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EFFECTS OF AZATRYPTOPHAN ON BACTERIAL ENZYMES 

AND BACTERIOPHAGE* 

A R T H U R  B. P A R D E E  AND L O U I S E  S. P R E S T I D G E  

Virus Laboratory, University of California, Berkeley, Calif. (U.S.A .) 

Recent discoveries have shown that certain amino acid analogs are readily incorpo- 
rated into bacterial proteins 1, 3, 3, 4. It is the purpose of this paper to learn whether 
such analogs prevent the appearance of active agents such as inducible enzymes and 
bacteriophages. The proteins of these materials are advantageous for study because 
although initially absent they may be formed rapidly in response to outside stimuli. 

Experiments were performed to determine whether the tryptophan analog DL- 
7-azatryptophan s interfered with the appearance of activities of several enzymes in 
Escherichia coli, or with the production of bacteriophage T2. Studies of the isolated 
phage permits determination of whether inactivation is a consequence of incorpo- 
ration of the analog into the phage structure, or occurs as a result of effects on 
material formed prior to synthesis of actual phage components. Formation of different 
proteins is of importance at different times during phage development 6-1°, and aza- 
tryptophan was therefore added at various times in the hope that such experiments 
would lead to insights into the roles of proteins during various stages of phage 
synthesis. 

MATERIALS AND METHODS 

E. coli, s t r a in  B or ML was  g rown  on e i ther  a sa l t s -g lycero l  m e d i u m  ix or a low p h o s p h a t e  m e d i u m  TM. 
The  l a t t e r  in some  e x p e r i m e n t s  was  s u p p l e m e n t e d  wi th  0. 5 mg[ml  of an  acid h y d r o l y s a t e  of casein 
(Difco Casamino  Acids).  T h e  m e d i u m  for t he  t r y p t o p h a n  requi r ing  m u t a n t  19-2 was  s u p p l e m e n t e d  
w i th  io /~g]ml  of L - t ryp tophan ,  while  t h a t  of t h e  pyr imid ine less  m u t a n t  6386 con ta ined  20/zg]ml  
of uracil .  These  m u t a n t s  were isolated b y  Dr.  B. D. DAvis.  The  t r y p t o p h a n - r e q u i r i n g  m u t a n t  
B / I , t  6 was  isola ted b y  Dr.  A. NOVICK. Bac te r ia  were g rown a t  37 ° C wi th  ae ra t ion  by  shaking ,  
a n d  the i r  concen t r a t i on  was  m e a s u r e d  b y  t u r b i d i t y  de t e rmined  in t he  K l e t t - S u m m e r s o n  colori- 
m e t e r  u s ing  green  l ight .  Viable c o u n t s  were m a d e  by  sp read ing  su i t ab ly  d i lu ted  a l iquots  on 
b r o t h - a g a r  pla tes .  

For  p h a g e  infect ion,  bac te r i a  were r e m o v e d  f rom t he  g rowth  m e d i u m  by  cent r i fuga t ion ,  
and  r e suspended  in a f resh  m e d i u m  lacking  b o t h  a ca rbon  and  a n i t rogen  source.  P h a g e s  were 
a d d e d  a t  a mul t ip l i c i ty  of a b o u t  3 for metabol ic  e x p e r i m e n t s  or o.i  o therwise ;  a f te r  a 5 m i n u t e  
adso rp t ion  per iod t h e  bac te r i a  were s ed i men t ed  to r emove  free phage  and  r e suspended  in t he  
original  g rowth  m e d i u m  to  allow p h a g e  d e v e l o p m e n t  TM. The  phages  TI  and  T2r  were used.  S t a n d a r d  
phage  t e c h n i q u e s  were used  for d e t e r m i n a t i o n  of phage  t i te r  14. Pur i f ica t ion  of phage  was  ac- 
compl i shed  b y  cen t r i fuga t ion  a t  IO,OOO × g for 5 m i n u t e s  to  r emove  bacter ia l  debris,  centr i fu-  
ga t ion  for 90 m i n u t e s  a t  15,ooo × g to s ed i men t  t he  phage ,  and  a final low speed cent r i fuga t ion .  

Prote ins ,  r ibonucleic  acid (RNA),  a n d  deoxyr ibonucle ic  acid (DNA) were de t e rmined  on 
samples  t h a t  h a d  been  prec ip i ta ted  wi th  lO % t r ichloroacet ic  acid (TCA), by  t he  Fol in 1~, orcino116, 
and  indole iv m e t h o d s ,  respect ively .  Rad ioac t ive  phosphorus ,  p rov ided  as phospha te ,  or carbon,  
p rov ided  as 2-14C leucine, was  de t e rmi ned  wi th  t h e  Geiger-Mfiller counter ,  u sua l ly  af ter  TCA 

* Aided  by  a g r a n t  f rom t he  Un i ve r s i t y  of Cahforn ia  Cancer  Resea rch  F u n d s  and  by  a g r a n t  
f rom the  Rockefel ler  F o u n d a t i o n .  
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precipitation of the bacteria, followed by washing the precipitate to remove the TCA, and drying. 
Starch electrophoresis and sonic oscillation were performed as described previously is. 

The enzymes fl-galactosidase TM, D-serine deaminase n, and aspartate carbamyl transferase is 
were determined as described previously. 

Hydrolysis and chromatography of DNA was accomplished by the method of WYATT 
AND COHEN 2°. 

Chemicals were obtained from commercial sources except for DL-7-azatryptophan and 
7-azaindole ~ which were gifts from Dr. M. M. ROBISON, tryptazan 4 from Dr. H. R. SNYDER, 
DL-6-F-tryptophan 21 from Dr. F. LIPFMANN, other tryptophan analogs from Dr. K. PFISTER, 
6-azauracil ~2 from Dr. A. D. WELCH, and e-methyl-lysine 28 from Dr. A. D. MCLAREN. Chlor- 
amphenicol (Chloromycetin) was a gift from Parke, Davis, and Co. Methyl-fl-D-galactoside was 
synthesized by Mr. G~ORG~ RUSHIZKY, and homoarginine by Mr. GEORGE HUBERT. 

R E S U L T S  

Substitutions by analogs o~ amino acids 

A v a r i e t y  of  c o m p o u n d s  were  t e s t e d  in o rde r  to  d e t e r m i n e  w h e t h e r  t h e y  were  able  

to s u b s t i t u t e  for an  a m i n o  acid.  T h e  c r i t e r ion  used  was  to  d e t e r m i n e  w h e t h e r  t he  

ana log  w o u l d  p e r m i t  t u r b i d i t y  increase  and  p ro t e in  syn thes i s  b y  a m u t a n t  wh ich  

n o r m a l l y  r e q u i r e d  the  a m i n o  ac id  for g rowth .  Of t e n  t r y p t o p h a n  ana logs  tes ted ,  seven  

d id  no t  p e r m i t  m u c h  " g r o w t h "  of  m u t a n t  19-2 (Table  I). T h r e e  c o m p o u n d s  [DL-7- 

a z a t r y p t o p h a n  ( a z a t r y p t o p h a n ) ,  DL- t ryp tazan ,  a n d  n L - 6 - F - t r y p t o p h a n ]  d id  suppo r t  

TABLE I 

EFFECTS OF TRY'PTOFHAN ANALOGS ON GROWTH OF E. coli MUTANT 19-2 

Compound ,ug/ml 
% Increase 

Protein Turbidity 

None - -  6 6 
L-Tryptophan I 14 ° 134 
DL-7-Azatryptophan 2 75 90 
DL-Tryptazan 2 71 87 • 
DL-6-F-tryptophan 2 55 * 65 
DE- 5-Methyl-tryptOphan 2 19 4 I 
7-azaindole I 12 27 
Indole I I o 18 
OL-6-Methyl tryptophan 2 3 2 I 
DL-a- Methyl-tryptophan 2 i 21 
DL-a-Methyl-homotryptophan 2 9 16 

E. coli mutant  I9-2 in exponential growth was washed to remove tryptophan, and resuspended 
in salts-glycerol medium. Compounds as given above were added to aliquots and the cultures 
were incubated with aeration at 37 ° C. Samples were taken for protein determinations at 98 
minutes and for turbidity readings at i i o  minutes. Very similar results were obtained with 
5 times the above concentrations of analogs. 

* By interpolation of times. 

g rowth ,  p ro t e in  synthes is ,  and  R N A  f o r m a t i o n  for a b o u t  one genera t ion .  Of t he  
ana logs  of o t h e r  a m i n o  ac ids  tes ted ,  e t h i o n i n e  was  able  to  s u b s t i t u t e  for  me th ion ine ,  
as in an ima l s  .4, a n d  p e r m i t t e d  d o u b l i n g  of  p ro t e in  in lO5 minu te s .  T h e  fo l lowing 
c o m p o u n d s  were  n o t  e f fec t ive  in s u b s t i t u t i n g  for t he  a m i n o  ac id  l i s ted  a f t e r  t h e m  
in p a r e n t h e s e s :  e - m e t h y l - l y s i n e  (lysine),  o rn i t h ine  (lysine), h o m o a r g i n i n e  (arginine),  
c a n a v a n i n e  (arginine) ,  h o m o l e u c i n e  (leucine).  
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E~ects o/azatryp~ophan on bacteria 

Fig. I. Effect  of a z a t r y p t o p h a n  on bac-  
ter ia l  g rowth  a n d  rep roduc t ion  of T2 
phage .  E. coli B grown  on low p h o s p h a t e  
m e d i u m  were  infected w i th  T2 phage  
(mul t ip l ic i ty  o. i)  and  t h e n  a l iquots  were 
d i lu ted  in to  m e d i a  con ta in ing  o, 2, or  
5 /~g/ml  a z a t r y p t o p h a n .  Samples  t a k e n  a t  
in te rva l s  were  d i lu ted  in to  med i a  con-  
t a in ing  i o /~g /ml  t r y p t o p h a n  a n d  were 
p la ted  a t  once for infec t ive  cen te r s  
(plot ted as  infect ive  cen te rs  × IO-~), and  
af te r  6o m i n u t e s  to ob ta in  t he  bu r s t  size, 
wh ich  was  ob ta ined  b y  d iv id ing  t h e  
n u m b e r  of p l aques  found  a f te r  6o m i n u t e s  
b y  t h e  n u m b e r  found  a t  t h e  beg inn ing  of 

t he  6o m i n u t e  period.  

Growth of E. coli, strain B exposed to 30/~g/ml azatryptophan was not inhibited 
for an hour. Five/~g/ml of the analog permitted growth for at least 5 hours at about 
60% the rate of the control. The viable count was affected similarly to turbidity:  
2o/~g/ml of the analog permitted a 3.5-fold increase in colony formers in 3 hours, 
and 5/~g/m] allowed a gradual exponential increase in viable counts for several hours 
(Fig. I). The analog (20/~g/ml) allowed E. coli, strain B to form RNA and protein 
at nearly the normal rate and 80% as much DNA in I hour as in the control culture. 

Azatryptophan permitted a rapid doubling of protein and RNA in the mutant  
19-21; it also permitted DNA synthesis. No loss of viability was observed in several 
generation times. In contrast to 19-2, another tryptophan-requiring mutant ,  B/ i , t  
in F medium e did not form protein or nucleic acids when supplied with the similar 
analog, tryptazan. Presumably not all strains of E. coli will show the same response 
to the analogs. 

No mutagenic effects of azatryptophan were noted. Exposure of E. coli strain B 
to the analog for an hour or more resulted in less than I in lO T bacteria converted 
to streptomycin resistance; nor did tryptophan-independent mutants  of 19-2 occur 
in observable numbers. 

Azatryptophan was found to block the t ryptophan biosynthetic pathway at 
a step prior to the formation of anthranilic acid. I t  was noted that  anthranilic acid 
(measured by  its fluorescence) accumulated in the salts-glycerol medium in which 
mutant  19-2 was suspended, but if t ryptophan or azatryptophan was present, 
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accumulation of anthranilic acid did not occur. This result is similar to that  obtained 
with 4-methyl-tryptophan*5. 

EBects on enzyme [ormation 

Azatryptophan inhibited the appearance of a number of enzyme activities in E. coli, 
strain B or 19-2, grown on either minimal or low phosphate medium, in spite of 
the fact that  protein synthesis was not immediately inhibited. No increased ability 
to oxidize glucose, lactate, glycerol, or melibiose occurred when mutant  19-2 previ- 
ously adapted to these carbon sources was subsequently exposed to them in the 
presence of IO Fg/ml azatryptophan without added tryptophan. Also, with bacteria 
grown on glucose no adaptation to glycerol, melibiose, or galactose occurred during 
several hours in the presence of azatryptophan. These measurements were made b y  

-~1251 ' ' / ' / A  

/ 
~ 75 - 
I-- / c.) 

SO t TRYPTOPHAN (toA) 
" / /  TRYPTAZAN 

E INDUCER / 

0 5 I0 IS 20 25 
TIME, minutes 

Fig. 2. Kine t i cs  of f l -galactosidase inhibi t ion.  E. coli s t ra in  ML was  g rown on glycerol-sal ts  m e d i u m  
to  a dens i t y  of 5" lO8 bac te r i a  per  ml.  The  e x p e r i m e n t  was  s t a r t ed  by  add i t ion  of 2o0/~g/ml  
methyl-f l -D-galactos ide  to  each of t h ree  cul tures .  T h i r t y / ~ g / m l  t r y p t a z a n  was  added  to  cu l t u r e s  
A a n d  B a t  9.5 m i n u t e s ,  and  i o o / , g / m l  of t r y p t o p h a n  was  added  to A and  C a t  13. 5 minu te s .  
A t  in te rva l s  0. 4 ml  a l iquo ts  were r emoved  f rom each  cu l tu re  in to  t u b e s  on ice con ta in ing  o.6 ml  
2 0 / , g / m l  ch lo ramphen ico l  and  0.06 ml  toluene,  a n d  t he  con t en t s  of t h e  t u b e s  were a s sayed  for 
f l-galactosidase.  The  ini t ial  opt ical  dens i t y  a t  66o m/ ,  of t h e  cu l tu re  was  o. i  18 and  t he  opt ical  

dens i t ies  a t  29 m i n u t e s  were A = o.156, B = o.166, C = o.171. 

determination of oxygen uptake with the Warburg respirometer. Induced formation 
of fl-galactosidase under the influence of lactose, melibiose, or methyl-fl-D-galactoside 
was completely blocked by io Fg/ml of azatryptophan. 

Kinetics of inhibition and reversal by  the analog t ryptazan were determined. 
Even when the inhibitor was added to the culture after induction was well under 
way, formation of additional fl-galactosidase ceased within I.O minute after the 
analog was added (Fig. 2). There was less than 1.8 minutes lag in synthesis of the 
enzyme upon reversal with t ryptophan.  

Syntheses of two other enzymes were only par t ly  blocked by  the analog. In 
determinations of aspartate carbamyl transferase advantage was taken of the fact 
that  this enzyme is present at a low level when the bacteria are grown with excess 
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T A B L E  I I  

EFFECT OF AZATRYPTOPHAN ON ASPARTATE CARBAMYL TRANSFERASE FORMATION 
AND ON OTHER SYNTHESES 

E. coli Additions pg/ml Time (mitt) ACTase Protein Turbidity 

6386 - -  - -  o o 92 4 ° 
- -  - -  60 187 158 67 

A z a t r y p t o p h a n  20 60 85 15o 64 
5 -Me- t ryp tophan  4 ° 60 i 92 49 

19-2 - -  - -  o o 80 34 
T r y p t o p h a n  IO 60 78 lO5 39 
A z a t r y p t o p h a n  20 60 68 lO 4 39 

none - -  60 2 79 32 

.E. coli  m u t a n t  6386 (uracil-less) w a s  grown on sa l t s -g lycero l  m e d i u m  plus  20 / zg /ml  uraci l  to  
5" IO s bac te r i a /ml .  The bac t e r i a  were r emoved  from the  m e d i u m  and  resuspended  in  fresh m e d i u m  
w i t h  20/~g/ml  o ro t a t e  s u b s t i t u t e d  for uracil ,  a nd  con ta in ing  the  add i t ions  listed, and  also i rag/rot 
lactose.  Samples  for a s say  were  t a k e n  a t  t he  s t a r t  and  a f te r  6o mi nu t e s  aera t ion .  The  second 
e x p e r i m e n t  was  pe r fo rmed  s imi l a r l y  b u t  w i t h  m u t a n t  19-2 ( t ryp tophanless ) .  The  m u t a n t  was  
g rown in m e d i u m  con ta in ing  IO/~g/ml t r y p t o p h a n ,  and  was  resuspended  in m i n i m a l  m e d i u m  
p l u s  2o /*g /ml  6-azauraci l ,  lactose,  and  the  add i t ions  l isted.  A s p a r t a t e  c a r b a m y l  t rans fe rase  
(ACTase) is g iven  as m #  moles  p r o d u c t  formed per  m i n u t e  per  ml  cul ture ,  p ro te in  as / ,g/ml,  
a n d  t u r b i d i t y  in a r b i t r a r y  uni ts .  

T A B L E  I I I  

EFFECT OF AZATRYPTOPHAN ON fl~GALACTOSIDASE AND D-SERINE DEAMINASE FORMATION 

Addition I*g/ml 
fl-galaclosidase (Time in mi~tides) o-setine deamimtse (Time in mittutes) 

3 3 ° 45 60 3 30 45 60 

- -  - -  I 3 6.6 14. 7 20 I o 7.4 13-2 18.6 
T r y p t o p h a n  IO 1.2 6.1 12. 7 19.8 o 6.8 I I .2  i7 . i  
A z a t r y p t o p h a n  IO i .2 2.1 2.6 3.0 o 4.4 7 .2 8.1 

To  e x p o n e n t i a l l y  g rowing  E .  coli  s t r a in  B (4" 108 bac te r ia /ml )  were added  the  compounds  l isted.  
Two  m i n u t e s  l a t e r  I m g / m l  lac tose  and  o 15 m g / m l  D-serine were added  to  each cu l tu re  as  inducers .  
At  in te rva l s ,  shown in  t he  Table ,  a l iquo t s  were  r emoved  and  were a s sayed  /or  the  enzymes .  
Ac t iv i t i e s  are  g iven  as m/z moles  of s u b s t r a t e  r eac ted  per  m i n u t e  per  ml  of cul ture .  

uracil whereas much larger amounts are present in bacteria grown in a medium in 
which the pyrimidine supply is limited TM. Hence a large amount of enzyme formation 
takes place when the bacteria are transferred from the former to the latter medium. 
Formation of aspartate carbamyl transferase was far less strongly inhibited by aza- 
t ryptophan (Table II) than was fl-galactosidase. In contrast to 93% inhibition of 
fl-galactosidase, D-serine deaminase formation was only 56% inhibited by  IO ttg/ml 
of azatryptophan (Table III), and increasing the concentration to 4 °/~g/ml did not 
increase the inhibition of D-serine deaminase. Complete inhibition of formation of 
both D-serine deaminase and aspartate carbamyl transferase by 5-methyl-tryptophan, 
as well as partial inhibition by  azatryptophan, and absence of formation by a 
tryptophan-deficient mutant  deprived of the amino acid, shows that these enzymes 
have a t ryptophan requirement for formation. 

Assuming that  azatryptophan substitutes completely for tryptophan, one ex- 
planation for these observations is that for those enzymes which show activity, the 

R e / e r e n c e s  p .  3 4 4 .  
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tryptophan analog is built into positions of small importance for catalytic activity, 
while those that do not increase in activity incorporate t ryptophan analogs in the 
active part of the enzyme. Direct evidence for formation of such "enzymes" is not 
yet available. However, the hypothesis would appear more likely if it could be shown 
tha t  the kinds of proteins made in the presence of the analog are like those normally 
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Fig. 3. S ta rch  e lec t rophores is  of p ro te ins  m a d e  in t he  presence  of t r y p t o p h a n  on t r y p t a z a n .  Two 
c u l t u r e s  of E. col~ s t r a in  M L  were g rown  in 3 ° ml  glycerol-sal ts  m e d i u m  each,  to a dens i ty  of 
5" lO8 bac te r i a  pe r  ml. To one was  added  15/~g/ml of t r y p t o p h a n  a n d  to  t he  o the r  3o # g / m l  
t r y p t a z a n .  One  m i n u t e  la ter  I # g / m l  L-leucine 14C (3' IO~ counts)  was  added  to each.  F i f t een  
m i n u t e s  la te r  t h e  cu l tu res  were h a r v e s t e d  by  cent r i fuga t ion ,  xo ix non- rad ioac t ive  E. coli (grown 
in t he  presence  of i m g / m l  lactose) were added  as carrier,  t h e  bac te r ia  were d i s rup t ed  by  sonic 
• oscil lat ion,  a n d  t h e  p ro te ins  were f r ac t iona ted  by  prec ip i ta t ion  twice wi th  5 ° % (NH4)2SO 4. The  
prec ip i ta te  (6o % of t h e  protein)  was  t a k e n  up  in water ,  d ia lyzed to r emove  sal t  and  f rac t iona ted  
~on t h e  s t a r ch  e lect rophores is  a p p a r a t u s .  The  s t a r ch  was  t h e n  cu t  in to  0. 5 cm  blocks a n d  eve ry  

o the r  s ample  was  coun ted  for x4C. 

made. Evidence of this sort is provided by ammonium sulfate fractionation and 
starch electrophoresis of cultures that took up 14C-leucine in the presence and absence 
of tryptazan (Fig. 3). The experiment shows that the electrophoretic properties of 
proteins made in the presence of tryptazan and in its absence are very similar. The 
formation of enzymically active fl-galactosidase was completely inhibited by the 
analog. 

ECects on phage produdion 

Azatryptophan inhibited the multiplication of the phage T2r in E. coli, strain B. The 
analog had a strong inhibitory effect at 2 ~g/ml, and at 5 ~g/ml less than 20% of 
the infective centers were maintained (Fig. I). These results are in strong contrast 
to the relatively negligible effects on the bacteria. Thus a sort of chemotherapy was 
achieved--cultures of bacteria infected with low multiplicities of phage could 
continue to grow for many hours at about half the normal rate if azatryptophan 
was present. However, it was not possible to abolish the infection completely. Even 
high concentrations of the analog did not bring about disappearance of all the 

Re[erences p. 344. 



336 A.B. PARDEE, L. S. PRESTIDGE VOL. 27 (I958 } 

infective centers, and these went on to lyse the culture upon reversal of inhibition 
b y  addit ion of t ryptophan.  

The effect of a higher concentrat ion (IO/zg/ml) of aza t ryp tophan  on the number  
of infective centers and on the burst  size is shown in Fig. 4. After 15 minutes the 
number  of bacteria capable of producing at least one phage began to decrease, as 

3 0 ~  
RST SIZE 

20~ .-----o-- ~\ 

, , ,  F,o. 
-1- "~ "-a, o INFECTIVE r'r" 
w ~ X\CENTERS/M L 
< o ~- I 0 ~  \ 

0 20 40  6-0 
TIME IN MINUTES 

Fig. 4. Reversal o~ azatryptophan inhibition at various times. E. coli B were infected (multiplicity 
1.5) with T2r in buffer and were suspended in medium containing io #g/ml azatryptophan. 
Atiquots were diluted into media containing io/tg/ml tryptophan and were plated at once for 
infective centers (plotted as infective centers × IO-7), and after 6o minutes to obtain the burst 
size, which was obtained by dividing the number of plaques found after 60 minutes by the number 

found at the beginning of the 6o minute period. 

did the average number  of phages released upon i hour further incubation in the  
absence of the analog. Some irreversible reactions, damaging to the infection process, 
took place, as with 5-methyl - t ryptophan 2e, but  more rapidly. 

Measurement of the number  of intraceUular phages ruled out  the possibility tha t  
these effects were mainly the result of an inhibition of lysis; (although it was observed 
tha t  lysis was affected because in the presence of the analog neither a turbidi ty  
decrement  nor a solubilization of bacterial  contents occurred). Bacteria  infected at 
a mult ipl ici ty of 1.5 were incubated in the presence of aza t ryp tophan  (20/zg/ml), 
and intraceUular phages were liberated by  addit ion of CHCls 2~. Their number  com- 
menced to rise at  about  3 ° minutes, from a background level of less than o.0I per 
original infected bacterium, to o.I  at  I hour. The number  of infectious centers dropped 
at I hour  to o.2 per original bacterium. Thus there was a definite product ion of new 
phage under  these conditions. Similar results were obtained when cyanide was used 
to measure the number  of intracellular phage. 

No mutagenic  effect of aza t ryp tophan  on T2-phages was found; i.e., no ap- 
preciable number  of new types  of plaques was observed. 

Aza t ryp tophan  led to abortive T I  infection: 20/zg/ml of the analog added at 
the t ime of infection (multiplicity 0.02) reduced the infective centers to half by  
2o minutes. The control gave an average burst  of IO in two experiments. 
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Early eGects in phage-in/ected bacteria 

Azat ryp tophan  presumably  inhibi ts  phage product ion by  prevent ing  the formation 
of one or more biologically active proteins. At present, these proteins m a y  be divided 
into three groups: those necessary for development  of phage e, 7,8, 2e; those, formed 
later,  which are buil t  into the phage structureg, l°,m; and  a lyric enzyme which 
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Fig, 5. Effects of azatryptophan on syntheses by infected bacteria. Three experiments were 
performed separately, but in a similar manner. E. coli (2- IoS/ml) were infected with T2r phage 
(multiplicity 2 to 4), centrifuged, and resuspended in their growth medium, and at subsequent 
times aliquots were removed into io % TCA, washed, and the precipitates were analyzed. The 
first graph shows uptake of 2-14C-leucine by bacteria in low phosphate medium in the presence 
and absence of 20 #g/ml azatryptophan. The leucine was added with 1.2/zg/ml of non-radioactive 
carrier and was all taken up by the uninfected bacteria in about 25 minutes. The second graph 
shows results of an identical experiment except that 32PO4-8 was added instead of leucine. In the 
third experiment DNA was measured; it was performed in a medium containing amino acids, 
and the concentration of azatryptophan was 60/~g~ml.-@- Phage-infected, no azatryptophan; 

- © -  Phage-infected, plus azatryptophan; - & -  Uninfected, no azatryptophan. 

appears  to be formed .9. To determine whether  aza t ryp tophan  inhibi ts  the action of 
the first group of proteins, one mus t  learn whether  certain events  which normal ly  
occur in the first Io minutes  after infection, and  before the formation of phage 
protein, can take place in the presence of the inhibitor.  

In  order to determine whether  aza t ryp tophan  is inh ib i tory  in the ini t ia l  minutes  
of this period, one can see whether removal  of inhibi t ion at IO minu tes  permits  
appearance of intracel lular  phages in an addi t ional  t ime which is less than  the normal  
eclipse period of about  12 minutes.  Such an experiment  revealed tha t  intraceUular 
phages were not  formed unt i l  15 minutes  after reversal of inhibi t ion.  Therefore, one 
or more processes vi ta l  to virus reproduct ion at  a very early stage mus t  not  have 
occurred. There was a more gradual  intraceUular phage product ion after reversal of 
inhibi t ion,  so some processes, presumably  defective, mus t  have occurred. I t  was found 
tha t  development  of infection proceeds to the extent  of about  3 minutes  dur ing  the 
process of adsorpt ion in buffer, before the inhibi tor  is added, so the process blocked 
occurred some t ime short ly  after 3 minutes.  

Re[erences p. 344. 



338 A . B .  PARDEE, L. S. PRESTIDGE VOL. 9.7 (1958)  

The effects of azatryptophan on synthetic abilities of the infected bacteria was 
studied next. Little influence on over-all protein synthesis, as measured by the in- 
corporation of 2-14C-leucine into TCA-insoluble material, was observed (Fig. 5a). The 
infected bacteria took up radioactivity 65% as rapidly as the uninfected control 
culture, irrespective of the presence of the analog. 

In contrast to uninfected bacteria, 3~P04-3 incorporation into the TCA-insoluble 
parts of infected E. coli was inhibited approximately 40% by the analog (Fig. 5b) 
in low phosphate medium. When DNA was measured colorimetrically, its synthesis 
in infected bacteria was inhibited 75% by azatryptophan, both in low phosphate 
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Fig. 6. Ul t rav io le t  res i s tance  of infect ive  centers .  
E. coli s t r a in  B grown in low p h o s p h a t e  m e d i u m  
p lus  case in  h y d r o l y s a t e  were infected in s a l t s  
so lu t ion  (mul t ip l ic i ty  o.o2) and  r e suspended  in 
used  m e d i u m  wi th  and  w i t h o u t  6o/~g/ml  aza-  
t r y p t o p h a n .  Al iquots  were d i lu ted  into iced t u b e s  
of t h e  m e d i u m  sa l t s  so lu t ion  a t  va r ious  t imes ,  
and  res i s tance  to va r ious  per iods  of i r rad ia t ion  
was  de te rmined .  P la t ings  and  s u b s e q u e n t  incu-  
ba t ions  were done in d im l ight  to avoid  photo-  
reac t iva t ion .  A, w i thou t  a z a t r y p t o p h a n ;  B, wi th  

a z a t r y p t o p h a n .  

medium and in this medium supplemented with amino acids (Fig. 5c). Determination, 
of the base composition of the DNA present at 16 minutes in infected bacteria (grown 
with amino acids in the medium) revealed at least a 70% inhibition of 5-hydroxy- 
methyl-cytosine synthesis when 60/zg/ml azatryptophan was added 5 minutes before 
infection. (Sixty /~g/ml of azatryptophan is required in this supplemented medium 
for the same inhibition of phage production given by IO ~g/ml in low P medium.) 
This result indicates a strong inhibition of phage DNA synthesis. A requirement for 
protein synthesis for the subsequent synthesis of DNA has been shown previously, 
by a variety of techniques ~,e, 7, s; the present result suggests that the protein made 
in the presence of azatryptophan does not fulfill this function satisfactorily. 

The greatly increased resistance, by about 12 minutes, of the infected bacteria 
to inactivation by ultraviolet light (UV) is has been used as a criterion for early 
progress of phage infection 7. Experiments to determine UV resistance in the presence 
of the analog were performed both in the low phosphate medium and in the presence 
of casein hydrolysate-- the  latter being added to approach more closely the rich 
media used by other workers. When the bacteria were infected in the presence of 
o.o02M KCN (to prevent phage development before resuspension in the growth 
medium) there was only a small increase in UV resistance by 12 minutes if 20/zg/ml 
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a z a t r y p t o p h a n  was present .  Chloramphenicol ,  and  t r y p t o p h a n  deficiency (in B / i , t )  
also were found to b lock  the  increase in UV resistance,  in conf i rmat ion of the  ear l ier  
reportsS,7, 8. But  when a slight deve lopment  occurred before add i t ion  of a z a t r y p t -  
phan,  the  analog only  mode ra t e ly  decreased the  ra te  a t  which a high UV resis tance 
was a t t a ined  (Fig. 6). A p p a r e n t l y  a z a t r y p t o p h a n  s t rong ly  inhibi ts  only  the  ve ry  first  
minu tes  of deve lopment  of UV resistance.  

E yects on phage-structural proteins 

I t  m a y  now be asked whe ther  the  analog has any  effects on the  prote ins  which are  
an in tegra l  pa r t  of the  phage  s t ructure .  When  bac te r i a  were exposed to a z a t r y p t o p h a n  
15 minu tes  af ter  infect ion (one intraceUular  phage  per  bacter ium),  the  number  of 
in t race l lu la r  phages  increased only  s l ight ly  subsequent ly ,  so t ha t  b y  40 minu tes  there  
were only  IO phages  per  bac te r ium as compared  to a burs t  of 50 in the  control  cul ture .  
Therefore,  the  analog in terfered s t rong ly  with  some process requi red  for comple t ion  
of the  phage,  and  also wi th  o ther  processes requi red  at  an earl ier  s tage (as shown 
previously) .  

Bac te r ia  infected wi th  T2 in the  presence of a z a t r y p t o p h a n  even tua l ly  lysed  
slowly, bu t  p roduced  few viable  phages.  In s t ead  they  released ma te r i a l  wi th  proper -  
t ies to be expec ted  of incomple te  or imperfec t  phages (Table IV). The  separa t ion  
me thod  used to ob ta in  this  ma te r i a l  was the  same as tha t  used for the  pur i f ica t ion 
of T2, and  therefore the  m a t e r i a l  mus t  have  been s imilar  in size to the  phage,  assuming 
a s imilar  densi ty .  The  yield,  as measured  b y  opt ical  dens i ty  a t  260 m~,  was as much  
as half  of t ha t  of the  control  in some cases bu t  was qui te  var iable .  Viabi l i ty  measure-  
men t s  revealed ve ry  few infect ive phages. A z a t r y p t o p h a n  thus  appea red  to pe rmi t  
fo rmat ion  in infected bac te r ia  of ma te r i a l  s imilar  in size to phage,  and  in considerable  
amount ,  bu t  non-infect ive.  This resul t  recalls the  effect of prof lavin in pe rmi t t i ng  
the  fo rmat ion  of incomple te  or uns tab le  phage  precursors  *s, a l though the mechanisms  
mus t  be qui te  different.  

Proper t ies  of these " imperfec t  phages"  were nex t  inves t iga ted  wi th  the  a im of 

TABLE IV 
P H A G E  P R O D U C T I O N  IN T H E  P R I ~ S E N C E  OF A Z A T R Y P T O P H A N  

A zatryptopkan 

Added at Collected at 
#g/ml 

rain rain 

Phage × xo -~ per ml original culture 

Total phage Viable phage 

+ A T  - - A T  + A T  - - A T  

20 - - 5  90 53 25 ° 0.5 37 ° 
IO + i 50 IOO 270 I.O 290 
20 I 50 34 ° 490 0.7 360 
20 5 5 ° 320 49o 17.o 360 
IO 5 IOO 145 700 2. 5 280 
20 5 90 IOO 640 0.6 660 
4 ° 15 16o 270 53 ° 5.~ 12o 

Each row represents a different experiment. In each, E. coli strain B in the exponential phase 
of growth (about 3" I°8 bacteria/ml) in low phosphate medium were infected at a multiplicity 
of I to 2, in the presence or absence of azatryptophan, added at the times and concentrations 
given above. The phage were collected by differential centrifugation at the times shown, and 
the resuspended samples were assayed for "Total Phage" by optical density at 26o m# (lO 11 
phage/ml = optical density of unity) and for "Viable Phage" by plating. 
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discovering the type of lesion which made them non-infective. Electron microscopy 
of metal-shadowed specimens was used to obtain information regarding their struc- 
ture. No intact T2 phages could be seen. Pictures were also made of bacteria infected 
5 minutes after addition of azatryptophan to the culture, or IO minutes before 
addition of tryptazan, and harvested shortly before the expected release of phage. 
Those bacteria when dried released their contents on the specimen film but no phages 
were seen. Control cultures liberated numerous phages under these conditions, so it 
is concluded that azatryptophan did not permit any nearly complete phages to 
be made. 

The ultracentrifuge was used to gain an idea of the size of imperfect phages. 
No boundary which sedimented like T2 was observed with UV optics; instead slowly 
moving material (sedimentation coefficient = 39 S) was seen. These data show that 
the imperfect phages must be quite unstable, although they were originally readily 
sedimentable once during the process of purification. 

The imperfect phages contained large amounts of nucleic acid, as shown by the 
high ratio, similar to T2, of optical densities at 260 and 280 m/z (1.3o to 1.4o ). This 
nucleic acid consisted largely of T2-type DNA, as shown by the base composition, 
and especially by the presence of 5-hydroxymethyl-cytosine (Table V). 

TABLE V 

B A S E  RATIOS  OF " P H A G E "  M A D E  IN T H E  P R E S E N C E  A N D  A B S E N C E  OF A Z A T R Y P T O P H A N  

Base ratios o! preparations 

+ A T  - - A T  

Guanine o. 15 o. 15 
Adenine o.32 o.3 ° 
OH-Me-Cytosine o. 14 o. 17 
Thymine o. 4 ° o. 39 

E. coli strain B was infected with T2 phage, in the absence of azatryptophan, and with the analog 
(io #g/ml) added at 5 minutes. The purified "phage" were hydrolyzed and chromatographed to 
determine their base composition. The material formed in the presence of azatryptophan had 
a ratio of viable phage to "total phage" of 0.06. 

Protein was also found in these preparations, as demonstrated by the Folin 
method (4.3/~g protein/~g DNA) and by the presence of incorporated radioactive 
leucine, which had been added to the medium at the time of addition of azatrypto- 
phan. These results show that considerable non-phage protein (or phage that had 
lost its DNA) was present as a contaminant, since the ratio of protein to DNA in 
phage is about I ;  and it was not possible to determine how much phage-structural 
protein was present. However, the protein did seem able to hold the DNA together 
in a sedimentable form. Hydrolysis and chromatography revealed about 0.5% aza- 
tryptophan, approximately the anticipated amount if the analog replaced tryptophan 
in the phage, in the amino acids of the phage preparations made in the presence of 
azatryptophan. This poses the question of the nature of this protein. 

The protein apparently does not completely surround the DNA, as is shown by 
the observation that the DNA is susceptible to the action of deoxvvribonuclease 
(DNase). When a sample (optical density o.2) was incubated for 20 minutes at 37 ° C 
with 40/~g/ml of pancreatic DNase in the presence of o.o2M MgS04, 60% of the 
optically dense material became soluble in 7% HCI04 (with 1% serum albumin added 
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as a co-precipi tant) .  F o r  controls,  i t  was found t ha t  50 to 60% of a sample  of t h y m u s  
D N A  became soluble, and  only  lO% or less of a T2 p repara t ion  went  into solut ion 
under  s imilar  t r ea tmen t .  DNase  d id  not  des t roy  ei ther  t h e s m a l l  infectious ac t i v i t y  
of the  imperfec t  phage  p repara t ion ,  or  t ha t  of the  control  T2 prepara t ion .  These 
resul ts  showed t h a t  the  D N A  was not  p ro tec ted  b y  i ts  pro te in  coat,  unl ike the  D N A  
of T2, and  also confirmed the  conclusion tha t  much of the  opt ica l ly  dense mate r ia l  
was DNA.  

The above  results  suggest  t ha t  a ma jo r  defect  in phages produced  in the  presence 
of a z a t r y p t o p h a n  lies in the  pro te in  por t ion  of the  phage.  Certain proper t ies  of phage  
proteins,  o ther  than  ab i l i ty  to  sur round  the DNA,  are known 9, lo, 28. These include 
ab i l i ty  to kill  bac ter ia ,  to adsorb  to bacter ia ,  and  to combine wi th  an t i -phage  serum. 
These  proper t ies  of imperfec t  phages  were tes ted  and  all were possessed to only 
a smal l  ex ten t  (less than  20%) b y  the  imperfec t  phages,  as compared  wi th  T2. 

The  inab i l i t y  of imperfec t  phages  to kill  E.  coli is shown in Table  VI.  An 8-fold 

TABLE VI 

P U R I F I E D  LYSATES:  KILLING AND a 2 p  UPTAKE 

Total pkage Viable pkage Bacteria % 3*p 
added/ml X zo -7 ]ound/ml × io -~ ]ound/ml × ro -~ in supernatant 

Control 

AT 

25 16 69 52 
5 ° 2o 51 48 

500 6i 1.6 46 

25 o.2 88 84 
5 ° 0.4 84 lO7 

5 °0 3.7 76 98 

The preparations were made by infection of E. coli, strain B with T2r at a multiplicity of i.o 
in buffer, adsorption for 5 minutes, and resuspension in fresh medium containing 8~PO4-3. After 
5 minutes io/~g]ml of azatryptophan was added to half of the infected culture (AT), and not 
to the other half (control). At I35 minutes the bacterial debris was removed by centrifugation 
at low and then at high speed (see METHODS). The phage preparations were then dialyzed for 
x5 hours at o ° against adsorption buffer. 

To test for killing and azp adsorption, various amounts of the preparations, measured by 
optical density at 26o m/~, were mixed with 66. lO 7 E. coli per ml in broth and incubated at 37 ° 
for IO minutes. The samples were plated for viable bacteria and for phage, and the fraction of 
32p not removed with the bacteria by sedimentation was determined. 

mul t ip l i c i ty  (measured b y  opt ica l  densi ty)  of the  phage p repa ra t ion  made  in the  
absence of a z a t r y p t o p h a n  kil led 98 % of the  bac te r ia  while the  same amoun t  of the  
p repa ra t ion  made  in the  presence of the  analog kil led a negligible number  since 
growth  p e r m i t t e d  an increase in the  number  of bac te r ia  b y  14%. Similar  results  were 
ob ta ined  wi th  a p repa ra t ion  in which the a z a t r y p t o p h a n  had  been added  8 minutes  
af ter  the  phage.  

Table  VI also shows tha t  the  asp of the  imperfec t  phages  is not  t aken  up b y  
the  bacter ia .  B y  contras t ,  half  of the  asp of the  control  was t aken  up  in i o  minutes .  
S imi lar  exper iments  were per formed with  p repara t ions  labeled wi th  14C-leucine. In  
every  case, two or  three  t imes  as much  r ad ioac t i v i t y  was absorbed  b y  the bac te r ia  
from the control  compared  to the  sample  p repa red  in the  presence of aza t ryp tophan .  
However ,  the  high background  readings  made  the resul ts  of only  qua l i t a t ive  signifi- 
cance (Table vii). 
R e f e r e n c e s  p .  3 4 4 .  
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T A B L E  VII  

L Y S A T E S :  P R O T E I N  A D S O R P T I O N  A N D  A N T I S E R U M  P R E C I P I T A T I O N  

l*C-counts/min/ml 

A dsorbed Precipitated 
Sample Total TCA-precipitable by E. coli by antiserum 

Control  766 308 174 i 13 
AT 640 311 114 26 
In i t ia l  833 4 93 o 

The  p r epa ra t i ons  were m a d e  by  adsorp t ion  of phage  T2r  (mul t ip l ic i ty  of 2.0) to E.  coli, centr i fu-  
ga t ion  and  resuspens ion  of I/3 in to  fresh m e d i u m  con ta in ing  1.2 # g / m l  of 14C-leucine (35oo 
counts//zg) and  h a r v e s t e d  af te r  3 ° m i n u t e s  (control);  and  2/3 into fresh m e d i u m  to which  20 #g/m]  
of a z a t r y p t o p h a n  h a d  also been  added.  One  hal f  of th i s  l a t t e r  cu l ture  was  h a r v e s t e d  af te r  3 m i n u t e s  
(initial) and  t he  o the r  ha l f  a f te r  5o m i n u t e s  (AT). Coun t s  were m a d e  for to ta l  14C, and  I~C precipi- 
table  by  lO% TCA. 

For  d e t e r m i n a t i o n  of adso rp t ion  of x4C to E .  coli, por t ions  of t he  p repa ra t i ons  were briefly 
cen t r i fuged  to r emove  i n t ac t  bacter ia ,  and  i ncuba t ed  a t  45 ~ for ro m i n u t e s  wi th  a su rp lus  of 
E.  coli prev ious ly  i r rad ia ted  s t rong ly  wi th  u l t rav io le t  l ight  (to reduce  u p t a k e  of free leucine). 
The  bac te r ia  were centr i fuged,  washed  once wi th  cold 0.85 % NaC1, and  were coun ted  for ad-  
sorbed a4C. 

For  de t e rmina t i on  of p rec ip i ta t ion  by  a n t i p h a g e  se rum,  t he  p repa ra t ions  were d i s rup ted  in 
t he  sonic oscil lator and  t h e n  a n y  free bac te r ia  were r emoved  by  cent r i fuga t ion .  An  excess  of 
ant i -T2 s e r u m  and  3" lO12 carr ier  T2 phages  were added.  Af te r  2.5 hou r s  a t  25 ° and  15 hour s  a t  o °, 
t h e  m i x t u r e s  were centr i fuged,  t he  prec ip i ta tes  were washed ,  and  were coun ted  for I4C. 

The imperfect phages showed little tendency to be precipitated by anti-phage 
serum (Table vii). About 2o% as much 1~C was brought down from crude prepa- 
rations of infected bacteria exposed to azatryptophan as by the controls. Also, the 
former preparation did not possess the ability to neutralize anti-phage serum. To 
demonstrate this, a crude lysate of T2-infected E. coli was inactivated with UV and 
then was mixed with an equivalent amount of anti-T2 serum, and after 3 hours at 45 ° 
the absence of residual antibody was determined by addition of viable phages and 
plating after 4 more hours. By contrast, a lysate prepared in the same way, but 
with azatryptophan added 8 minutes after infection did not show appreciable com- 
bining ability. From these tests it is concluded that the protein associated with the 
imperfect phages has only the property of permitting its sedimentation with phage 
through one cycle of purification. Other characteristics of phage protein are absent. 

DISCUSSION 

The results presented are most readily interpreted to mean that incorporation of 
azatryptophan into an enzyme usually results in an inactive protein. That is, a 
tryptophan moiety somewhere in the protein is essential for activity and the analog 
is similar enough to substitute for it but not similar enough for catalytic function. 
However, other explanations are plausible. For example, in the absence of tryptophan 
the protein molecule analogous to the enzyme may not be formed because aza- 
tryptophan may not possess sufficient similarity to tryptophan to permit the combi- 
nation of the amino acids into this particular protein (in contrast to the majority 
of proteins). Or possibly, azatryptophan may be joined by a peptide bond to one 
of its neighbors but not to the other with the result that breaks exist in the peptide 
bond sequence. To distinguish these possibilities, inactive proteins corresponding to 
the enzymes will have to be isolated, and studies of their composition, end groups, 
immunology and physical chemistry will be necessary. 
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The observation that aspartate carbamyl transferase is synthesized readily in 
the presence of azatryptophan may mean that t ryptophan is not in a position vital 
for catalytic action of this enzyme, although tryptophan (or a close analog) appeared 
to be essential, directly or indirectly, for formation of the enzyme. Further studies 
with a purified preparation of the enzyme will be required to determine whether or 
not the enzyme contains tryptophan. 

The incomplete inhibition of the appearance of the above enzyme and of D-serine 
deaminase may indicate that altered enzymes can be created with limited catalytic 
activities; i.e., enzyme activity may not be an all-or-none property of a protein but 
might vary in degree. Before such a conclusion can be made, the various consider- 
ations above must be investigated, and also the possibility that traces of t ryptophan 
provide for the synthesis of some enzymes. 

Phage formation showed a requirement for tryptophan not satisfied by aza- 
tryptophan, both in early and in late stages of development. The inhibition of phage 
development after the first few minutes was accompanied by a strong but not com- 
plete inhibition of DNA synthesis (presumably owing to inadequately active enzymes). 
By contrast, the appearance of UV-resistance was only slightly inhibited indicating 
that some of the processes of phage development were taking place. Production of 
a full complement of new DNA therefore is not required to bring about increased 
UV-resistance. 

Inhibition of phage production by azatryptophan during the later stages of 
development is connected with formation of inadequate structural proteins of the 
phage. Isolation of material in some ways resembling phages permitted study of its 
properties. The protein of this material contained azatryptophan 1 and was sedimented 
with phage-like DNA through one cycle of centrifugation, but otherwise the protein 
had none of the properties of phage. I t  seems likely that the effect of azatryptophan 
is not simply to substitute for t ryptophan and for this reason alone to inactive the 
phage, but to cause extensive disorganization in the entire process of phage protein 
synthesis. 

A point of special interest is the much greater lethal effect of low concentrations 
of azatryptophan on replicating phage than on bacteria. This "chemotherapeutic 
effect" might be explained by postulating that since bacteria possess a large number 
of each kind of protein molecu|e, some of each sort may be active by consequence 
of using t ryptophan rather than azatryptophan in their synthesis (at low concen- 
trations of the latter), and these active enzymes may carry on the processes of growth 
in spite of the inactive molecules. By contrast, phages may have only one or a few 
of each sort of active molecules, so that the probability of achieving an inactive 
"phage" by elimination of all representatives of any one kind of molecule would be 
great. In agreement with this argument is the observation that a few active phages 
are always formed at any concentration of azatryptophan; these would be the rare 
ones that contain tryptophan at all essential positions. 
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E .  I~{cFALL :[or antiphage s e r u m ,  t o  D r s .  ROBISON, SNYDER, LIPMANN, PFISTER,  

W E L C H  AND M c L A R E N  fo r  g i f t s  o f  a n a l o g s ,  a n d  t o  D r .  DAVIS A n D  NOVlCK f o r  m u t a n t s .  

S U M M A R Y  

T h e  inf luence of a n u m b e r  of ami no  acid ana logs  on t h e  abi l i ty  of Escherichia coli to fox m p ro t e ins  
was  inves t iga ted .  The  ana log  of t r y p t o p h a n ,  7 - aza t ryp t ophan ,  is incorpora ted  in to  pro te ins  and  
p e r m i t s  syn the s i s  of p ro te ins  and  nucleic  acids, b u t  t he  m a j o r i t y  of enzymes~ and  also bacter io-  
p h a g e s  T I  and  T2, did no t  appear  in ac t ive  forms.  Two enzymes ,  a s p a r t a t e  c a r b a m y l  t r ans fe rase  
a n d  D-serine deaminase ,  were fo rmed  in a b o u t  half  the  m a x i m a l  a m o u n t s  in t he  presence  of 
a z a t r y p t o p h a n ,  b u t  no t  w h e n  t he  t r y p t o p h a n  supp l y  was  l imi ted  by  va r ious  o the r  means ,  Kine t ics  
of  inh ib i t ion  showed  t h a t  unde r  t he  e x p e r i m e n t a l  condi t ions  i and  i .8 m i n u t e s  were requi red  to 
es tab l i sh  and  reverse  t he  inhib i t ion  of f l -galactosidase fo rmat ion ,  respect ively .  

P h a g e  f o r m a t i o n  was  m u c h  more  s t rong ly  inh ib i ted  by  t he  ana log  t h a n  was  bacter ia l  growth,  
t h e r e b y  p rov id ing  a k ind  of c h e m o t h e r a p y .  Inh ib i t ion  of phage  d e v e l o p m e n t  was  observed  in 
bo th  t he  ear ly  and  la te  per iods  a f te r  infection.  W h e n  added  a few m i n u t e s  af ter  t he  t i m e  of 
infection,  a z a t r y p t o p h a n  inhib i ted  t he  fo rma t i on  of phage  D N A  m u c h  more  s t rong ly  t h a n  t h e  
d e v e l o p m e n t  of res i s tance  to u l t rav io le t  l ight ;  th i s  sugges t s  t h a t  t he  fo rmer  is no t  necessa ry  for 
t h e  l a t t e r  p h e n o m e n o n .  P ro t e in  m a d e  in t h e  presence  of a z a t r y p t o p h a n  a n d  isolated in inact ive,  
cen t r i fugab le  par t ic les  h a d  none  of t he  p roper t i es  of phage  protein,  b u t  was  assoc ia ted  wi th  D N A  
of t he  phage  type.  The  ana log  ac t s  so as  to cause  ma j o r  imper fec t ions  in t h e  phage  pro te in  r a the r  
t h a n  by  s imp ly  be ing  incorpora ted  in place of t r y p t o p h a n .  
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