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SUMMARY 

I. Thiosine-resistant nmtan t s  of Escherichia colt K-I2 have been isolated 
which have decreased lysy l - tRNA synthetase  (L-lysine: t R N A  liga,~e (AMP), 
EC 6.1.1.6) activity.  

2. These mutan t s  have three unusual  characteristics. 
A. The act ivi ty  of lysyl - tRNA synthetase  is growth-nledium-dependent ,  and in 

some strains is 15 2o times higher in an enriched medium than  in minimal 
mediuin. 

B. The act ivi ty  of the lysy l - tRNA synthetase  from the wild-type strain declines 
in s ta t ionary  phase in AC broth,  gut  the act ivi ty  of the enzyme from nmtan t  
strains does not.  

C. The lysy l - tRNA synthetase  from the nmtan t  strains is thernlostable in com- 
parison to the wild-type enzyme. 

3.Alanine can stimulate the lysyl - tRNA synthetase act ivi ty in minimal medimn. 
and thus can partially replace the requirement for an enriched growth medium. 

INTRODUCTION 

The anl inoacyl- tRNA synthetases are a class of enzymes indispensable to the 
cell because of their role in amino acid act ivation,  and in insuring the fidelity of 
t ranslat ion in protein synthesis by interact ing selectively with the proper tRNA 
species 1. There have been a number  of publications on the possible role of aininoacyl- 
t R N A  synthetase  in the regulation of amino acid biosynthesis (e.g. refs. 2- 7), but  only 
a few reports have appeared on the regulation of the synthesis and act ivi ty  of the 
synthetases themselves a-*2. I t  was initially thought  tha t  the synthesis of these 
enzyines is const i tut ive s, but  the work of NASS AND N E I D H A R D T  8 demonst ra ted  tha t  
the formation of the phenylalanyl-  and isoleucyl-tRNA synthetases is subject to con- 
trol by  a repression-like mechanism. By  use of the more sophisticated technique of 
densi ty  labeling, WILLIAMS AND NEIDHARDT 9 extended the above experiments to 
other  anl inoacyl- tRNA synthetases.  The major  conclusion from their experiments is 

* This is publication No. I4~5 of the Cancer Commission of Harvard University. 
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that the rate of synthesis of aminoacyl-tRNA synthetases can vary considerably 
(lO-5O fold), and that this rate can be modulated by a repression-like mechanism. 

A number of mutant  aminoacyl-tRNA synthetases have been isolated by 
various techniques (e.g. refs. I3-I9) ,  but thev all appear to be structural gene mutants. 
To the authors' knowledge no mutant  strain has been reported in which the amount 
of an aminoacyl-tRNA synthetase is depressed or elevated, although at least one 
attempt has been made to identify such a mutant  16. We have isolated a number of 
thiosine-resistant strains of Escherichia coli K-I2 which have reduced lysyl-tRNA 
synthetase (L-lysine: tRNA ligase (AMP), EC 6.1.1.6) activity. These mutants are 
most unusual in that the activity of the lysyl-tRNA synthetase is growth-medium- 
dependent, and in some strains the specific activity of the enzyme is 15-2o times 
higher in an enriched medium than in minimal medium. Another singular aspect of 
these strains is that  the lysyl-tRNA synthetase is more heat stable than the wild-type 
enzyme. In this report we describe the isolation and physiological studies on these 
strains. The enzymological studies are presented in the accompanying paper 2°. 

MATERIALS AND METHODS 

Strains, media, and growth conditions 
Ttle strains of E. coli K-I2 used in the experiments described in this report 

are listed in Table I. 
Cells were grown at 37 ° with aeration in minimal medium 21, minimal medium 

supplemented with amino acids, vitamins, purines and pyrimidines 22 (supplemented 
minimal medium), i °/o baetopeptone-o. 5 °/o yeast extract, i °/o baetopeptone-5 ~o 
yeast extract or Difeo AC broth. Growth of the bacterial cultures was determined by 
measuring the absorbance at 49o nm for minimal medium and 580 nm for the other 
media. 

When the lysine bradytrophs were grown in the supplemented minimal 
rad ium,  arginine and histidine were omitted, and with the arginine bradytrophs, 
lysine and histidine were omitted 5. This precaution was taken because the basic 
amino acids inhibit the growth of the bradytrophs. Amino acids were used at a final 
concentration of ioo  #g/ml unless noted otherwise. In experiments in which the cells 
were shifted from supplemented minimal medium to the enriched medium, the cells 
were not washed. 

Mutagenesis 
(A) Spontaneous. Individual cultures of the parent strain were grown in AC 

broth to about I • lO 9 cells per ml. After washing twice with minimal medium and 
concentrating the cells about Io fold, o.I ml was plated on 2 % agar (Difco) containing 
supplemented minimal medium plus ioo/~g/ml thiosine. No lysine was present in 
this medium. These plates were incubated at 37 ° for 48 h to permit thiosine-resistant 
nmtants to grow. 

(B) Ethyl methane sul/onate. The procedure was that of LOVELESS AND 
HOWARTH 23 using the  modification of COOPER et al. 24. Cells were incubated with 
ethyl methanesulfonate at 30 ° for qo rain or at 37 ° for 15 rain. Samples of the muta- 
genized cells were grown overnight in AC broth, and then plated on agar as described 
above. 
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Enzyme assay 
The activities of lysyl-, arginyl-, and glutamyl- tRNA synthetases were measur- 

ed by  the ability of each to charge tRNA with the appropriate L-i14C]amino acid. 
The standard incubation mixture for the assay of lysyl-tRNA synthetase consisted 
of the following in a volume of o.i ml: io#moles  Tris maleate buffer, pH 7.25; 
o . I#mole  ATP; I.O /,mole MgCI~; i .o #mole KC1; o.ooi #mole of L-ilx4Cllysine 
(80 #C/#mole); and E. coli K-I2 tRNA, 0.45 rag. The pH chosen (7.25) was below 
the opt imum in order to increase the chance of finding a mutant  enzyme, for it had 
previously been found that  the act ivi ty of nmtant  arginyl-tRNA synthetases 
decreased more rapidly than tile activity of the wild-type enzyme as the pH was 
lowered from the opt imum of 8.0--5.515. In the assays for arginyl- and glutamyl-t  RNA 
synthetase activity, o.4#mole of glutathione was also included. In these latter 
assays 0.o2 #mole of either arginine (20 #C/#mole) or glutamic acid (7 #C/#mole) 
was used. 

The assays were performed at 37 ° for 5 min unless otherwise noted. The rate 
of labeling of tRNA was constant during this t ime interval. After the incubations 
were completed the samples were prepared for counting by the membrane filter tech- 
nique 25 and the radioactivity determined on a gas-flow counter. I unit of enzyme 
activity represents the amount of enzyme that  catalyzes the incorporation of I nmole 
of lysine into tRNA in IO min at 37 °, pH 7.25. Specific activity is defined as the 
number of units per mg of total protein. 

Preparation o/crude enzyme extracts 
Crude extracts were prepared by sonic disruption as previously described 5. 

In the synthetase assays 3-5 #g of crude extract protein was routinely used. 

Protein determination 
Protein was determined by the method of LOWRY el al. 26 using crystalline 

bovine serum albumin as a standard. 

Chemicals 
The amino acids and vitamins used in preparing media were highest quality 

products from either the Mann Research Laboratories or Sigma Chemical Company. 
L-Thiosine (S-(fl-aminoethyl)-L-cysteine)was obtained from Cyclo Chemicals, Los 
Angeles, California. All 14C-labeled amino acids were obtained from New England 
Nuclear. Transfer RNA was purchased from either General Biochemicals or Schwarz 
Bioresearch. Crystalline bovine serum albumin was obtained from Pentex, Kankakee, 
Ill. AC broth, bactopeptone and yeast extract were obtained from Difco Laboratories, 
Detroit, Mich. Ethyl  methanesulfonate was purchased from Eastman Organic 
Chemicals. Chloramphenicol was obtained from Parke, Davis and Company, and 
lastly rifampicin was a gift of Dr. K. Brooks Low of Yale University. 

RESULTS 

Isolation o/ thiosine-resistant mutants with reduced lysyl-tRNA synthetase activity 
L-Thiosine (S-(fl-aminoethyl) L-cysteine) is an analog of lysine and can 

replace it in the pyrophosphate exchange reaction, and in the aminoacylation of 
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t R N A  in the  presence of l y s y l - t R N A  syn the ta se  2v. I t  has also been shown b y  STERN 
AND ~/[EHLER 27 t ha t  L-(asSl thiosine can be incorpora ted  into  the  pro te in  of E.  coli 

a l though  thiosine  would not  suppor t  the  growth  of a lysine auxo t roph .  The growth  
of E.  coli K-I2  is inh ib i ted  b y  thiosine 27. The  above  proper t ies  of thiosine made  i t  a 
l ike ly  device for select ing l y s y l - t R N A  syn the ta se  mu tan t s ,  and  such m u t a n t s  can be 
selected on the  basis  of the i r  res is tance to the  g rowth- inh ib i to ry  p r o p e r t y  of the  analog.  

In  the  exper iments  r epor ted  here the  pa ren t  s t ra in  is IH2ooo,  which is a lysine 
7 b r a d y t r o p h  (conversion of d iaminopimel ic  acid  to lysine) de r ived  from s t ra in  
MA5 o, a lysine 7 auxo t roph  (see Table  I for o ther  p roper t ies  of IH2ooo) .  A b r a d y -  
t rophic  (leaky) s t ra in  was used for the  following reasons:  I t  is necessary  to have  an 
endogenous supp ly  of lysine when selecting th ios ine- res is tan t  mu tan t s ,  for lysine 
a d d e d  to med ium conta in ing  thiosine will in terfere  wi th  the  g rowth- inh ib i to ry  ac t ion 
of the  la t ter .  Lys ine  is, however ,  a be t t e r  subs t r a t e  for l y s y l - t R N A  syn the tase  than  
is thiosineeE B y  using a b r a d y t r o p h ,  the  amoun t  of lysine synthes ized  is reduced,  
bu t  is sufficient to  suppor t  growth.  Moreover,  the  reduced  amoun t  of lysine enables  
thiosine to compete  more effect ively  as a subs t r a t e  for l y s y l - t R N A  synthe tase .  

TABLE I 

D E S C R I P T I O N  OF S T R A I N S  

Strain Nutrilional requirements Response to Genotype o / A r g  and ..l/Iating 
Lys loci type 

.4rg Lys Cys Thr Leu Thi Can Thio Sir Arg B .4rg  S Lys 7 

IF[ 2000 (parent) + br S S S + + F 
IH 2OOl + br S R S + + F-  
IH 2o02 + br S R S + + -- F 

MA 5000 (parent) br q- + + + + S S S -- + + F + 
MA 5003 br + + + + + R S S -- + F ~ 
MA 5005 br + + + + v- R S S -- - + F* 

Abbreviations used: Arg, arginine; Lys, lysine; Cys, cysteine; Thr, threonine; Leu, leucine; 
Thi, thiamine; Can, canavanine; Thio, thiosine; Str, streptomycin; br, bradytrophie; S, sensitive; 
R, resistant, + ;  no requirement; --, complete or partial requirement. 

Spon taneous ly  ar is ing or e thyl  me thanesu l fona te - induced  th ios ine- res is tan t  
m u t a n t s  were selected on 2 % agar  p la tes  con ta in ing  supp lemen ted  min ima l  m e d i u m  
wi th  i oo  #g /ml  thiosine.  No lysine was present  in the  medium.  Only  slow growing,  
th ios ine- res i s tan t  colonies were chosen for fur ther  s tudy ,  as i t  was reasor_ed t ha t  
such s t ra ins  would be more l ike ly  to  con ta in  a defect ive  l y s y l - t R N A  synthe tase .  
The  colonies chosen for fu r the r  s t u d y  were pur i f ied  b y  res t reak ing  on agar  p la tes  
con ta in ing  thiosine,  and  were then  grown in l iquid  cul ture  ( supplemented  min ima l  
m e d i u m + l y s i n e )  to p repa re  crude ext rac ts .  Assays  for l y s y l - t R N A  syn the ta se  were 
pe r fo rmed  wi th  sonic ex t rac t s  b y  measur ing  the  incorpora t ion  of L-[laC~lysine in to  
t R N A .  Approx .  4o0 s t ra ins  were tes ted ,  and  abou t  5o of these had  reduced  lysyl-  
t R N A  syn the ta se  ac t iv i ty ,  which ranged  from 5-5o % of the  pa ren t  s t ra in .  In  
Table  I I a  r ep resen ta t ive  sample  of m u t a n t s  is l isted.  The  largest  percentage  of this  
k ind  of m u t a n t  resul ted  from t r e a t m e n t  wi th  e thy l  me thanesu l fona te  at  3 o°. In  the  
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T A B L E  l [  

T I I I O S I N E - R E S I S T A N T  S T R A I N S  V V I T H  R E I ) U C E D  L Y S Y L  t R N A  S Y N T I t F ' T A S b 2  A ( T I k : I T Y  

L y s y l - t R N A  s y n t h e t a s e  w a s  a s s a y e d  a c c o r d i n g  to  the  p r o c e d u r e  describe{1 u n d e r  MATERIALS AND 
MV2THODS. T h e  f igures  l i s t ed  u n d e r  ° 8 a c t i v i t y  are  a v e r a g e  v a l u e s .  T h e  r a n g e  of  a c t i v i t i e s  o b s e r v e d  
is g i v e n  in p a r e n t h e s e s  

Strain 3.lulagenesis T e m p .  % Parental lysyl-tlCNA 
synthetase activity 

[ H  2 o o t  E ~ I S  3 ° 5 (3.5 0.5)  
I H  2002 E M S  3 ° 5 (3.5 6 -5 )  
111 2oo 3 S p o n t a n e o u s  48 (43 53) 
I H  2004 E M S  3 ° I I  (0 -I3)  
I H  2005  E M S  3 ° 7 (5 9) 
I H  2006  E M S  3 ° 37 (33 4 I) 
I H  2007 E M S  3 ° r 4 (12 I{)) 
I H  2008  E M S  30' 5o (45 55) 
I H  20{}9 E M S  3{}' I2 ( Io .  5 t 4 .  5) 
I H  2OlO E M S  3 ° 24 (21 27) 
[ [ f  2OI1 E M S  3 7 '  5 ( 3 . 5 6 . 5 )  
I H  2 o i 2  E ~ I S  3 7  - 6  (23 29) 

remainder of this presentation, discussion will be confined primarily to the wild-type 
strain, IH2000, and the nmtant strain, IH200I. The generation times of these strains 
in various media are listed in Table II1. 

T A ] 3 L E  i I  1 

G E N E R A T I O N  T I M E  O F  T H I ~  P A R E N T  A N D  T H I O S I N E - R F ~ S I S T A N T  S T R A I N S  I N  V A R I O U S  G R O X V T H  M E I ) I A  

G r o w t h  w a s  d e t e r m i n e d  as  d e s c r i b e d  u n d e r  MATERIALS AND MFTHODS. E a c h  f i gure  q u o t e d  repre-  
s e n t s  t h e  a v e r a g e  of  a t  l e a s t  t h r e e  e x p e r i l n e n t s .  

Stroi~ (;eructation time, (mi~l) 

Supplemented Supplemented A C 
minimal medium minimal medium broth 

plus lysine 

I H  2ooo  ( p a r e n t )  65 35 28 
[ H 2 o o t  93  42 3 t 
ll-[ 2002  6I  51 3 ° 

Growth-medium dependent lysyl-tRNA synthetase activity 
It was found that growing the mutant strains in AC broth, which is a complex 

enriched medimn instead of supplemented minimal medium, resulted in a significant 
increase in lysyl-tRNA synthetase activity. This phenomenon is depicted in Fig. I. 
In these experiments the strains were first grown in supplemented minimal medium 
plus lysine, and then shifted to the AC broth. The specific activity of the lysyl-tRNA 
synthetase from mutant strain IH2ooi  typically increases 15 20 fold in such an 
experiment whereas the enzyme from the wild-type strain characteristically shows 
a 1.5-2-fold increase. Addition of lysine (IOO/,g/ml) to the AC broth had no effect on 
the observed increase in lysyl-tRNA synthetase activity. A number of mutant 
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strains have been tested in AC broth, and in every instance the activity of lysyl-tRNA 
synthetase increased. The percentage increase in AC broth depends on the intitial 
activity of the enzyme in supplemented minimal medium; the lower the activity 
in this medium, the larger the percentage increase when the strain is grown in AC 
broth. 

WILD TYPE 
24 

~.,~ 
~{,. 

""I / f ? t  .... 
""'I /Y 1 °°° ... ,,~- ) o' ; . ; ', oo' 
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Fig. [. Ac t iv i ty  of l y s y l - t R N A  s y n t h e t a s e  f rom I H  2000 and  I H  2OOl upon  sh i f t ing  t h e m  from 
s u p p l e m e n t e d  m i n i m a l  m e d i u m  plus lysine to AC broth .  Samples  were t a k e n  a t  va r ious  po in t s  
upon  g rowth  in t he  AC broth ,  sonic ex t rac t s  were p repa red  and  l y s y l - t R N A  s y n t h e t a s e  ac t iv i ty  
m e a s u r e d  by  incorpora t ion  of [14C]lysine into t R N A  a t  37 °, p H  7.25 for 5 rain. The  cu l tu res  were 
g rown aerobical ly  a t  37 °. The  inser t  shows  g rowth  on a log abso rbance  vs. t ime  plots  for t he  wild 
t ype  s t ra in .  The  m u t a n t ' s  g rowth  curve  is supe r imposab le  on the  wi ld- type  curve.  0 - 0 ,  abso-  
bance;  G -  A, l y s y l - t R N A  s y n t h e t a s e  ac t iv i ty  in AC bro th ;  A -  &, l y s y l - t R N A  s y n t h e t a s e  ac t iv i ty  
in i % b a c t o p e p t o n e - o .  5 % yeas t  ex t r ac t  med i um.  

The activity of the lysyl-tRNA synthetase from the mutant  strains grown in 
AC broth usually approximates the activity of the wild-type enzyme when that  
strain is grown in supplemented minimal medium. However, the activity of the 
mutant  strain synthetase never reaches the level of the wild-type activity in AC broth. 

Another interesting feature of Fig. I is the fate of enzyme activity in stationary 
phase. The activity of the wild-type enzyme increases during early stationary phase, 
but  declines as the cells continue into the stationaryphase of growth. This is consistent 
with the studies of SHORTMAN AND LEI-I~AN2S and HEINONENI°on other aminoacyl-t RNA 
synthetases. Several mutant  strains (IH2ooI is depicted here) which have been 
examined differ from the wild-type pattern. The activity of these enzymes also 
increases in early stationary phase, but does not decline thereafter. 

Mutant strain IH2ooI has been tested in other media, and it has been found 
that  in minimal medium or 1 %  bactopeptone-o.5 % yeast extract medium, the 
lysyl-tRNA synthetase activity is equivalent to that  in supplemented minimal 
medium. With the wild-type strain the lysyl-tRNA synthetase activity is equivalent 
in supplemented minimal medium and 1 %  bactopeptone-o. 5 % yeast extract, but 
the enzyme's activity is lower when wild type is grown in minimal medium (see 
Tables VII and VIII).  With either strain the increase in lysyl-tRNA synthetase 
activity is observed if a 1 %  bactopeptone- 50/o yeast extract medium replaces AC 
broth. 

Biochim. Biophys. dcta, 259 (1972 ) 33o-343 



336 I. N. HIRSHFIELD, P. C. ZAMECN1K 

The increase in specific activity of the lysyl-tRNA synthetase in AC broth is 
not related merely to the density of the culture, for if the mutant  strain IH2ooI  is 
grown in 1 °/o bactopeptone-o.5 o; yeast medium to a n  A s s 0 n  m of O.65-o.70, the 
specific act ivi ty of the synthetase remains low, whereas in AC broth at the same 
density the activity has increased 8-1o fold (see Fig. i). 

Specificity 
I t  was of interest to determine whether (A) other aminoacyl- tRNA synthetases 

in the mutant  strain bad reduced activity or (B) showed a large increase in specific 
activity when the strains were shifted from supplemented minimal medium plus 
lysine to AC broth. Glutamyl- and arginyl-tRNA synthetase were tested in the mu- 
tant  and wild-type strains for this purpose (Table IV). The results show that  the 
specific activity of these enzymes in the wild-type and mutan t  strains is quite 
similar, and only a small increment in specific activity is observed with these synthe- 
tases when either strain is grown in AC broth. 

TA13LE |V  

A C T I V I T Y  OF G L U T A M Y L -  A N D  A.RGINYL-Lf~.N~3t S Y N T H E T A S E S  F R O M  P A R E N T  A N D  A T H I O S I N E -  

R E S I S T A N T  S T R A I N  GI~OXVN IN S U P P L E M E N T E D  M I N I M A L  M E D I U M  plus L Y S I N E  OR A C  B R O T H  

Cells were grown in the  s u p p l e m e n t e d  min inml  med ium to la te  log phase.  Samples  were t a k e n  a t  
var ious  po in t s  upon  g rowth  in AC bro th  a nd  g rowth  was concluded  a t  Asson m o.75. In  (A) the  
values  expressed  are the  specific ac t iv i t i e s  found in the  supp l emen t ed  mi n i ma l  medium.  In  (B) the  
f igures r ep resen t  the  n i a x i m u m  ra t io  of the  specific a c t i v i t y  found in AC bro th  to  t h a t  in supple-  
m e n t e d  min ima l  med ium.  Assays  on the  s yn the t a s e s  were run  as descr ibed under  MATERIALS AND 
M E T H O D S  

IH 2ooo 3.7 1.3 1.3 
I H  2oot 3.3 1.4 I-5 

Strain (A) Supplemented minimal  medium (B) Increase in specific activity 
plus lysine ~n ~4 C broth 

( ; lu tamyl- tRNd .'t rginyl-tlCN.4 (;hdamyl-t R N d  ,4 rgi~yl-tRN,q 
synlhetase synthetase synthetase synthetasc 
(units/rag) ( un its /rng ) 

32.7 
3 o. t 

Next it was asked whether there was anything unique about the increase in 
lysyl-tRNA synthetase act ivi ty which was observed when the mutant  strains were 
grown in AC broth. Perhaps any mutant  aminoacyl- tRNA synthetase would exhibit 
the same response. To test this point we used strains MA5oo3 and MA5ooS, which 
are strains with a defective arginyl-tRNA synthetase, and their parent strain 
~A5ooo. Tile arginyl-tRNA synthetase from lV[A5oo 3 has been shown to have an 
increased K,n for arginine whereas the corresponding synthetase from MA5oo 5 has 
an increased K,, for ATP 15. When these strains were shifted from growth in supple- 
mented minimal medium plus arginine (Ioo #g/ml) to AC broth, less than a 2-fold 
increase was observed in the specific activity of arginyl-tRNA synthetase. The 
increases found were MA5ooo, 1.5; MA5oo3, 1.3; and MA5oo5. 1.6. These results 
suggest that  the mutat ion in IH2ooI  and related strains possibly affects only the 
lysyl-tRNA synthetase, and that  the increase in activity observed in AC broth is 
not due to a non-specific effect which would be displayed by any mutant  aminoacyl- 
tRNA synthetase. 
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Is cell density in A C broth critical/or obtaining an increase in lysvl-tRNA synthetase 
activity ? 

The next maior  question posed was whether the number  of generations of 
growth or the cell density obtained in AC broth was the more critical factor in 
determining whether lysyl-tRNA synthetase act ivi ty would increase. The experiment 
described in Fig. 2 examines this question. The mutant  strain IH200I  was grown for 
varying numbers of generations iv. AC broth, and as the results show, the increase 
in activity was independent of this variable but apparent ly  related to the density of 
the culture. This is most obvious for the culture which was started at an Ass0n m of 
o.ooo35. This culture grew eight generations in order to reach an A5s0n m of o.I, but 
as the results show, there is virtually no increase in the lysyl-tRNA synthetase 
activity at this point. In all three cases, the specific activity of lysyl-tRNA synthetase 
increases most rapidly after an A580n m of o. 3 is reached. This experiment suggests 
that  some factor(s) accumulates in the medimn and is responsible for the stimulation 
of lysyl-tRNA synthetase activity. 

I05~ • 

! .,// 
~I / , ' /  
L /.,'/ 

0 O t  0.3 0 5  0.7 0.9 

Absorbance, 580 nm 

Fig. 2. Lack of correlation between number of generations of growth and the increase in lysyl- 
tRNA synthe tase  act ivi ty in m u t a n t  strain I H  2OOl. Cells were pregrown in supplemented mini- 
mal medium plus lysine and then grown in AC broth  for varying numbers  of generations. Culture 
condit ions and lysyl - tRNA synthe tase  assay were the same as previously stated. @-Q), initial 
absorbance in AC broth, o.ooo35; I - - - I L  initial absorbance in AC broth,  o.o35; A--&, initial 
absorbanee in AC broth,  o.i 7. 

The above results prompted the next experiment in which mutant  IH20oI  
was grown in AC broth or 1 %  bactopeptone-5 % yeast extract to late log or early 
s ta t ionary phase (a point at which lysyl-tRNA synthetase activity is high) and then 
the medium was filtered through a millipore filter. To the filtrate was added fresh 
cells of IH200i  grown in suppplemented minimal medium plus lysine. These cells were 
incubated for 2 h in the filtrate. Table V shows that  a marked stimulation of lysyl- 
tRNA synthetase act ivi ty in IH200I  was achieved by  this procedure, and it was 
not necessary for the cells to reach a high density in the filtrate in order to observe 
the stimulation. Moreover, it is obvious by the slow rate of growth of IH200I  in the 
AC broth filtrate that  rapid growth of the cells is not a critical determinant for 
stimulation of lysyl-tRNA synthetase activity. In an analogous experiment the 
filtrate from a wild-type AC broth culture st imulated lysyl-tRNA synthetase activity 
about 2-fold in cells of the same strain pregrown in supplemented minimal medium. 
This rules out the possibility that  the factor(s) produced in the mutant  culture is 
due to an aberration in the mutan t ' s  metabolism. 
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TABLE V 
E F F E C T  OF I N C U B A T I N G  M U T A N T  S T R A I N  IH 2OOI  IN F I L T R A T E  F R O M  AN A C  B R O T H  C U L T U I ~ E  

Mutant strain IH 2OOl was pregrown in supplemented minimal nlcdium aud lysine and then 
transferred to AC broth. The mutant was grown in the AC broth to early stationary phase, and 
then the culture was filtered through a sterile millipore. Cells of IH 2ooi which had been growing 
in supplemented minimal medium were added to the filtrate to give a A ~so nm of 0. I. These cells 
were then incubated in the AC broth filtrate for 2 h. All cultures were grown at 37:, and lysyl- 
tRNA synthetase was prepared and assayed as described under MATERIALS AND METHODS. 

Growth Time o/ .45s0 nm Lysyl-tRN.4 svnthetasc 
medium incubation (units/rag protein ) 

(h) 

Supplemented 
minimal medium plus lysine 
AC broth 
AC filtrate 
AC filtrate 
AC filtrate 

AC filtrate + rifampicin 
(ioo ~ug/lnl) 

AC filtrate + rifampicin 
AC filtrate + chloramphenicol 

(ioo t,g/lnl) 
AC filtrate + chloraniphenicol 

0.35 0.48 
- 0.75 9.8 

o o.i 0.48 
1 o. t 6 5  4 .6  
2 0.24 8.1 

0 O. I I  0 . 4 8  

2 0 . 1 2  0.40 

o o,I 4 o.48 
2 0 . 1 8  0 . 5 2  

Is  the increase in l y s y l - tRNA svnthetase activi~, due to enzyme activation or to a change 
in  the amount o /enzyme? 

If the R N A  synthesis inhibitor,  r i fampicin 29, a0, or the prote in  synthesis inhibitor,  

chloramphenicol  a1,~2, was added to the AC broth f i l t rate and I H2ooI  incubated  as 

above, no increase in l y sy l - tRNA synthe tase  ac t iv i ty  was observed (see Table V). 

These results suggested tha t  the AC fi l t rate factor(s) does not  d i rec t ly  ac t iva te  the 

synthetase.  The requi rement  for protein synthesis could be a direct  one, i.c. more 

l y sy l - tRNA synthetase  is synthesized),  or an indirect  one (i.e. the  f i l t rate factor(s) 

can only act by  being conver ted  via metabol i sm to an act ive  form). 

The quest ion of enzyme ac t iva t ion  versus enzyme synthesis was probed in 

another  manner.  In the  following exper iment  (Table VI),  the m u t a n t  IH2ooI  was 

grown in 1 %  bac topep tone -5  % yeast  ex t rac t  medium to late log phase, and then 

an al iquot  of cells was t ransferred to a 1 %  bactopeptone o. 5 yeast  ex t rac t  medium,  
a med imn in which the l y sy l - tRNA synthetase  ac t iv i ty  in the m u t a n t  strain is low. 

The cells were al lowed to grow for two generat ions in the la t te r  medium,  and it was 

our in ten t  to observe whether  the ac t iv i ty  of the enzyme decreased rapidly  or slowly 
following the  shift. A rapid decline would suggest tha t  the increase in specific ac t iv i ty  

of l y sy l - tRNA synthetase  observed in the 5 % yeast  ex t rac t  med ium was due to an 
ac t iva to r  which was d i lu ted  out in the 0.5 % yeast  ex t rac t  medium.  A slow decline 
in the synthetase ' s  ac t iv i ty  would suggest a turnoff  of synthesis of the enzyme. As 

the results clearly indicate  (Table VI),  the  decline in l y sy l - tRN A  synthetase  ac t iv i ty  
is slow, the ac t iv i ty  being di lu ted out by approx imate ly  1/2 per generation.  

What is the nature o/ the s t imulat ing ~actor(s)? 
There are at least two possible approaches to this question.  One is to grow the  

strains in AC broth or i % bac topep tone -5  o/'.,o yeast  ex t rac t  and then  f ract ionate  the 
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T A B L E  V[ 

E F F E C T  OF SHIFTING MUTANT 1I~  2OOI FROM I ~o BACTOPI~PTONE--5 (~o YEAST EXTRACT TO I 0~) 

BACTOPEPTONE--O-5 ~o YEAST EXTRACT MEDIUM ON LYSYL-tR~X]'A SYNTHETASE ACTIVITY 

The m u t a n t  strain was p regrown in s u p p l e m e n t e d  m in i ma l  m e d i u m  plus lysine, and then  shifted 
to a t % b a c t o p e p t o n e -  5 %/ yeas t  e x t r a c t  m e d i u m  (rich). The cells were grown to an Ass 0 nm 
of o. 7 in this  mediunl .  An al iquot  of cells was renloved,  centr i fuged,  and  theu  washed  in a i % 
bac topep tone -o .  5 %/ ?,east e x t r a c t  medium.  The washed  cells were added  to the  lat ter  tned ium 
to an :1:,~o nm of o.I and then  grown for two genera t ions .  All cul tures  were grown a t  37 ~ , and 
lvsyl  t l~NA s y n t h e t a s e  assayed  as before. 

(;rowtk .45s0 nm Lysy l - tRNA synthetase 
medium (units/rag protein) 

Supp lemen ted  min ima l  med ium + lysine o.35 o.53 
I O'ii b a c t o p e p t o n e  5 % yeast  

e x t r a c t  o.7 r o.6 
1 %  bac topep tone -o .  5 ° o yeas t  

extract  o. i i o. 6 

I o,..o b a c t ° p e p t o n e - o - 5  % yeast. 
extract  o. 2 5-5 

I O'~, bac topeptone_o .  5 % yeast  
ex t r ac t  °.4 3.5 

filtrate which contains the active factor(s) in order to identify it (them). The second 
approach would be to search for compounds which, when added to minimal or I o(, 
bactopepton-o.5 o//o yeast extract medium, would bring the activity of lysyl - tRNA 
synthetase to the level found in AC broth. Due to a chance observation, we have at 
this time utilized the second approach. That observation was that when a concentrated 
solution of amino acids and purines and pyrimidines was added to I °/o bactopeptone-  
o.5 °,o yeast extract culture of the mutant  IH2ooI,  there was a 5-8-fold stimulation 
of lysyl- tRNA synthetase activity upon growth. All of the stimulatory activity of 
the concentrated solution was determined experimentally to be accounted for by 
L-alanine. The optimal concentration for alanine in the I }/o bactopeptone-o.5 o.~ 
yeast extract medium is o .oi  N, and it is not replaced at an equivalent concentration 
by lysine, glycine, serine, threonine, methionine,/~-alanine, pyruvate or acetate (see 
Table VII). It may  be mentioned that alanine was able to stimulate lysyl- tRNA 
synthetase activity in mutant  strains other than IH2ooI.  The kinetics of stimulation 
of lysyl- tRNA synthetase activity by alanine is shown in Fig. 3. 

6o! i2 

/ J\ 7. 

time (rntnute$) 

Fig. 3. Kinetics  of l y s y l - t R N A  synthetase  ac t iv i ty  in strain I H  2OOl grown in 1 % b a c t o p e p t o n e -  
o.5 % yeast  extract  m e d i u m  conta in ing  o.oi  M alanine.  The strain was pregrown in s u p p l e m e n t e d  
m in imal  m e d i u m  plus lysine.  The cu l tures  were grown aerobical ly  at  37 °, and l y s y l - t R N A  syn- 
t h e t a s e  ac t iv i ty  measured  as p rev ious ly  described.  O - a ,  absorbance ;  & - & ,  l y s y l - t R N A  syn-  
t h e t a s e  ac t iv i ty  
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TABLE VII 
S T I M U L A T I O N  O F  L Y S Y L - t I ~ A  S Y N T H E T A S E  A C T I V I T Y  B Y  A L A N I N E  IN I } t  2 o o i  G R O W N  IN I ° 0  

B A C T O P E P T O N E  0 .  5 o ~  Y E A S T  E X T R A C T  M E D I U M  

Cells were grown in 1 %  bactopeptone-o 5 o~) yeast extract  medium to A as0 nm of 0. 5. Lysyl-tRNA 
synthetase was then prepared and assayed as before. 

Additions to medium 
(o.oi M) 

- -  o .  60 
Alanine -~- 7 
l,ysine 0.73 
Glycine o.58 
Serine 0.7 ° 
Threonine o.61 
Methionine 0.65 
Pyruva te  0.63 
Acetate 0.68 
fl-Alanine 0.66 

LysyI-tRNA synthelase 
(units~rag protein) 

I t  was  of i n t e r e s t  to  k n o w  w h e t h e r  a l a n i n e  w o u l d  s t i m u l a t e  l y s y l - t R N A  s y n t h e -  

t a s e  a c t i v i t y  in  a s imp le ,  d e f i n e d  m e d i u m  s u c h  as  m i n i m a l  m e d i u m ,  a n d  also if 

a l a n i n e  w o u l d  h a v e  a n y  e f fec t  o n  t h e  w i l d - t y p e  l y s y l - t R N A  s y n t h e t a s e  a c t i v i t y .  T h e  

a n s w e r s  to  b o t h  of t h e s e  q u e s t i o n s  we re  p o s i t i v e  ( T a b l e  V I I I ) .  T h e  o p t i m a l  c o n c e n -  

t r a t i o n  of a l a n i n e  in  t h e  m i n i m a l  m e d i u m  s y s t e m  is O.Ol-O.O2 lV[ a n d  w i t h  n m t a n t  

s t r a i n  I H 2 o o I  a 5 - 7 - f o l d  i n c r e a s e  in  l y s y l - t R N A  s y n t h e t a s e  a c t i v i t y  was  r o u t i n e l y  

seen.  

TABLE VII[  
S T I M U L A T I O N  O F  L Y S Y L - t R ~ A  S Y N T H E T A S E  A C T I V I T Y  B Y  A L A N I N E  IN S T R A I N  l I ~  2 0 0 0  A N D  I 1 ~  2 o o 1  

IN M I N I M A L  M E D I U M  

(;ells were grown in ininimal nlediuin to a A ~90 nm of 0.3, and in supplemented mininml mediuni to 
.qss0n m of 0. 3, In I ~o bactopept°ne-o-5 yeast extract  1H 2ooo was grown to .4ss0 nm of o. 5. Lysyl- 
tRNA synthetase was then prepared and assayed as described under MATERIALS AND METHODS. 

[ H  2 0 0 I  

IH  200I 
1H 2ooo 
IH 2000 
IH 2ooo 
IH 2000 
IH 2oo0 

Strain Growth medium Lysyl-tRNA synthetase 
(units~rag protein) 

iV[inimal o.60 
Minimal plus 0.02 M alanine 4.io 
Minimal 7.6 
1Vfinimal plus o.o2 3I alanme l i. l 
Supplemented nfinimal inediuln plus lysine I t.o 
1 %  Bactopeptone--o. 5 o{~ ?,east extract  t t.4 
r % Baetopeptone o. 5 % yeast extract  

plus o.ot M alanine t4.2 

A l t h o u g h  a l a n i n e  does  s t i n m l a t e  t h e  a c t i v i t y  of t h e  w i l d - t y p e  e n z y m e ,  t h e  e f fec t  

is c o n s i d e r a b l y  l ower  t h a n  t h a t  o b s e r v e d  in  t h e  m u t a n t  s t r a i n .  As  m e n t i o n e d  pre-  

v i o u s l y ,  t h e  a c t i v i t y  of t h e  w i l d - t y p e  e n z y m e  is l o w e r  in  m i n i m a l  m e d i u m  t h a n  in 

1 %  b a c t o p e p t o n e - o .  5 % y e a s t  e x t r a c t  or  s u p p l e m e n t e d  m i n i m a l  m e d i u m .  L a s t l y ,  

as  m i g h t  be  e x p e c t e d ,  t h e  a b i l i t y  of a l a n i n e  to  s t i m u l a t e  l y s y l - t R N A  s y n t h e t a s e  

a c t i v i t y  in  e i t h e r  s t r a i n  w as  p r o h i b i t e d  b y  r i f a m p i c i n  or  c h l o r a m p h e n i c o l .  
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DISCUSSION 

In  this report we have described studies on the isolation and physiological 
characterization of a novel class of aminoacyl- tRNA synthetase mutants.  The most 
striking feature of these mutants  is their growth-medium-dependent lysyl-tRNA 
synthetase activity. Although an exhaustive survey of other aminoacyl- tRNA 
synthetases was not taken, the glutamyl- and arginyl-tRNA synthetases had the same 
activity in the mutant  and wild-type strains in all media used. Moreover, the activity 
of independently isolated arginyl-tRNA synthetase mutants  5 showed only a slight 
variation with changes in growth medium. These results suggest that  only the lysyl- 
tRNA synthetase may  be affected in the mutan t  strains and that  the large variation 
in activity with the growth medium is a peculiar characteristic of this mutant  class. 
Another charac~eristic of these strains, which will be described ingreater  depth in 
the accompanying paper  20, is the increased thermostabil i ty of the lysyl-tRNA 
synthetase from the mutant  strains when compared to the wild type. 

At this stage of our work the increase in lysyl-tRNA synthetase specific act ivi ty 
cannot be definitely ascribed to any particular mechanism. However, the results 
based on the studies with the inhibitors, rifampicin and chloramphenicol as well as 
those described in Table VI, suggest that  the fluctuation in the activity of lysyl- 
tRNA synthetase is not the result of an activation-inactivation phenomenon, but due 
to changes in the level of the enzyme. At least four hypotheses could account for the 
variation in the enzyme's level. (A) There are two distinct lysyl-tRNA synthetases, 
but one is synthesized only under certain growth conditions, such as in AC broth. 
(B) What we have been observing is the suppression of a missense mutat ion by  some 
factor in the AC broth. According to this hypothesis, only the apparent  level of 
the enzyme would increase in the AC broth, as the suppression would result in a more 
active form of the enzyme. (C) A mutat ion has affected the control of the enzyme's 
synthesis, and there is a factor(s) in the AC broth which restores the rate of enzyme 
synthesis to nearly normal. (D) A nmtat ion has occurred in the structural gene for 
lysyl-tRNA synthetase which makes the enzyme susceptible to selective degradation 
under certain conditions of growth. According to this view, when the lysyl-tRNA 
synthetase activity is high, its degradation is prevented; and when the enzyme's  
activity is low, its degradation is proceeding at approximately the same rate as its 
synthesis. There is a precedent for the occurrence of such an event in bacteria, for 
recently GOLDSCHMIDT 33 has shown that  B-galactosidase nonsence fragments are 
rapidly degraded in E.  coli ,  whereas PLATTet al. 34 have reported that  a mutant  lac 
repressor is selectively degraded in the same organism. In the following paper  2° 
evidence is presented which appears to eliminate the first two hypotheses, but cannot 
unequivocally distinguish between the latter two. 

Although alanine does stimulate lysyl-tRNA synthetase activity, it does not 
appear  to account for the entire increase in act ivi ty that  occurs when either the 
mutant  or wild-type strains are grown in AC broth. Moreover, it remains to be seen 
whether alanine is a factor present in the broth filtrate. I t  is somewhat disturbing 
that  such a high concentration of alanine is required to produce its maximum effect. 
If  alanine is actually a stimulating factor, it may  be that  it acts cooperatively with 
another factor, and under such circumstances lower concentrations of alanine 
would be required. That  this might actually happen is suggested by the finding that  
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lysyl-tRNA synthetase activity in the wild-type strain is approximately the same 
whether the strain is grown in supplemented minimal medium or in minimal medium 
plus alanine (see Table VIII ) .  In the former medium the alanine concentration is 
o.oo2 M, whereas in the latter it is o.o2 ~[. A:l alanine concentration of o.oo2 M has 
no effect on lysyl-tRNA synthetase activity in minimal medium. 

It  :s interesting that  the act ivi ty of the wild-type lysyl-tRNA synthetase is 
lowest in minimal medium, which is the poorest growth medium, and highest in AC 
broth, which is the richest medium. This suggests that  the factor(s) which can in- 
fluence the activity of lysyl-tRNA synthetase in the mutant  strain may normally 
have some role in regulating the activity of the enzyme in the wild-type strain. This 
thought is reinforced by the fact that  alanine stimulates the activity of the enzyme 
in both strains. Both SussMAx A N D  GILVAP,  G a~, and GOIA)BERG an haYe presented 
evidence which indicates that  an inverse relationship exists between net RNA 
synthesis and protein degradation. That  is, under circumstances where RNA syn- 
thesis is high, protein degradation is low. The fact that  the wild-type lysyl-tRNA 
synthetase level is lowest in minimal medium and highest in AC broth is consistent 
with the idea that  some degradation of the enzyme may occur in poorer growth 
media even during exponential growth, and that  the events in the nmtant  strain 
are an amplification of this process. 
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