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SUMMARY 

Studies of the kinetics of analog and amino acid incorporation into metabolic pools 
and proteins of yeast and E. coli have shown that  at least two processes are involved 
in the selection of the natural amino acid in preference to the analog. These selection 
steps occur in the formation of the metabolic pools, the first occurring in the concen- 
trating system of the cell, which accumulates exogenous amino acids or analogs into 
the cell at levels exceeding external concentrations. In the yeast, the final distinction 
between analog and amino acid occurs at the time of entry into a second metabolic 
pool (internal pool). In this pool conversion of amino acids to the required end 
products occurs. Once incorporated into this pool no further selection occurs; the 
ratio of analog to amino acid in this pool and in protein is the same. 

INTRODUCTION 

The demonstration that  amino acid analogs could be incorporated into bacterial 
proteins 1 9 raised many  questions concerning (a) the nature of the protein synthesized 
and (b) the actual mechanism of analog incorporation. I t  has been shown that  the 
substitution of the analogs norleueine or selenomethionine for methionine in the 
proteins of E. coli did not result in the synthesis of radically different molecular 
species, but that  the macromoleeules formed had physieoehemical properties similar 
to the proteins normally synthesized t,1°. Furthermore, each methionine site in the 
proteins seemed to have the same susceptibility for analog substitution, that  is, nor- 
leucine 1° (and selenomethionine ~) replaced methionine in the same proportion in all 
of the proteins examined. Recently it has been shown that  the substitution of ethio- 
nine for methionine in a single protein (~-amytase) was the same for each individual 
methionine site ~1. 

As has been pointed out by YOSHIDA AND YAMASAK111, no evidence has been 
presented for the mechanism of analog incorporation into protein. I t  is evident that  
the bacterial cell possesses certain mechanisms for selecting the natural amino acid 
and rejecting, at least partially, the amino acid analog. With norleucine a large 
environmental pressure was required in order to effect a relatively small change in 
protein composition ; a ratio in the medium of norleucine to methionine of IOO resulted 

Biochim. Biophys. Acta, 42 (196o) 4Ol-4O8 



402 E. S. K E M P N E R ,  D. B. C O W I E  

in only a 40 O//o replacement of methionine bvo the analog 1°. Studies of tilt.' kinetics of 
analog incorporation into the metabolic pools and proteins of yeast and E. coli were 
made to determine where these selections among alnino acids and their analogs 
occurred. 

P R O C E D U R E S  

Wild type E. coli ML 30 and the yeast, Candida utilis were used in these experiments. 
Both types of cells were cultured in vigorously aerated C medium* with maltose as 
the carbon source for E. coli and fructose employed with Candida utilis. 

>I.-3-~aCl-p-fluorophenylalanine was obtained from the Volk Radiochenfical 
Company, Chicago, Illinois (79.2 mg/mC). Uniformly-labeled L-!*4Clphenylalanine 
was obtained from Nuclear-Chicago Corporation, Chicago, Illinois (I6 mg/mC). These 
materials were always added directly to exponentially-growing cultures of cells with 
appropriate carrier compound to bring the concentration to the desired levels. 

Culture samples of E. coli were withdrawn at various times and the cells removed 
hy centrifugation. The cell pellet was washed hy resuspending in 4 ° m l  C medium 
and centrifuged. The resulting pellet was resuspended in 5 nd of 5 % cold trichloro- 
acetic acid (TCA) and an appropriate aliquot measured to determine the total radio- 
activity taken up by the cells. The remaining suspension was centrifuged and the 
radioactivity of the TCA-soluble fraction (containing the metabolic pool) and of the 
TCA-insoluble fraction (containing the proteins) wele measured to determine the 
distribution of radioactivity between pool and protein. 

The extracting process used for Candida utilis was the same as that  given above, 
except where it was desired to separate the two metabolic pools (see below) found 
in the yeast la. After washing in C medium the concentrating pool was extracted by 
resuspending the pellet of cells in 2o ml cold distilled water for 2o rain. 

An appropriate aliqnot of tiffs suspension was measured for the total radio- 
activity taken up by the cells. The remaining suspension was centrifuged to separate 
the water soluble fraction containing the expandable pool lnaterial. The pellet was 
treated with 5 70 TCA and the distribution of tracer between the internal pool and 
protein was determined from measurement of radioactivity in the TCA soluble and 
insoluble fractions respectively,. 

RESUI .TS 

E. coli 

t~ineHcs of amino acid analog incorporation: The kinetics of incorporation and 
utilization of amino acid analogs are in many respects similar to those observed with 
the natural amino acids 12 -16. For example, at low external concentrations the analogs 
can be accumulated in the metabolic pool of the cell up to levels exceeding their 
external concentrations. This accumulation is rapid and precedes the appearance of 
the analog in the protein. Fig. r shows the time course of incorporation of tracer 
quantities of DL-[3-14C]-p-fluorophenylalaifine (flFPhe) into the pool and protein**. 

* C M e d i u m :  . g NHaC1 ,  0 g N a , z H P O  4, 3 g K H ~ P O ~ ,  3 g N a C I ,  o . o l  g M g  a s  Mg(12 ,  o . o 2 0  g S 
a s  N a a S ( ) , ,  1oo i111 I O  ° '  o m a l t o s e  o r  f r u c t o s e ,  a n d  0oo  ml  d i s t i l l e d  lI2() .  

* p f l u o r o p h e n y l a l a n i n e  h a s  b e e n  s h o w n  b y  MUNIER AND C()HEX 9 tO r e p l a c e  o l l ly  p h e n y l a l a n i n e  
in  t h e  p r o t e i n s  of  1'2. coli. 
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The limited exogenous supply of the analog is soon exhausted and incorporation into 
protein rapidly depletes the analog in the pool. 

At higher external concentrations of analog a proportionally larger quantity of 
accumulated material is observed in the cells. Fig. 2 (upper curve) shows the quantity 
of analog contained in the cold TCA-soluble fraction as a function of external concen- 
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Fig. I. Kinetics  of uptake  of tracer quant i t ies  of DL-[3-1~C] p-f luorophenylalanine (0,002 m g / m l  
medium) into pool and protein of E. coli. 

tration. Two processes appear to be involved in the uptake of pFPhe. One, a process 
coucentrating analog in the cell in excess of the external concentration, appears to 
saturate at low concentrations. At exogenous levels exceeding 0.03 mg pFPhe/ml 
medium a second process of incorporation is observed. The quantity of material taken 
into the pool through this second process is directly proportional to the external 
concentration (dashed curve, Fig. 2). Pool accumulation to levels exceeding the 
external concentrations does not occur through this process. Incorporation of the 
analog into protein, however, as shown in Table I, depends directly upon the total 
quantity of pool material available, regardless of the mechanisms of uptake. 
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Fig. 2. M a x i m u m  level  of p-f luorophenylalanine  pool observed in E. coli and  C. utilis as a function 
of external  concentrat ion of analog.  Dashed  curve shows component  of accumulat ion  which  is 

direct ly  proport ional  to exogenous  concentrat ion.  
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TABLE I 

DISTRIBUTION OF PARAFLUOROPHENYLALANINE 1N [~SC]tFYIC[It~ COlb 

Medium Pool* Protein** 
mg pFPhe[ml mg pFPhe]g mg pFPhe/A g 

(at t -- o) wel weight cells wet weight cells 
l'rotein/pool*** 

O,OO2 0.00~ 0.2 25 
0.007 o.o32 0.8 25 
0.02 o.o5o  1.2 24 
O.O 5 o.o()8 I . 5 22 
O.IO 0.085 2.2 2H 

* Maximum level observed. 
** Value calculated from steady state rate of incorporat ion of p-fluorophenylalaifine per unit 

quan t i ty  of newly formed cells. 
* * * J  gram wet weight cells = mass of ceils grown after  the addition of the t racer  lnatcrial. 
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Fig. 4- O, incorporation of L-phenylalanine; 
, ,  incorporation of nL-p-fluorophenylalanine 

into proteins  of E. coll. Conditions as descri- 
bed in Fig. 3. 

An exponential ly growing culture of cells was divided. Culture I (O) was supplied with L-[il4C!- 
phenylalanine and an equimolar  quan t i ty  of DL-FI2C] p-ltuorophenylalanine.  Culture 2 ( , )  was 
t reated identically, but  with reciprocal labeling. 1 nitial exogenous concentrat ion of each compound 
was o.oo6 7 mg/ml  medium. @, concentrat ion of phenylalanine remaining in medium. Growth of 

the two cultures was identical. 

Competitive utilization of amino acids and amino acid analogs: Kinetics of analog 
incorporation were significantly influenced by the presence of natural amino acids 
in the medium. Figs. 3 and 4 show the kinetics of pool accumulation and protein 
incorporation of phenylalanine and pFPhe.  Initially very little of the analog was 
accumulated in the metabolic pool or incorporated into protein. On the other hand, 
phenylalanine was immediately concentrated by the cell and utilized for protein 
synthesis. When phenylalanine accumulation no longer continued at tile maximal 
rate, due to depletion in the supply, accumulation of the analog into the pool occurred. 
Subsequently, the analog was incorporated into protein. 

The analog, however, was not completely excluded from the cell, even during 
these early stages of phenylalanine incorporation. Fig. 5 shows the relative rates of 
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protein incorporation of DL-[laCl-p-fluorophenylalanine in the absence or presence of 
equimolar quantities of L-phenylalanine. The rate of protein incorporation of pFPhe 
was reduced by a factor of I00 when phenylalanine was present. 
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Fig. 5. P ro t e in  incorpora t ion  by  E. coli of p - f luoropheny la lan ine .  A, suppl ied  in the  absence  of 
an  e q u i m o l a r  q u a n t i t y  of p h e n y l a l a n i n e ;  13, in the  presence  of an  equ imo la r  q u a n t i t y  of pheny l -  

a lan ine .  

Candida utilis 

Kinetics of amino acid analog incorporation : Similar experiments have been done 
with the yeast, C. utilis. In this organism t~,o functionally distinct metabolic pools 
of amino acids have been found I+. The first accumulates the amino acids within the 
cell to levels exceeding their external concentration. This pool has been called the 
expandable (or concentrating) pool t5 and has many of the characteristics of the amino 
acM-concentrating system observed in E. coli. The size of this pool varies with 
external concentration and the pool is only evident when amino acids (or analogs) 
are present in the medium. Material in this pool is sensitive to osmotic shock and 
readily exchanges with external amino acids. 

A second pool, called the internal (or conversion) pool 15 is always found in 
exponentially-growing cells. The amino acids contained in this pool are on the main 
line of synthetic events. I t  is here that  the conversion of one amino acid to others 
occurs, furnishing the appropriate molecules for protein incorporation. Once in this 
pool, these amino acids do not exchange with exogenous or accumulated amino acids, 
nor are they sensitive to osmotic shock. In the absence of exogenous amino acids 
(or analogs), this pool is formed solely from the carbon source (sugar). During ex- 
ponential growth the size of this pool remains fixed and contains 13 o~,.o of the total 
cellular carbon. The presence of exogenous or accumulated amino acids in the cell 
does not alter the pool size. 

In addition to these functional ditterences, the two pools can be extracted 
separately. The expandable pool alone is extractable with cold water; both pools 
are extractable with cold trichloroacetic acid. 

Despite the existence of such amino acid pools, very little pFPhe  can be concen- 
trated by the yeast cells. Fig. 2 shows the total quanti ty of this analog contained 
in both pools (TCA-soluble fraction) as a function of exogenous analog concentration. 
These data arc similar to those obtained witli E. coli (Fig. 2), except that  in the 
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yeast  cell saturat ion of the concentrat ing system occurs at a lower external level. 
Very little p F P h e  is found in the metabolic pools in excess of the external concen- 
tration. In the yeast, as in E. colt, protein incorporation of the analog was found 
to be directly dependent upon pool concentration. As a consequence of this reduced 
capaci ty  for accumulation, analog replacement in the yeast cell requires a higher 
external concentrat ion than in E. colt for the same degree of protein substitution. 

Competitive utilization of amino acids and amino acid analogs: In the yeast our 
principal interest has centered on the internal pool of amino acids, because of its 
necessary and essential role in the synthesis of protein. Kinetic interrelationships 
among the internal pool, the expandable pool and the proteins are difficult to measure, 
however, at low external concentrat ions of p F P h e  because of the possibility of satu- 
ration of the concentrat ing system for the analog. 

At high concentrat ions of I)L-pFPhe and L-phenylalanine (io -a M and IO -~ M 
respectively) added simultaneously to a growing culture of Candida utilis, both com- 
pounds are taken up by  the cells in easily measurable quantities. Two identical flasks 
with reciprocal labeling (ii12C]Phe } ]t4C]pFPhe in one and [14ClPhe + [12C]pFPhe 
in the other) were inoculated with ceils from an exponentially-growing culture of 
C. utilis. The distribution of the analog and phenylalanine was obtained by following 
kinetics of incorporation of the two labeled compounds in the expandable pool, the 
internal pool, and the protein. The results of a typical experiment are shown in 
Table II .  

TABLE I[ 

DISTRIBUTION OF PHENYLALAN1NE AND /9-FLUOROPHENYLALANINE IN O¢g~zdtcdt~ utilis 
External ratio of DL-p-fluorophenylalanine to h-phenylalanine was lO:l. 

Expandable pool Internal pool 
( ml*moles / g ( m l2moles / g 

wet weight cells) wet weight cells) 

pFPhe 23. 9 14.o 
Phenylalanine 4.58 6.1 

Ratio pFPhe/Phe 5.-' ~.3 o 

* A gram wet weight cells = mass of cells grown after the addition of tile tracer materials. 

Protc in * 
(mt*moles/A g 

wet weight ccll.s 9 

7-'3 
305 

2.3 8 

The yeast  cells, given an external molar ratio of analog to amino acid of IO/I, 
contained these materials in the expandable pool at a ratio of 5.2/1. Tile ratio of 
the analog to amino acid in the internal pool was found to be 2.3/1 and was identical 
to the ratio obtained in the proteins. I t  appears tha t  no further selection occurs by  
the processes through which the materials of the internal pool are made into protein. 

D I S C U S S I O N  

The results obtained from the studies of the kinetics of utilization of p F P h e  indicate 
tha t  in yeast  at least two processes exist selecting the natural  amino acid in preference 
to the analog for protein synthesis. I t  is possible to correlate these results with 
schemes 14-16 describing the flow of endogenously synthesized amino acid carbon, and 
to show tile alterations in tile carbon flow produced by exogenous amino acid. Fig. 6 
summarizes some of the essential details. 
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In the absence of exogenous amino acids (or analogs), all of the amino acid 
requirements of the cell are derived from the sugar carbon and CO~. "Families" ~T of 
amino acids are formed from "parent"  members:  the parent is synthesized in the 
amino acid production system (Fig. 6) with the conversion of the parent to related 
family members occurring in the internal poop ~, ~5. 

Anolol~s 

Sugor ' ~ " 

/ 

?:;22. 
Cell ; j froction 

wall ~ Cold TCA soluble ~ 
J~ frocf lon - -  7 

Fig. 6. Carbon flow in C. ~tti l is. 

The addition of amino acids or analogs to the medium results in their rapid 
cellular accumulation by  a concentrating system (expandable pool) to levels ex- 
ceeding (a) the external concentration, and (b) the intracellular level usually main- 
tained through endogenous amino acid production from sugar. The accumulated 
amino acids mix with those amino acids endogenously formed, and from this mixture 
are withdrawn the molecules required for the internal pool and protein synthesis. 

One of the first steps in the selectio~ belween an exogenous amino acid and an analog 
occurs in the concentrating system: With E. coli, accumulation of exogenous pFPhe  is 
markedly reduced by the addition of equimolar quantities of phenylalanine (Fig. 3). 
I t  is evident that  phenylalanine has a greater affinity for the concentrating system 
than pFPhe  has. With C. utilis, this preference for phenylalanine is also observed (ex- 
pandable pool, Table n), although not to the same extent as measured with E. coli. 

Another process appears to be involved in the uptake of pFPhe,  by-passing the 
concentrating system as shown in Fig. 6. Analog accumulation in the cell in excess 
of the external concentration does not occurbeyond certain levels of exogenous pFPhe.  
However, with increasing external concentrations, larger and larger quantities of 
pFPhe  are found in the cold TCA soluble fraction of the cell. After saturation of 
the concentrating system, the pFPhe  taken up per unit volume of cells is proportional 
to, but smaller than, the external level (Fig. 2). Evidence supporting this inter- 
pretation is found in the data of HALVORSO~," AND COHEN 1~. These authors suggested 
that  in Saccharomyces cerevisiae exogenous amino acids could be used for protein 
synthesis without equilibrating with the expandable pool. 

Thus materials available for utilization in the internal pool are dependent upon 
a number of environmental and cellular factors. These are: (a) The ability to concen- 
trate exogenous materials. This process depends upon the kind of exogenous supple- 
ments available, the relative specific affinity of each substrate for the concentrating 
mechanism, and the degree to which each substance can be accumulated (pool satu- 

Biochim. Biophys.  .4eta, 42 (196o) 4ol -408 



4o8 F,. S. KEMPNER, D. B. COWIE 

r a t i o n ) .  (b) A n  e n t r y  p roces s  w h e r e  ce l lu la r  u p t a k e  is d i r e c t l y  p r o p o r t i o n a l  to  t h e  

e x t e r n a l  c o n c e n t r a t i o n .  (c) E n d o g e n o u s  a m i n o  ac id  p r o d u c t i o n .  

Incorporation into the internal pool of  materials made available f rom the above 
processes, provides a second opportunity for  the selection between an amino acid and 
its analog for  protein ,%vnthesis. F u r t h e r  c o m p e t i t i o n  a m o n g  t h e s e  m a t e r i a l s  occu r s  

a t  t h e  t i m e ,  or  p r io r  to  t h e  t i m e ,  of i n c o r p o r a t i o n  i n t o  t h e  i n t e r n a l  pool.  Once  a n  

a m i n o  acid ,  or  a n  a c c e p t a b l e  ana log ,  h a s  b e e n  i n c o r p o r a t e d  i n t o  t h i s  pool  no  f u r t h e r  

d i l u t i o n  or  e x c h a n g e  w i t h  o t h e r  ce l lu la r  or  e x t r a c e l l u l a r  a m i n o  ac id  c a r b o n  occurs1< 1~. 

T h e  y e a s t  cells (Tab le  I I ) ,  g i v e n  a n  e x t e r n a l  r a t i o  of a n a l o g  to  a m i n o  ac id  of 

IO/I ,  c o n t a i n e d  t h e s e  m a t e r i a l s  in  t h e  e x p a n d a b l e  pool  a t  a r a t i o  of 5.2/1.  T h e  r a t i o  of 

t he  a n a l o g  to  a m i n o  ac id  in t he  i n t e r n a l  pool  was  f o u n d  to  be  2.3 I ,  a n d  was  i d e n t i c a l  

to  t h e  r a t i o  o b t a i n e d  in  t h e  p r o t e i n s .  The final selection between natural amino acid 
and analog for  protein incorporation thus must occur at the time of formation of the 
internal pool. 

E n v i r o n m e n t a l  c o n d i t i o n s  m a y  m a r k e d l y  af fec t  t h e  degree  to  w h i c h  a n a l o g  

s u b s t i t u t i o n  occurs ,  b u t  t h e  a m o u n t s  of a n a l o g  in t h e  i n t e r n a l  pool  a p p e a r  c lose ly  

r e l a t e d  to  t h e  f ina l  p r o t e i n  c o m p o s i t i o n .  O ne  w o n d e r s  w h e t h e r  t h e  a m i n o  ac ids  a n d  

a n a l o g s  c o n t a i n e d  in t h e  i n t e r n a l  pool  h a v e  no t  a l r e a d y  b e e n  se l ec t ed  b y  t h e  p r o t e i n -  

f o r m i n g  t e m p l a t e s ,  b u t  h a v e  ye t  to  be  l i n k e d  t o g e t h e r  in  p o l y t ) e p t i d e  s t r a n d s .  
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