .56  ) in 
the  presence of ouabain.  

M e d i u m  Amino  acids in medium zJliC Fraction I AJl4C Fraction P 

Group B Group A Proline - -Ouabain  + Ouabain - -Ouabain  + Ouabain 

I . . . .  6 . 0 ± 0 . 3  - - 7 . 5 4 - 0 . 2  + 2 . i  ~ o.8 + 1 . 2 4 - o .  4 
2 + - -  - -  - - 7 . 6  :~ 0. 5 - - 8 . 6  i 0.2 + 1 .  7 ~: 0. 4 + 1 . 2  4- 0. 3 
3 - -  + - -  - -6 .  7 4- 0. 7 - -8 .2  ± 0.2 + 1 . 6  4- 0.6 + 1 .  3 q- 0. 3 
4 - -  - -  + - - 7 . 2 4 - 0 . 3  - - 8 . 8 4 - o . 5  + 1 . 1 4 - o . 2  + I . O L O . 2  
5 + + + --7.6 ± 0. 3 - - 8 . 6  4- 0. 3 + 1 . 5  -~ 0. 7 + 0 . 6  4- 0.2 
6 + + - -  - -8 .0  4- 0.6 - - 8 . 6  q- o . i  + 2 . 6  4- 0. 5 + i . i  ! o.3 
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T A B L E  IV 

INHIBITION BY" EXTRAGELLULAR 0~-AMINOISOBUTY'RIC ACID OF THE INCORPORATION OF INTRACEL- 
LULAR PROLINE 

Bones were incubated for 3 h in medium containing insulin (I mU/ml)  and [14C]proline (0.2 mM) 
bu t  no other  amino acids. For two vials (eight bones), the incubation was then terminated to 
obtain  14C initial values. These were 6.8 ± 0. 4 for Fract ion P and 15.1 d= 2.1 for Fraction I. 
The other  bones were blotted and t ransferred to secondary media which contained [3H]proline 
(0.2 mM), or no proline at  all. ~-Aminoisobutyric  acid (AIB) was also present  in some cases, 
as indicated. After I h at  37 °C in the secondary media, the incubation was terminated.  Changes 
in the 14C and aH content  of Fract ions P and I during the last hour  are shown, as/~moles/g dry wt  

S.D. 

Medium proline : None [3H]Proline 

Source of  label : From From From Tissue 
tissue (1*C) medium (3H) tissue (14C) plus medium 

Competitor 

None 
AIB (0.5 mM) 
AIB (2.5 raM) 

None 
A I B  (0. 5 raM) 
AIB  (2.5 raM) 

zJ Fraction 20 

+ 2 . 7 i o - 6  + I . 2 6 1 o . 1 3  + 1 . 6 ~ o . 9  + 2 . 9  
+ 1.8A2o.4 + I . I 5 i O . O 6  + 1.5=ko,5 +2 .  7 
+ 1 . 2 ± o .  3 + o . 7 9 ~ o . I 2  + 1.1==o.6 +1 .9  

A Fraction I 

-- 8.9 ± 0.4 +9 .2  ~- i .o -- 9.7 • 0.4 --o.5 
- -  9 .3  i 0 . 6  + 6 . 9  ~: 0 .7  - -  9 . 9  ~: o . 4  - - 3 . 0  
--lO.9 ~ o . 2  + 3  .6 :~o.3 - - l O . 7 ! o . 3  --7.1 

to minimize competitive interactions, no other amino acids were added to either the 
primary or secondary incubation media. Under such conditions, proline incorporation 
still continues at a constant though diminished rate. 

During the secondary incubation, incorporation of preaccumulated [14C]proline, 
in the absence of medium proline, continued at approximately the same rate as during 
the initial incubation with medium [l*C]proline. x-Aminoisobutyric acid (2. 5 raM) 
inhibited this incorporation of preaccumulated proline by 1. 5 /zmoles/g dry wt or 
56 %. This same concentration of a-aminoisobutyric acid also inhibited the incorpo- 
ration of E3H]proline when it was present in the medium but the inhibition 
(0. 5/~moles/g or 37 %) was less severe. This greater inhibition by a-aminoisobutyric 
acid of the incorporation of preaccumu|ated as compared to medium proline was also 
apparent at the lower a-aminoisobutyric acid concentration (33 % v s  9 %) and has 
been confirmed in other experiments. 

Proline in the medium also inhibited the incorporation of preaccumulated 
[14C]proline (by I.I/ ,moles/g) with the decrease being replaced by an approximately 
equal incorporation of [3H]proline from the medium (1.3 ~moles/g). When both 
proline and x-aminoisobutyric acid were in the medium, the combined inhibition 
of incorporation of preaccumulated proline was no greater than that  caused by 
a-aminoisobutyric acid alone in the absence of medium proline. 

The inhibition by a-aminoisobutyric acid of the intracellular accumulation of 
[3H]proline was markedly greater than its inhibition of [3H]proline incorporation. 
This is to be expected if one assumes that  incoming proline is available for incorpora- 
tion before it is released intracellularly 15. 
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DISCUSSION 

We believe that  the results presented above are most easily explained by  the 
following set of hypotheses, some of which have been previously suggested by others. 

(I) The selection of amino acids for protein synthesis occurs while they are in 
association with the " t ranspor t"  system of cell membranes. 

(2) The membrane-amino acid complex can also dissociate to release the amino 
acid into the intracellular pool. But because the incoming amino acid is made avail- 
able for incorporation into protein before it is released intracellularly, if the formation 
of the complex is inhibited (as by ouabain or by transport  competitors), the intra- 
cellular accumulation of amino acid can be more severely depressed than is its in- 
corporation into protein. 

(3) Amino acid which has been released intracellularly can return to be once 
again available for incorporation by reassociation at the " t ranspor t"  membrane. 
There it is once again vulnerable to extracellular competitors, inhibitors, and stimu- 
lators of amino acid transport.  In the case of proline, the effect of this is that  extra- 
cellular proline has a competitive advantage for incorporation as compared to free 
intracellular proline. 

(4) Serum stimulates the formation of the membrane-amino acid complex. 
Whether this action causes a stimulation of incorporation, of intracellular accumula- 
tion, or both, will depend upon whether and to what extent the protein synthetic 
process accepts the increased supply of substrate. 

I t  is apparent that  a transport-incorporation-accumulation system with the 
interrelationships postulated above would be an economical one, causing decreased 
utilization of intracellular amino acids during times of extracellular abundance. 
Such a system can reconcile reports that  external amino acid concentrations regulate 
protein synthetic rates16-18, 4 and that  amino acids can be incorporated directly 
from the extracellular pool 7,14 with others which indicate preferential incorporation 
of some amino acids from cellular sourcesl~, 2° or detect correlations between rates 
of t ransport  and incorporation 21,22,~s. 

An implication of the first two of the above hypotheses is that  extracellular 
amino acids can be a more direct source of free amino acids for protein synthesis than 
free intraeeUular amino acids. This suggestion has been previously stated by  others 5-7. 
I t  receives support from most of the observations reported above. The more severe 
inhibition by ouabain or transport  competitors of intracellular accumulation than 
of incorporation is a typical observation. The rates of accumulation in the protein 
and free intracellular fractions of labelled proline from the medium (Figs 2-4) preclude 
the possibility that  the total  free intracellular pool is the source of proline for protein 
synthesis. 

The accumulation in this tissue of an apparently extracellular fraction of radio- 
active proline in excess of the amount to be expected in the extracellular water is 
analogous to a similar accumulation reported by Hider et al. 14 for glycine and leucine 
in muscle. From measurements of specific radioactivities they concluded that  the 
extracellular amino acid, unlike the free intracellular pool, was a suitable precursor 
pool for protein. 

This conclusion is further reinforced by the observation that  the isotopic label 
of extracellular rather than intracellular proline was incorporated into protein if 
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both were available at approximately physiological concentrations. Upon the addition 
of extracellular proline, there was no detectable transition period in its displacement 
of preaccumulated proline for protein synthesis, despite the fact that displacement 
of the preaccumulated label in the free intracellular pool was gradual and incomplete. 
Similar demonstrations of the preferential use of extracellular glycine and leucine 
for protein synthesis by muscle were previously reported by Hider et al. 7,14 

On the other hand, Righetti el al. ~° reported that much of the amino acid used 
for ferritin synthesis by HeLa cells was derived from cellular sources. If the hypo- 
theses stated above are correct, both intracellular and extracellular sources may 
supply amino acids for protein synthesis; the choice will depend upon the relative 
affinities of membrane transport sites for the particular amino acids and the in- 
fluence of the prevailing internal and external environments and concentrations. 
The fact that  intracellular amino acids can be utilized for protein synthesis and can 
displace extracellular ones for incorporation into protein need not be interpreted, 
as it was by Tsukada et al. ~3, and by Manchester2L as an indication that the displace- 
ment occurs at an intracellular site. 

In our experience, only if labelled intracellular proline is preaccumulated to 
a much higher concentration than that of the medium proline, does its incorporation 
continue when proline is added to the medium. This observation supports the inference 
that  the selection of extracellular or intracellular substrate has a competitive basis, 
in accord with the third hypothesis above. 

Other evidence that intracellular amino acid becomes reassociated with the 
transport membrane before incorporation is seen in the experiments showing that pre- 
accumulation of proline does not shield its incorporation from the effects of extra- 
cellular inhibitors of amino acid transport. Ouabain, for example, which inhibits 
"transport ATPase"25, inhibited the incorporation of preaccumulated proline as much 
as that of medium proline even in the absence of added extracellular maino acids, e- 
Aminoisobutyric acid competitively inhibits the uptake of proline, but is not itself in- 
corporated or metabolized. Yet its inhibition of the incorporation of preaccumnlated 
proline is greater than its inhibition of incorporation of proline from the medium. 

Phang el al. 4, using embryonic rat bone, reported inhibition by ~-aminoiso- 
butyric acid of incorporation of proline from the medium. The observed inhibition 
was greater than that predicted by their model, for which the protein precursor pool 
was assumed to be a small compartment of intracellular amino acid. Their model did 
not take into account the possibility of re-exposure to transport inhibitors of intra- 
cellular proline en route to incorporation. 

The evidence for the fourth hypothesis has as background a large number of 
earlier experiments which have at tempted to determine whether certain hormones 
(insulin, growth hormone, serum sulfation factor) act at one site or two different sites 
to stimulate the two processes of protein synthesis and amino acid transport (for 
reviews, see refs 15, 26). Conclusions which have favoured one or two sites have 
implicitly rested on the assumption that the incorporation of amino acid follows its 
transport and release inside the cell. However, as has been already pointed out by 
Hendler (ref. 15, p. 284 et seq.), if intracellular accumulation follows rather than 
precedes the selection of amino acid for incorporation, a single site of hormone action 
again appears sufficient. 
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The results reported here with serum" are quite compatible with this concept. 
In these experiments, serum stimulated the incorporation of medium proline without 
altering its intracellular accumulation. In  addition, the comparisons of serum effects 
on incorporation of intracellular and extracellular proline show that  if no proline 
is in the medium, serum stimulates the incorporation of preaccumulated proline. 
If however, medium proline is present, serum stimulates the incorporation of the 
extracellular label while the effect on incorporation of intracellular label is decreased 
or eliminated. This observation appears to be analogous to the observation by Hider 
et al. 2~ that ,  in muscle, insulin stimulates the incorporation of glycine, leucine, or 
proline if the labelled amino acid is in the medium, but not if it has been preaccumu- 
lated and unlabelled amino acid is in the medium. 

These results are rationalized if one assumes tha t  serum (or insulin) acts at the 
membrane site for which extracellular and intracellular amino acids compete and 
from which amino acids are drawn for either protein synthesis or intracellular release. 

If our interpretations are correct, past emphasis in experiment and discussion 
on the transport  function of the membrane-amino acid interaction may have diverted 
at tention from the significant effect of this interaction (amino acid selection for 
protein synthesis) to the incidental consequence (intracellular accumulation). 
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