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Summary 

Valyl-tRNA synthetase from M y c o b a c t e r i u m  smegmat i s  has been purified 
over 1200-fold by conventional techniques as well as affinity chromatography 
on valyl-aminohexyl Sepharose columns. The purified preparation is homo- 
geneous by electrophoretic and immunologic criteria. The enzyme is a tetramer 
of approximate molecular weight of 120 000, composed of a single type of 
subunit. The synthetase exhibited maximal activity between 35--40°C and pH 
6.8--7.0. The pure enzyme though stable for several months below 0°C, loses 
activity completely at 70 ° C, for 1 min. The enzyme showed normal Michaelis- 
Menten kinetic behaviour in the total aminoacylation reaction with Km values 
of 1.25 pM, 0.1 mM and 1.0 pM for valine, ATP and tRNA, respectively, but 
the kinetic response deviated from the above pattern in the partial (activation) 
reaction. Based on these findings, the existence of the enzyme in two molecular 
forms, modulated by substrate concentration has been suggested; of these, only 
one may be active in the total reaction, while both forms may function in the 
prophosphate exchange reaction. 

Introduction 

Aminoacyl-tRNA synthetases have been purified from a variety of 
eukaryotic and prokaryotic cells [ 1--4]. Amongst the prokaryotic sources, the 
investigations have mostly been confined to Escherichia coli or some Bacil lus 
species. In general, the synthetases vary in size from 45 000 to 200 000 daltons 
and they are composed of one or more identical subunits, of the type ~, a2 or 
a4 or rarely of the type a2/32. 
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In almost all the cases examined, a single enzyme (aminoacyl-tRNA synthe- 
tase) recognises the different species of a cognate tRNA, specific for that  amino 
acid. In the course of our investigations on aminoacyl-tRNA synthetases from 
Mycobacteria, however, we have shown that methionyl-tRNA synthetase from 
M. smegmatic exists in two forms A and B, one of which is specific for the 
initiator species tRNA~ TM [5]. The presence of more than one Met-tRNA syn- 
thetase from wheat germ has also been subsequently reported [6]. 

We, therefore, extended our investigations to the other aminoacyl-tRNA syn- 
thetases from M. smegmatis but did not find any heterogeneity in any of the 
synthetases tested. In the present paper, we report the purification of valyl- 
tRNA synthetase from this organism, using conventional and affinity chroma- 
tographic techniques. The properties and abnormal kinetic behaviour of the 
enzyme are also presented. 

Materials and Methods 

L-[U-~4C]Valine and [32P]pyrophosphate were from Bhabha Atomic 
Research Centre, Bombay, India. Aquacide-I was from Calbiochem, La Jolla, 
CA, U.S.A. All of the other biochemicals, enzymes used as molecular weight 
markers and reagents for polyacrylamide gel electrophoresis, were from Sigma 
Chemical Co., St. Louis, MO, U.S.A. 

Buffer A : 10 mM Tris (pH 7.6)/20 mM fi-mercaptoethanol/5 mM MgC12 and 
10% glycerol. 

Buffer B : 20 mM potassium phosphate (pH 6.7)/20 mM fi-mercaptoethanol/ 
5 mM MgC12 and 10% glycerol. 

Organisms. M. smegmatis SN2 was grown on a synthetic liquid medium [7] 
in presence of 0.1% Tween-80, at 37°C and with aeration. Cells were harvested 
during late exponential phase (36 h) and stored a t - -20°C till use. 

Enzyme assays. The enzyme assays were carried out as the amino acid accep- 
tor assay (total reaction) or the pyrophosphate exchange assay (partial reac- 
tion). 

The standard amino acid acceptor assay system contained in a final volume 
of 0.125 ml/100 mM Tris (pH 7.0)/10 mM MgC12/10 mM KC1/2 mM ATP/50 
pg of total tRNA/1.5 pM, [~4C]valine and the enzyme. After incubation at 
37°C for 15 min, 0.1-ml samples were removed on to Whatman 3 MM filter 
paper square (1 cm 2) and the acid precipitable radioactivity was determined 
using a Beckman Model LS 100 scintillation spectrometer. One unit  of enzyme 
activity is defined as the amount  of enzyme that  incorporates 1 nmol of [14C]- 
valine into tRNA in 15 min at 37°C under the above conditions. 

The ATP-[32p]pyrophosphate exchange reaction was carried out according 
to the method of Calender and Berg [ 8]. The standard assay system contained : 
100 mM Tris (pH 7.0)/10 mM MgC12/10 mM KCI/2 mM ATP/2 mM valine/ 
1.5--2.0 mM [32p]Na2P207. At the end of incubation, the [32P]ATP was deter- 
mined, after adsorption on to charcoal. 

The unit of enzyme activity in this reaction is defined as the amount  that  
catalyzes the formation of 1 nmol of ATP under the experimental conditions. 

Protein estimations were carried out  by the method of Lowry et al. [9]. 
The total tRNA from M. smegmatis was isolated and passed through DEAE 

cellulose, as described earlier [ 10,11]. 
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Polyacrylamide gel electrophoresis at pH 8.6 and pH 4.3 were carried out by 
the methods of Ornstein [12] and Davis [13]. Sodium dodecyl sulphate (SDS) 
polyacrylamide gel electrophoresis was run according to the method of Weber 
and Osborn [14]. The molecular weight determination by the electrophoretic 
method was carried out according to Hedrick et al. [15]. 

Isolation and purification of enzyme. The frozen cells were suspended in 
buffer A (2 mg/g) and disrupted in a French Pressure Cell (Amincon) at 18 000 
psi. The S100 supernatant was prepared by centrifugation of the clarified 
extract at 100 000 × g  for 90 min. To free the enzyme from endogenous 
tRNA, the S100 was passed through a DEAE cellulose column equilibrated 
with buffer A and eluted using buffer B containing 0.4 M NaC1. The protein 
fractions were pooled and precipitated with ammonium sulphate; the fraction 
precipitating between 30 and 75% of ammonium sulphate was dissolved in 
buffer B and dialysed against the same buffer. This fraction was chromatog- 
raphed on a column of DEAE cellulose and the elutions were carried out  using 
a double gradient of potassium phosphate and KC1 (Fig. 1). The maximally 
active fractions were pooled, concentrated by ammonium sulphate precipita- 
tion or by dialysis against 7% Aquacide-I, and gel filtered on a column of 
Sephadex G-200. The active fractions from the above step were pooled and 
fractionated on a hydroxyapat i te  column (Fig. 2) using a potassium phosphate 
gradient (20--200 mM). The peak fractions showing enzyme activity were 
pooled and refiltered on a Sephadex G-200 column which resulted in a pure 
preparation of the enzyme. 
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Fig. 1. C h r o m a t o g r a p h y  o n  D E A E - c e l l u l o s e .  T h e  p r o t e i n  f rac t ion  prec ip i ta t ing  b e t w e e n  3 0 - - 7 5 %  satura- 
t i o n  of ammonium sulphate (step 3) was dialysed against buffer B. This f rac t ion  was  l o a d e d  o n  a DEAE- 
cellulose column (1.4 × 40 cm), equilibrated w i t h  t h e  same buffer. Enzyme was eluted using a double 
gradient  of KC1 (0.0---400 raM) and p o t a s s i u m  p h o s p h a t e  (20--250 mM). Fraction size, 2.0 ml; 10 pl 
s a m p l e s  w e r e  u s e d  f o r  e n z y m e  a s s a y ,  o o ,  a b s o r b a n c e  at  2 8 0  n M ; •  • ,  e n z y m e  a c t i v i t y .  
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F ig .  2.  C h r o m a t o g r a p h y  o f  t h e  e n z y m e  o n  h y d r o x y a p a t i t e .  T h e  e n z y m e  a f t e r  gel  f i l t r a t i o n  o n  S e p h a d e x  
G - 2 0 0  ( s t e p  5)  w a s  l o a d e d  o n  t o  a h y d r o x y a p a t i t e  c o l u m n  ( 1 . 0  × 2 0  c m ) ,  e q u i l i b r a t e d  w i t h  b u f f e r  B. 

E n z y m e  w a s  e l u t e d  u s i n g  a l i n e a r  g r a d i e n t  o f  p o t a s s i u m  p h o s p h a t e  ( 2 0 - - 2 0 0  m M ) .  F r a c t i o n  s i ze ,  1 .4  m l ;  

1 0  pl  s a m p l e s  w e r e  u s e d  f o r  e n z y m e  a s s a y  • • ,  a b s o r b a n c e  a t  2 8 0  r iM; c. ©, E n z y m e  a c t i v i t y .  

Enzyme purification by affinity chromatography: (i) preparation of  affinity 
column. Valylaminohexyl Sepharose 4B was prepared by modifying the 
method of Robert-Gero and Waller [16] used for methionyl aminohexyl 
Sepharose 4B synthesis, p-Nitrophenyl sulphenyl valine was coupled to 
AH-Sepharose 4B using 1-ethyl-3(3-dimethylaminopropyl) carbodiimide as the 
coupling agent; the nitrophenyl sulphenyl group was subsequently removed by 
treatment with sodium thiocyanate. 

(ii) Chromatography of  the enzyme. The enzyme preparation at the stage of 
first Sephadex-G200 filtration (Step 5, Table I) was loaded on to a column of 
valyl aminohexyl Sepharose 4B (0.5× 3 cm), previously equilibrated with 

T A B L E  I 

P U R I F I C A T I O N  O F  V A L Y L - t R N A  S Y N T H E T A S E  F R O M  M Y C O B A C T E R I U M  S M E G M A T I S  

F r a c t i o n a t i o n  s t e p  T o t a l  S p e c i f i c  * F o l d  Y i e l d  
p r o t e i n  a c t i v i t y  p u r i f i -  (%)  
( r ag )  c a t i o n  

1 S 1 0 0  1 1 2 5  0 . 0 4 9  1 
2 D E A E - C e l l u l o s e - I  c h r o m a t o g r a p h y  3 8 4  1 . 4 7 6  3 0 . 1 2  1 0 0  **  
3 3 0 - - 7 5 %  A m m o n i u m  s u l p h a t e  f r a c t i o n  1 0 8  3 . 6  7 5 . 0  6 9  
4 D E A E - c e U u l o s e - I I  c h r o m a t o g r a p h y  2 5 . 6  7 . 4  1 4 8 . 0  3 3  
5 S e p h a d e x  G - 2 0 0  gel  f i l t r a t i o n  8 . 0 6  1 7 . 5  3 5 7 . 0  25  
6 H y d r o x y a p a t i t e  c h r o m a t o g r a p h y  4 . 9 7  2 7 . 6  5 6 3 . 0  24  

7 R e f i l t r a t i o n  on  S e p h a d e x  G - 2 0 0  0 . 4  5 9 . 5  1 2 1 4 . 0  4 . 2  
6 a  A f f i n i t y  c h r o m a t o g r a p h y  o n  v a l y l - a m i n o h e x y l  0 .7  6 3 . 0  1 2 8 5 . 0  7 .8  

S e p h a r o s e  * * * 

* S p e c i f i c  a c t i v i t y  = U / r a g  p r o t e i n .  
**  T h e  t o t a l  a c t i v i t y  a t  t h i s  s t a g e  w a s  c o n s i d e r a b l y  m o r e  t h a n  t h e  $ 1 0 0  s t a g e ,  p r o b a b l y  d u e  t o  t h e  

r e m o v a l  o f  i n h i b i t o r y  m a t e r i a l s  a n d  w a s  t a k e n  as  1 0 0 % .  
* * *  T h e  a c t i v e  f r a c t i o n s  a t  s t e p  5 w e r e  p o o l e d  a n d  d i r e c t l y  c h r o m a t o g r a p h e d  o n  v a l y l - a m i n o h e x y l  S e p h a -  

r o s e ,  o m i t t i n g  s t e p s  6 a n d  7.  
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buffer B, containing 0.1 M KC1. The column was washed with the same buffer 
and the enzyme was eluted in presence of 0.2 M KC1. 

Antibody to the enzyme was raised against the protein fraction after the first 
gel filtration (Step 5, Table I). 1 mg of protein was injected subcutaneously to 
the rabbit, in Freunds adjuvant, four times at 10 day intervals, the animal was 
bled and the antiserum was collected. Immunodiffusion was carried out by the 
Ouchterlony double diffusion technique. 

Results 

The summary of purification of valyl-tRNA synthetase from M. smegmatis is 
given in Table I. 

The purification steps resulted in a homogenous enzyme preparation with a 
yield of 4--8% and 1200-fold increase in specific activity. 

At step 7 (refiltration on Sephadex G-200 column) during purification, the 
individual fractions showing high enzyme activity were subjected to electro- 
phoresis on polyacrylamide gels. Only those fractions showing a single protein 
band on electrophoresis were pooled at this stage. The specific enzyme activity 
of the pooled fractions as well as the electrophoretic homogeneity were then 
determined. The enzyme showed single band on polyacrylamide gel electro- 
phoresis at pH 4.3 and 8.6. 

The enzyme was purified to a homogenous state by the affinity chromatog- 
raphic technique, after the first Sephadex gel filtration, as an alternative 
procedure. The specific activity of this enzyme preparation was very similar to 
that  of the other method,  but the yield was better. 

The pure enzyme was also antigenically homogeneous, as shown by the 
single immunodiffusion band (Fig. 3). 

Fig. 3. I m m u n o d i f f u s i o n  p a t t e r n .  T h e  c e n t r a l  w e l l  c o n t a i n e d  t h e  p u r e  e n z y m e ,  A,  B, C, va r ious  c o n c e n t r a -  
t i o n s  of  a n t i s e r u m  (or ig ina l ,  1 : 1, 1 : 10 d i lu t ions ) .  D c o n t r o l  s e rum,  
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The molecular weight of the enzyme was found to be 126 000, as deter- 
mined by gel filtration on a calibrated column of Sephadex G-200, and 
118 000 by the electrophoretic method. SDS-polyacrylamide gel electro- 
phoresis of the enzyme showed a single species of protein of molecular weight 
30 000 suggesting that the holoenzyme may be a tetramer. 

Properties of the enzyme 
Valyl-tRNA synthetase from M. smegmatis utilised total tRNA from E. coli 

or M. smegmatis to the same extent under all conditions tested. The enzyme 
showed maximum activity between 35-40°C and pH between 6.8 to 7.0 in a 
number of buffer systems. The activities in the ionic buffers like piperazine- 
N,N’-bis( 2-ethanesulfonic acid) (Pipes) or N-2-hydroxyethylpiperazine-N’- 
2-ethanesulfonic acid (Hepes) were better than in Tris (Fig. 4). 

The optimum Mg2+ concentration required was 5 mM in the total reaction 
and 10 mM in the partial reaction (Fig. 5). Other divalent cations like Mn2+ and 
Ca2+ showed 60 and 16% activity at 5 mM concentrations. 

Effect of substrate analogues and inhibitors 
dATP has been found to be active in all the aminoacyl-tRNA synthetases 

tested so far [17]; in contrast the valyl-tRNA synthetase from M. smegmatis 
did not recognise dATP as a substrate. Other nucleotide triphosphates such as 
GTP, CTP, UTP or dGTP and dTTP were also inactive. Analogues of valine like 

‘Or- 

60- 

Fig. 4. Effect of PH on enzwne activity. The enzyme was assayed in different buffers using the standard 
assay system. o------O, Hepes; 0-O , Pipes; o-------O . sodium acetate; ad, cacodylate; 
A-A Tris-HCl. 

Fig, 5. Enzyme activity at different Mg2+ concentrations. The experimental conditions were as given in 
text, except that the Mg2+ concentration was varied as shown. OF, pm01 [14CIvalyl-tRNA; 
l -, nmol [321ATP. 
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D- and L-penicillamine, cycloleucine and L-threonine were not activated in the 
pyrophosphate exchange reaction. L-penicillamine, however, acted as a com- 
petetive inhibitor in aminoacylation, with a K i of 1.6 mM. 

The enzyme was sensitive to inhibition by p-hydroxy mecuribenzoate (100% 
inhibition at 0.2 mM), but was insensitive to N-ethylmaleimide or iodo- 
acetamide; chelating agents like a, a-dipyridyl, diethyl dithiocarbamate and 
o-phenanthroline were not  inhibitory (up to 1 mM). 

Kinetic properties 
When the enzyme was assayed in the amino acid acceptor assay (total reac- 

tion), a Michaelis-Menten Kinetic behaviour was observed for all the 3 sub- 
strates. The Km values calculated for valine, ATP and tRNA are, respectively, 
1.25 pM, 0.1 mM, and 1.0 pM. 

However, when the enzyme was assayed in the partial reaction (PPi exchange 
assay), abnormal kinetic behaviour deviating from the Michaelis-Menten pattern 
was observed. The partial reaction was independent of added tRNA and the 
kinetic behaviour was identical in presence or absence of tRNA. The effects of 
varying amino acid and ATP concentrations are presented in Fig. 6 and 7. The 
points presented in figures are still in the linear time period of the reaction. In 
both instances, after the initial linear response to the varying substrate con- 
centration, there was a plateau region followed by another increase in the activ- 
ity. Consequently the Lineweaver-Burk plots were non-linear and two apparent 
Km values were obtained (0.35 mM 0.83 mM for valine, and 0.18 mM and 2.5 
mM for ATP, respectively). This kind of response to added substrate indicated 
a possible negative co-operativity in the interactions of enzyme and substrate, 
and hence the values were also analysed by the Hill plots. The results are 
presented in Fig. 8A and B. It is clear from the Fig. 8A and B that  the two 
slopes (Hill coefficient n = 1) were separated by a flat region, corresponding to 
minimal binding sites available in that  region. 
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Fig. 6. E f f e c t  o f  va l ine  c o n c e n t r a t i o n  o n  e n z y m e  a c t i v i t y  in  par t ia l  r e a c t i o n .  A s s a y s  w e r e  d o n e  as  g i v e n  in  
t h e  t e x t  e x c e p t  t h a t  t he  v a l i n c  c o n c e n t r a t i o n  w a s  c h a n g e d  f r o m  0 .0 - -2 .0  m M .  A s s a y s  w e r e  d o n e  in  
d u p l i c a t e  at t w o  t i m e  in terva l s .  T h e  v a l u e s  s h o w n  are  i n  t h e  l i n e a r  r a n g e  o f  t h e  r e a c t i o n  t i m e .  T h e  i n s e t  is 
the  L i n e w e a v e r - B u r k  p l o t  o f  t h e  s a m e  d a t a .  
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Stability 
The enzyme was stable to storage below 0°C for at least 3 months. At higher 

temperatures,  the activity was lost rapidly. The enzyme,  though stable at 60°C 
for 1 min, was completely inactivated at 70 ° C, in 1 min. 
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Fig.  8. Hill p lots .  A, Hill p lo t  fo r  va l ine  in  par t ia l  r eac t ion ;  B, Hill p lo t  fo r  A T P  in par t ia l  r eac t ion .  V 

values  were  t a k e n  f r o m  the  L i n e w e a v e r - B u r k  p lo ts .  
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Discussion 

Valyl-tRNA synthetase, purified to homogenei ty  from M. smegmatis, is a 
tetramer with a molecular weight of  120 000. Unlike the met- tRNA syn- 
thetase from this organism, which was found to be existing in two different 
forms A and B, and possessing differential recognition patterns for the initiator 
and internal met- tRNAs [5],  the valyl-tRNA synthetase did not  show any 
heterogeneity.  The general properties of the enzyme, though were similar to 
the other  valyl-tRNA synthetases, showed significant differences in some 
characters. A comparison of the properties of  all the valyl-tRNA synthetases in 
the literature is presented in Table II. 

It is clear that  while all the valyl-tRNA synthetases reported so far are 
monomeric molecules, the present enzyme is a tetramer, composed of a single 
type of subunit  of molecular weight 30 000. The enzyme also differs from the 
other synthetases in molecular activity having much lower turnover numbers;  
this may be significant and may reflect on a general inefficiency of  all the com- 
ponents of the protein-synthetic machinery in M. smegmatis, considering the 
relatively slow-growing nature of the organism (doubling time 150--180 min). 
The turnover numbers for the enzyme from M. tuberculosis (a slower growing 
organism with doubling time about  18--24 h is still lower (Natarajan, V. and 
Gopinathan, K.P., unpublished observations). 

The most  pronounced deviation of valyl-tRNA synthetase from M. smeg- 
matis was in the kinetic behaviour. While the total reaction (amino acid accep- 
tor assays) showed normal Michaelis-Menten behaviour, in the partial reaction 
the responses to added substrate concentrations (both amino acid and ATP), 
deviated substantially from that pattern. The range of valine concentrat ion 
employed in the partial reaction, however,  was much larger compared to the 
total reaction. Earlier investigations of Koshland [18,19] have revealed that  
kinetics of binding curves with pronounced intermediary plateau regions (e.g. 
those observed in the case of  CTP synthetase, phosphoenolpyruvate  car- 
boxylase etc., which resemble the pattern reported in this paper) would be 
produced when the enzyme possessed more than two substrate binding sites 
and the relative magnitude of intrinsic catalytic or binding constants of these 

T A B L E  II  

C O M P A R I S O N  O F  V A L Y L - t R N A  S Y N T H E T A S E  F R O M  D I F F E R E N T  S O U R C E S  

S o u r c e  o f  e n z y m e  Mol .wt .  S u b u n i t  M o l e c u l a r  ac t iv i ty  * R e f e r e n c e  
s t ruc ture  

PPi Tota l  
e x c h a n g e  r e a c t i o n  
r e a c t i o n  

E. coil 110 000 c~ 2400 358 [17 ]  
S. typh imur ium 110 000 o~ [4 ]  
B. stearothermophilus 122 000 o~ [4 ]  
S. cerevisiae 140 000 o~ 3300 40 [17 ]  
M. smegmatis 120  0 0 0  ~4 120  0.6 

* M o l e c u l a r  ac t iv i ty  is d e f i n e d  as n u m b e r  o f  m o l e c u l e s  o f  [ 3 2 p ] A T P  or a m i n o a c y l - t R N A  f o r m e d  per  m i n  
per  m o l  o f  e n z y m e .  
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sites first decrease and then increase as the enzyme gets saturated. Such analysis 
of our data showed that valyl-tRNA synthetase may be regulated by negatively 
co-operative interactions. This type of nonlinear double reciprocal plots may 
also arise due to (a) the polynomial nature of the rate equation with differences 
in rate constants [20], and (b) existence of multiple conformational forms. 
Steady state kinetic data alone is not sufficient to distinguish between these 
mechanisms. 

The phenylalanyl-tRNA synthetase from yeast (a tetramer of the type a2~2) 
shows a similar response to varying substrate concentrations (to ATP and 
phenylalanine but not tRNA) in the total reaction [21]. This was attributed to 
the presence of 2 mutually interacting binding sites for the substrates, of which 
one or both may be operative depending on the substrate concentration. How- 
ever, in subsequent investigations, Von der Haar [22] has shown that  abnormal 
kinetic behaviour of yeast phenyl alanyl-tRNA synthetase was determined by 
the ionic strength of the medium. At high concentration of MgCl2 and KC1, the 
kinetic patterns were different and the latter author has, therefore, suggested 
the occurrence of two different molecular species of the enzyme, which are 
interconvertible. Although this fact has not been unequivocally established, 
Von der Haar [22] based on the evidences available, has preferred it to the 
earlier explanation that  the enzyme may possess two unequal binding sites. 
Under these circumstances, the valyl-tRNA synthetase from M. smegmatis also 
may be considered to be existing in 2 different molecular forms, but in this 
instance the interconversion between the two forms may be modulated by the 
substrates valine or ATP. Further, both these forms may be active in the pyro- 
phosphate exchange reaction while only one of them can participate in the 
total reaction. 

Acknowledgements 

We aknowledge the grant from Wellcome Trust (London) U.K., to our 
department towards the purchasing of the liquid scintillation counter, ultra- 
centrifuge and radiochemicals used in these investigations. We thank Dr. D.N. 
Deobagkar for many helpful discussions. 

References 

1 Kisselev,  L.L.  a n d  F a v o r o v a ,  O .O.  ( 1 9 7 4 )  Adv .  E n z y m o l .  40 ,  1 4 1 - - 2 3 7  
2 Soll ,  D. a n d  S c h i m m e l ,  P .R.  ( 1 9 7 4 )  in The  E n z y m e s  ( B o y e r ,  P .D. ,  ed . ) ,  Vol .  10 ,  pp .  4 8 9 - - 5 3 8 ,  Aca-  

d e m i c  Press ,  N e w  Y o r k  
3 O f e n g a n d ,  J. ( 1 9 7 7 )  in M o l e c u l a r  m e c h a n i s m  of  p r o t e i n  b i o s y n t h e s i s  (Weissbach ,  H. a n d  Pes tka ,  S. 

eds.) ,  pp .  7 - - 7 9 ,  A c a d e m i c  Press,  INC Press,  L o n d o n  
4 N e i d h a r d t ,  F .C. ,  Pa rke r ,  J .  a n d  McKeeve r ,  W.G. ( 1 9 7 5 )  A n n .  Rev.  Mic rob io l .  29 ,  2 1 5 - - 2 5 0  
5 D e o b a g k a r ,  D.N.  a n d  G o p i n a t h a n ,  K.P.  ( 1 9 7 6 )  B i o c h e m .  B i o p h y s .  Res.  C o m m u n .  7 1 , 9 3 9 - - 9 5 1  
6 R o s e ,  M.D. a n d  Sigler,  P.B. ( 1 9 7 7 )  Eur .  J .  B i o c h e m .  78 ,  1 4 1 - - 1 5 1  
7 Y o u m a n s ,  G.P.  a n d  K a r l s o n ,  A .G .  ( 1 9 4 7 )  Am.  Rev.  T u b e r c .  Pu lm.  Dis. 55,  5 2 9 - - 5 3 4  
8 Ca l ende r ,  R. a n d  Berg,  P. ( 1 9 6 6 )  B i o c h e m i s t r y  5, 1 6 8 1 - - 1 6 8 9  
9 L o w r y ,  O .H . ,  R o s e b r o u g h ,  N.J . ,  F a r r ,  A .L .  a n d  R a n d a l l ,  R . J .  ( 1 9 5 1 )  J .  Biol .  C h e m .  193 ,  2 6 5 - - 2 7 5  

1 0  D e o b a g k a r ,  D.N.  a n d  G o p i n a t h a n ,  K.P.  ( 1 9 7 6 )  Ind .  J .  B i o c h e m .  B i o p h y s .  13 ,  2 4 - - 3 0  
11 D e o b a g k a r ,  D.N.  a n d  G o p i n a t h a n ,  K.P.  ( 1 9 7 8 )  C a n a d .  J .  Mic rob io l .  24 ,  6 9 3 - - 7 0 2  
12  O r s t e i n ,  L. ( 1 9 6 4 )  An .  N.Y.  A c a d .  Sci.  121 ,  3 2 1 - - 4 0 3  
13 Davis,  B.J .  ( 1 9 6 4 )  An .  N.Y.  A c a d .  Sci.  1 2 1 , 4 0 4 - - 4 2 7  
14  Weber ,  L. a n d  O s b o r n ,  M. ( 1 9 6 9 )  J .  Biol.  C h e m .  2 4 4 ,  4 4 0 6 - - 4 4 1 2  



263 

15 Hedrick, J.L. and Smith, A.J. (1968) Arch. Biophys. Biochem. 126 ,155 - -164  
16 Robert-Gero, M. and Waller, J.P. (1974) Method. Enzymol.  34, 506--513 
17 Loftfield, R.B. (1972) Progr. Nucl. Acid. Res. Mol. Biol. 12, 87--128 
18 Teipel, J. and Koshland, D.E., Jr. (1969) Biochemistry 8, 4656--4663 
19 Levitzki,  A. and Koshland, Jr., D.E. (1969) Proc. Natl. Acad. Sci. U.S. 62, 1121--1128 
20 Bardsley, W.G. and Childs, R.E. (1975) Biochem. J. 149, 313--328 
21 Berther, J.M., Mezer, P. and Dutler, H. (1974) Eur. J. Biochem. 47 ,151- -163  
22 Von der Haar, F. (1976) Eur. J. Biochem. 64, 395--398 


