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SI I :~ I .MAIIY 

The amino acid analogs nofleucine and para-fluorophenylalanine are shown to be 
incorporated into the proteins of E.  coll. Analysis of proteins by an ion-exchange 
column showed that the proteins formed in the presence of the analogs are not r~dicalty 
different molecular species but are physicochemically similar to the proteins normally 
synthesized. The substitution of norleucine for methionine in the bacterial proteins was 
shown to occur in the same proportions in all of the "protein classes" resolved by the 
ion-exchange column. 

I N T R O D U C T I O N  

Considerable quantities of certain amino acid analogs may be incorporated into the 
proteins of Esoherichia colt t-a. The analogs substitute for corresponding naturally 
occurring amino acids and cause various biological effects. In general, cellular growth 
becomes linear wi th  time and specific enzymic activities may be lost, depressed, or 
remain unaffected. Such effects depend upon the degree and kind of subs~Rution 
produced. Since the degree and kind of substitution can be controlled, the use of 
analogs provides a method for the quantitative examination oI the relationship 
between altered molecular structure and enzymic activity. Evidence can also be 
adduced concerning susceptibility of bacterial protein types to analog substitution. 

t P e r m a n e n t  a d d r e s s :  I n s t i t u t e  P a s t e u r ,  P a r i s ,  F r a n c e .  
** N a t i o n a l  I n s t i t u t e  o f  A r t h r i t i s  a n d  M e t a b o l i c  D i s e a s e s ,  N a t i o n a l  I n s t i t u t e s  o f  H e a l t h ,  

B e t h e s d a ,  M a r y l a n d .  
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PROCEDURES 

Wi ld  t y p e  E.  colt ML 30 a n d  a m e t h i o n i n e - r e q u i r i n g  m u t a n t ,  M L  3o4d,  were  u sed  in 
these  e x p e r i m e n t s .  T h e  cells were  c u l t u r e d  in v i g o r o u s l y  a e r a t e d  C m e d i u m * * *  wi th .  
m a l t o s e  ( I .o  g/l) as t he  c a r b o n  source .  T h i o m e t h y l  f l -d-ga lae tos ide  (TM(;)  5" IO-4 '11 
was  u sed  to  induce  the  s y n t h e s i s  of f l -ga lae tos idase .  

~ t - [ l ' C ~ p h e n y l a l a n i n e  ( io  -4 3I ,  6.  I o  5 c o u n t s / m i n / ~ 3 l ) ,  D t - [ J d c ] p - f l u o r o p h e n y l  - 
a lmfine (5" I o -4 M .  4.3" IO~ c o u n t s / m i n ' t ~ 3 l )  : L- [s~S]meth ionine  (~o - t  i1I. 6- ~o ~ c o u n t s /  
min/~,M),  I~L-[I- 'sC~.norleueine (2" IO -2 '1I) were  t he  r a d i o a c t i v e  t r a c e r s  used .  T h e  
r a d i o a c t i v e  l~L-_-3-~aCTphenylalanine a n d  ~n . - [3-adC]p-f luorophenyla lan lne  were  syn -  
thes ized  b y  Dr.  PIcHAT of the  C o m m i s s a r i a t - k  l ' E n e r g i e  A t o m i q u e ,  F r ance .  L-[a-'S]- 
m e t h i o n i n e  w a s  oht  a ined  f r o m  the  A b b o t t  L a b o r a t o r i e s ,  Chicago ,  I l l inois  ; the  DE-~ttC l- 
nor leuc ine  was  o b t a i n e d  f rom t h e  Volk  R a d i o c h e m i c a l  C o m p a n y ,  Chicago,  I l l inois .  

Col! cx~rac4s 

A f t e r  g r o w t h  in t he  pre_~ence of e i t h e r  the  El~C]phenyJalanine or  [ '4C]p-f luoro-  
p h e n y l a ! a n i n e ,  the  cells were  h a r v e s t e d  a n d  w a s h e d  twice  w i th  o .oa  31 s o d i u m  
p h o s p h a t e  buffer ,  p H  7.o, a n d  r e s u s p e n d e d  in IO ml  of  the  s a m e  buf fe r  a t  a b a c t e r i a l  
c o n c e n t r a t i o n  of 15 m g  d r y  w t . , m l .  T h e  cells g r - ;a 'n  m m e d i u m  c o n t a i n i n g  ~aaS]- 
m e t h i o n i n e  or  Zr~C]norleucine we, 'e  w a s h e d  in T S M  buffer* p H  7.6 a n d  r e s u s p e n d e d  
in xo ml  of the  s a m e  buffer .  In  each  case  t h e  cells were  r u p t u r e d  b y  e x t r u s i o n  t h r o u g h  
a smal l  orifice u n d e r  p r e s s u re  ( a p p r o x i m a t e l y  I 6 , o o o  lb . / sq ,  in.) in  a m o d i f i e d * "  
F r e n c h  p ressure  cellL T h e  e x t r u d e d  m a t e r i a l  w a s  c e n t r i f u g e d  for  -To m i n  a t  I 3 , o o o  r e v . !  
ra in  in a Serva l l  c en t r i f uge  to  r e m o v e  whole  cells, ceil walls ,  a n d  o t h e r  l a rge  f r a g m e n t s .  
A n  a l iquo t  of the  o p a l e s c e n t  s u p e r n a t a n t  ( a p p r o x i m a t e l y  8 ml) was  p l a c e d  o n  a 
N - d i e t h y l a m i n o e t h y l - c e l l u l o s e  ( D E A E )  i o n - e x c h a n g e  c o l u m n  8. T h e  r e m a i n d e r  w a s  
used  to  d e t e r m i n e  the  t o t a l  r a d i o a c t i v i t y ,  t o t a l  ~q-galactosidase,  o r  o t h e r  e n z y m e  
a c t i v i t i e s  a n d  for c h e m i c a l  f r a c t i o n a t i o n  D. O n l y  a sma l l  f r a c t i o n  of t he  r a d i o a c t i v i t y  
a n d  a negl ig ible  Irac'~ion of the  e n z y m e  a c t i v i t y  were  p r e s e n t  in t h e  la rge  f r a g m e n t  
pel le ts .  

T h e  a m o u n t  of f l -ga l ac tos idase  w a s  d e t e r m i n e d  b y  the  r a t e  of h y d r o l y s i s  of  3II375 
o r t h o - n i t r o p h e n y l  f l-d-galactosicle in o.o 5 M s o d i u m  p h o s p h a t e  buffer ,  p H  7, a t  r o o m  
t e m p e r a t u r e  b v  tolueif ized p r e p a r a t i o n s  of  t he  whole  cells p r io r  t o  r u p t u r e ,  b y  t h e  
e x t r a c t  p r io r  t o  f r a c t i o n a t i o n  t h r o u g h  the  c o l u m n ,  a n d  b y  a l i q u o t s  of t h e  i n d i v i d u a l  
t u b e s  col lec ted  f r o m  t h e  D E A E  c o l u m n .  P h o s p h o g l u c o m u t a s e  TM a n d  g lucose-6-  
p h o s p h a t e  d e h y d r o g e n a s e  ~ were  a lso  e s t i m a t e d  in t h o s e  a l iquo t s ,  

D E A E - c d l u l o s a  ion-exchan.gc volumu 

T h e  D E A E - c e t l u l o s e  i o n - e x c h a n g e  m a t e r i a l  w a s  p r e p a r e d  as  d e s c r i b e d  b y  
PE'I'F-RSON AND .~,Ot~t'R ~. T h e  p a r t i c u l a r  b a t c h  used  t h r o u g h c m t  these  e x p e r i m e n t s  
c o n t a i n e d  x.o m e q u i v ,  of n i t rogen  pe r  g r a m  d r y  we igh t .  T h e  e x c h a n g v r  was  s t o r e d  as  a 

" C . ' ~ [ e d i u n l  : J g N ] - [ 4 ( ' ] ,  b g . N a ~ l - ] | ) ( i l ,  3 g b[H~P()I' 3 g NaCI. o.o~ g Mg as .%lgCl e, o.oa6 g S 
as Na~SO t, Ion ml I o %  malto~e, and 0oo ml distilled tt.zO. 

"" TSM buffer: o.ol J l  tris suc,inate, o.oo 5 ,11 3Ig as magnesium acetate. 
"*" The blind cud ~Jf the pressure ~;elt cylinder was I)ored out and a remo~abiL, pres.~urt., seal 

inserted m order ~o tacilitate loading, ele~ming, and assembly. The ,)peration of tim eel| was as 
described previously ~. 
Retere~c,.s p. 46. 
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mois t  s l u r r y  a t  room t e m p e r a t u r e  in o . r  31 Na~ l a t  pH Io. I m m e d i a t e l y  before  use, u~ 
po r t i on  was w a s h e d  in the  cen t r i fnge  wi th  o.o2 .If phosi~hate buffer  or  " F ~ I  unt i l  t h e  
suspend ing  fluid was neu t ra l .  ( 'o lnmn~ were p r~pared  I,v se t t l ing  ~;everal ali~luots of  
the  n;. :_tral .slurry in to  a chromat f~graphic  tube  ( i cm d iame te r )  unt i l  the  lmight  of the  
co l u m n  unde r  to  lb. pressure  reached  2o cm. . '4uc t t  ~t co lu m n  c o n t a i n e d  ~.5 g d r y  
exchange r .  T h e  s n p e r n a t a n t  fluid of the  p ,cssure  cell extr~tct ob ta i l led  f rom approx i -  
m a t e l y  i_9o m g  d r y  weight  of b a c t e r i a  was ad so rb ed  to the  c o l u m n  u n d e r  pressure  
( Io  lb . ' : q ,  in.). The  c o l u m r  was e lu ted  wi th  a l inear  salt  g rad ien t  {o.o 3I  to 0.8 3I  
NaCI in o .oe 3I p h o s p h a t e  buffer  or "FSM pH  7.~>) .~tq)l)licd bv  the  device  of t~;o(-x~ .x.xJ~ 
L~s(; ~e. E l u a t e s  were co l lec ted  in ~,o d rop  (appr,)x.  ~ ml) f rac t ions  at  a flow ra t e  
p r o v i d e d  by  an air  p ressure  of 21-5 lb./sq,  in. {about o . t  5 ml 'min ) .  I o o - 3 o o  t u b es  
were  co l lec ted  at  room tempera tu r t r  and  store¢t a t  4 unt i l  a p p r o p r i a t e  ana lys i s  could  
be made .  Colmnns  f reshly  p r e p a r e d  from the s tock suspens ion  were used for each  
e x p e r i m e n t .  R a d i o a c t i v i t y ,  p ro te in  conte:~t ~a, and  enzyme'  ac t iv i t ies  were d e t e r m i n e d  
on  a l iq tmts  f rom each  of the f rac t ions  col lec ted  f¢~r eacl~ ex p e r im en t .  

!¢ 1~ S U I.'1".~, 

T h e  d e m o n s t r a t i o n  t ha t  aminc~ actd anah>~ could  I~e i n c o r p o r a t e d  in to  bacter ia l  
p ro t e in s  i m m e d i a t e l y  raised m a n y  ques t i o t>  conce rn ing  the  n~tture of the  pro te ins  
p r o d u c e d .  I nve s t i ga t i ons  we.re car r ied  ou t  to d e t e r m i n e  w h e t h e r  the  at~alogs are  
c o n t a i n e d  in r ad ica l ly  d i f fe ren t  molecu la r  species or  in p ro te ins  s imilar  to thos¢~ 
n o r m a l l y  syn thes i zed .  These  in ' :cst igat i ,  ms requ i red  (a) the  use of an ana log  t h a t  
would  s u b s t i t u t e  for o n l y  one  n a t u r a l l y  occur r ing  am in o  acid;  n_nd (b) a q u a n t i t a t i v e  
m e t h o d  for  a n a l y z i n g  bac te r i a l  p ro te ins .  

T h e  analog,  norlcttcinc s u b s t i t u t e s  for m c t h i o n i n e  in tim protein~ of F.. cal l  
A r e d u c t i o n  of  a b o u t  3 8 " ,  of the  p ro te in  m e t h i o n i n e  is obtained,  when  t im m e t h i o n i n e  
r equ i r i ng  m u t a n t  (M I. 3o4d) is g rown  in C-med ium co n t a in in g  ,~L-norlcucine (Z" I o * 3[) 
a n d  L- 'asS3rae th ienine  (xo 4 .ll).  This  m u t a n t  was chosen  in o rde r  to e l imina te  com-  
pe t i t i ve  reac t ion~ invo lv ing  su l fur  c o m p o u n d s  o t h e r  t h a n  m e t h i o n i n e  or the m e th io n in e  
analog.  The  s c p a r a t i o n  of bacter iM pro te ins  in to  c h r o m a t o g r a p h i c a l l y  r e s o h a b l e  
" p r o t e i n  c lasses"  was ach ieved  t h r o u g h  the use of the I ) E A E  cellulose ion ex ch an g e  
co lumn .  Fig.  r shows  the  cht t i0n  p a t t e r n  of an e x t r a c t  of E. coli grown  for m a n y  
g e n e r a t i o n s  in C-mediu ln  c o n t a i n i n g  _a~S]methioninc. T l f imnc thv l /3 -d-ga lac tos ide  was 
a d d e d  to  i nduc e  the  syn thes i s  of f l -galaetosidase.  

T h e  ba c t e r i a l  e x t r a c t  wa.~; p r epa red  fr~m~, w~t~ht.'d cells, r u p t u r e d  b y  ex t ru s io n  
t h r o u g h  a smal l  orifice u n d e r  pressure ,  " n d  the  e x t r u d e d  mate r i a l  cen t r i fuged  to 
r e m o v e  whole  cells and  large ce l lu lar  f r agmen t s .  Th e  opa lescen t  s u p e r n a t a n t  was t h en  
used  fo r  the  c o l u m n  analys is .  E v k t e n t  in this  e lu t ion  d i ag ram  are  a n u m b e r  of well 
r e so lved  regions  showing  a close co r r e l a t ion  t-etween the pro te in  p a t t e r n  (measured  
b y  t h e  Fol in  p r n c e d u r e  13) and  the  p a t t e r n  of d i s t r i bu t ion  ,,f the  r ad iome th ion ine .  Two 
d i me ns iona l  p a p e r  c h r o m a t o g r a m s  of hydroty.~atcs  of an a l iquot  of the  bac te r ia l  
e x t r a c t  showed  t h a t  the  i n c o r p o r a t e d  r a d i o a c t i v i t y  was co n t a in ed  solely as 
m e t h i o n i n e .  

In Fig. e are  shown  the  specif ic  rad ioae t iv i t i c~  of the ind iv idua l  f rac t ions .  Tim 
specific r a d i o a c t i v i t y  is def ined  .-~s the  ra t io  of the q u a n t i t y  of r a d i o a c t i v i t y  to  the  
a m o u n t  of p ro t e in  s y n t h e s i z e d  a f t e r  the  additi~m of the r ad io ac t i v e  amino  acid. 

Re[ere.res p. # .  
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Fig.  1. E l u t i t m  p a t t e r n  of  b a c t e r i a l  e x t r a c t  of E .  coil o b t a i n e d  w i t h  i o n - e x c h a n g e  c o l u m n . . M u t a n t  
ce l l s  (.MI. 3o4d)  g r o w n  in ( ' - m e d i m n  c o n t a i n i n g  l . - ? ' i S ] m e t h i o n i n e  ( I o s  M ) ;  t h i u m e t h y l  tq-o- 

g a l a c t o s i d e  (5" to  -~ M)  a n d  m a l t o s e .  
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Fig.  2. Specific r a d i o a c t i v i t y  o{ e l u t e d  c o l u m n  f r a c t i o n s  {in a r b i t r a r y  un i t s ) ,  l ) a t a  r e p r e s e n t  t h e  
r a t i o  of  r ad i c Jac t iv i ty  pe r  f r a c t i o n  to  t i le  q u a n t i t y  of  p r o t e i n  n e w l y  s y n t h e s i z e d  a f t e r  t h e  a d d i t i o n  

of t i l e  l abe l ed  m e t h i o n i n e  t o  t h e  c u l t u r e .  

Fig. 3 shows the  degree of resolution among the eluted proteins. Superimposed 
on the elution diagram are the locations of 3 enzyme activities ; ~-ga|actosidase (LAC), 
phosphogtucomutase (MUT), and glucose-6-phosphate dehydrogenase (ZW). Each  
enzyme act iv i ty  can be correlated with an obvious protein peak. Other  proteins 
Re/ere~,ces p. 46. 
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having similar charge properties are, of course, coutained in each region : nevertheless 
the partitioning of bacterial proteins into "protein classes" is apparent. 
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(ZX&:) : ph{+_~ph-,~,h~comutnse {.&It i1") : [J-~alact++midase (L.k£')+ 

Column analysis of bacterial extracts  of cells grown in C medium containing I)L- 
norleucine (2 .1o  a M) and [.--3"~S~7methioninc (I0 4 3t) gave elution patterns similar 
to Fig. i .  A significant difference was a m~i[orm r t 'd~ t z t ioJ t ,  the specific radioactivitics 
of these bacterial proteins compared to those of tile control experiment (Fig. 2). The 
existence of certain markers (peaks, valleys, enzymes,  etc.) along the elution diagram 
allows a quanti tat ive  comparison, marker for marker, among several column runs. 
Fig. 4 shows the specific radioactivities of seven welt marked and separated regions 
obtamed with the nofleucine grown cells. These are cmnpared to the same regions 
in the control  experiment,  where the specific radioactivity of each region was arbitrarily 
chosen to equal  I00. 

F i g .  4- U o n l p a r i s o n  o f  s p e c i f i c  r a d i , , a c t i v i t i c ~  
o[  d e f i n i t e  regil*x]s u.l<+t+.g ohl t io tx  d i a g r a n ~  
obta ined  f rom E. call MI .  3o_ld cells g r . w n  
in C - t n e d i u m  conta in ing  I.-[:~SS!metl] ionine 
( t o  4 3 I )  ( cor . t ro l )  a n d  f r o m  cells g+'o,.,.t+, 
i l l  C + m e d i u m  c o n t a i n - r i g  L+E+'+% m e t h i o n ~ n t ,  
( [o  -4 M )  ph,+ nL-nor [euc ine  (2. IO+'-' .II+ 
Linear  g r o w t h  was obta ined  in the lat ter  
cu l tu re  and ti~e c e i l s  % e l ' e  h a c i e + t e [ ]  f ( ] r  

a n a l y s i s  a f t e r  m o r e  t h a n  a d o u b l i n g  o f  h a c -  

t e r i a l  m a s s .  
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The regions compared in Fig. 4 were : 2 well resolved and isolated protein peaks A 
and B; the ribonueleoprotein peak (Fig. x) ; and  the 3 peaks of enzyme ac t iv i ty  (LAC, 
MUT, and  ZW) (Fig. 3) easily measurable in both experiments,  and region C (Fig. r). 
Each point in Fig. 4 represents the ar i thmet ical  mean  of the specific rad ioac t iv i ty  of 
the max imum peak sample aud tlm two samples immedia te ly  preceding and  the two 
following this peak. 

Fig. 5 shows an elution p~tttern obtained from cells grown in DL-[)iC]norleucine 
(2-xO--" .l/) and nonradioactive J.-methionine (IO --4 M). In this exper iment  there was 
a 43 % subst i tut ion of norleucine for methionine  in the bacterial proteins. Radio- 
autograms of two dimensional  paper chromatograms of hydrolysates  of the bacterial  
extract  showed one radioztctive, ninhydrin-posi t tve spot having the same RF as found 
with the labeled norleucinc used in this experiment.  

~ o.~ ~', 

I@ 3D ~,0 70 90 i~O ,30 :~0 

FR,~CTION NUMBElY 

l:i~. 5. Elution pattern of bacterial extract of DL- [l -:"C inorleucin0 grown cells. Mutant E. coti cells 
(MI. 3o~dJ grown for more than two douhlmgs of bacterial mass in ('-medium containing labeled 

n o r l e u c i n e  ( 2 ,  i o  '~  31)  a n d  i . - L a ~ S ) n e t l f i o n i l m  {Jo  - ' l  3 1 ) .  

There is a great deal of s imilar i ty  in the elution d iagrams obta ined  from the 
• asS]methionine (Fig. I) and the (~aC]nofleucine laheled cells (Fig. 5). One significant 
difference, however,  occurs in the first major  peak of the elution diagrams. In these 
early fractions of eluted material  are contained the non-protein amino acids (or 
analogs) concent ra ted  by the cell from the environment .  The q u a n t i t y  of "free amino 
acids" depends upon their  external  concentrat ions and  in tlmse experiments  the ra t io  
el D~-:]4C]norleucine to L-[~SgTmethionine in tlm media  was xoo to I. Chemical 
f ract ionat ion of the eluted fractions showed tha t  TCA-soluble material  ("flee amino 
acids"} was mainly  contained in the first 2o samples and  dropped rapidly  to a few 
per cent hy  the: 35th sample, remaining low foc the ,e~l o[ tim elut ion process. I t  has 
also been noted tha t  "the quan t i t y  of mater ia l  contained in the ribonucleoprotein 
region varies from ¢.30 column run to another  and  if the ceils are rup tu red  in media  
tteleze;~ces p. 4 6. 
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containing phospha te  buffer or in buffer containing an inadequate  nlagne.~ium con- 
centra t ion this r ibonueleoprotein is not seen at all. 

DISCUSSION 

The above  result~ demons t ra te  tha t  most  of the proteins formed in the presence of the 
analog are not radically different molecular species, but  are physicochemically similar 
to the  proteins normally synthesized.  The similari ty of the elution diagramas obta ined  
wi th  the  labeled mcthiordne and norleucine (Figs. I and 5) ~d.,o eliminates tile suggestion 
tha t  only  certain proteins are susceptible to analog subst i tut ion.  Indeed Fig. 4 
demons t ra tes  tha t  the  analog is incorporated into nil of the proteins CXalnined i~t the 
same proportion. Each methionine incorpor0,tion site thus  seems to hav~ an equal  
p robabi l i ty  oI analog subst i tu t ion.  The formation of a large quan t i t y  of un~complcted 
proteins  caused b y  the joining of the analog hy a pept idc ~oood to one of its neighboring 
amino acids, bu t  not  to the o ther  does not scent to be a probable  event .  Should such 
unfinished molecules be present,  they  would markedly  alter tile elutiorl pa t terns  
ob ta ined  af ter  the  analog is incorporated.  

Fig .  6. E l a t i o n  p a t t e r n  o[  b a c t e r i a '  e x t r a c t  obtainedwithDE.klgion-exchangecohnnn, ;o ~ I ~ ? ~  ~oq'~4] 
W i l d  t y p e  E. coil. M L  3 ° g r o w n  h~ C-me~ ~\~.'~,~.4~ :: 
d i u m  c o n t a i n i n g  DL-(3- t*C!phenyla lan ine  0 
(10 -4 A/) p lus  DL-pa ra f l uo ropheny l an ine -  
( 5 ' ' ° - ' M ) ' L i n e a r g r ° " t h ' " a s ° b t ' t i n e ' l ~  , c: ' f  e~'",~c'~""'ie ~ 
and the cells were harvested for analysis 
after more than a d o u b l i n g  ol  cellular mas.~. 

2~0 42~' GO 8 0  tO© i2C " i O  IGO 

!:r ~:C hZ;m ".utr'Der 

These conclnsions are s t rengthened by  da t a  ob ta ined  in expts ,  using o ther  amino 
acid analogs. Fig. 6 shows the elat ion d iagram ob ta ined  from wild type  E. cell (ML 3o} 
grown in C-medium containing pe-~3-t*eJphenylalardne (~o t M )  and DL-p-ftuoro- 
phenyl-Manine (5" to-a  ~1I). At these concentra t ions  there  is approx imate ly  a 5 ° ?,, 
subs t i tu t ion  of the  analog for prote in  phenylalanine,  and linear growth occurs. The 
elut ion d iagram ob ta ined  (Fig. 6) appears  qui te  similar to that  ob ta ined  from norlnM 
cells (Fig. i). There is no evidence of different types  of "pro te in  classes*" being formed 
as a result  of analog subs t i tu t ion .  

Fig. 7 demonst ra tes ,  within the  limits of resolution of the column tha t  p-fluoro- 
phenylalanine is incorpora ted  into all the  bacterial  proteins. This elution diagram w~s 
obta ined  from wild t ype  E. aoli grown in C-medium containing DL-~3-t*C]p-fluor0 - 
phenyla lan ine  (5" ~o-~ M). 

The use el  another  amino acid analog gave results which in every  respect  confirm 

Re&'re~ces p. 46. 
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~..o 1 C 14-PARA- 
i . t l JF  gLUOROPHENYLALANINE 

• 

Fig .  7, E l u t i o n  p a t t e r n  o f  b a c t e r i a l  e x -  
t r ~ e t ~ d ) t a l n e d  w i t h  D I g A E  i o n  e x c h a n g e  
c o l u m n .  ~Vikl  t y p e  E. coil, M L  3 ° g r o w n  
in  C - m e d i u m  c o n t a i n i n g  , )L-[3- taC ] p-f l t to~ 
r o p h e n y a | a n i n e  {5'  ~ o- 'a 31),  L i n e a r  g r o w t h  

~) w a s  ob t~ t i ned  a n d  t h e  c e i l s  w e r e  h a r v e s t e d  
_ _  I 1 I t I I I I I for a n a l y s i s  a f t e r  m o r e  t h a n  a d o u b l i n g  o f  

:'~: ,;.: , .;  _~- ~c2 rz0 ~4o i~0 ~80 c e l l u l a r  nlrd.NN. 

r- r~" cot nu"r' her 

a n d  a u g m e n t  the conelusion~ cited above.  Sele ,mmethionine completely ~nb.~titntes for 
the methionine of the bacterial protein a. With  this uniform replaeemen.t exponent ia l  
growth was observed and the induction and synthesis  of act ive  /~-ga.lactosidase 
demonstrated.  The const i tut ive  enzymes,  essential  for exponent ia l  growth were 
obvious ly  present in act ive  forms. Under these condit ions  there can be little doubt  that  
active altered proteins are synthesized,  having  biological as well as phys icochemical  
properties similar to those of the normal cell, 

The use e l  amino acid analogs other than selenomethionine has a lways  resulted in 
linear growth of the cells whenever analog subst i tut ion ill the protein was  evident.  
Thus, it might be argued that at least one growth-rate- l imit ing enzyme was unusual ly  
susceptible to analog subst i tut ion,  and the enzyme molecules are synthesized at a 
reduced rate, if they are synthesized at all. An alternative i iypothcsis  would  be that 
during analog incorporation the protein molecules  cont inue to be synthesized but  
these w-ould be proteins with reduced capacity  for enzymic  function.  This e l imination 
(or depression) of enzyme act iv i ty  would depertd upon  the degree and kind of sub- 
st i tut ion involved and on the amino  acid composi t ion  of the sites of enzyme action in 
the protein molecule.  Some evidence support ing the latter hypothes i s  has accumulated  
and the investigation of this quest ion is currently under way.  
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