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t h e  ac t iv i ty  con t inued  to  rise l inearly.  I n  addi t ion,  A D P  could no t  replace P - P  as an  ac t iva tor ,  
no r  could A T P  ac t  as i t s  own  ac t iva tor .  

T h e  uppe r  cu rve  (~) of Fig. i i l lus t ra tes  t he  resu l t s  of add ing  P - P  to  t he  E D T A - N H 4 +  
s y s t e m :  P - P  did no t  increase  t he  ac t iva t ion ,  b u t  a t  h igher  concen t r a t ion  p reven ted  m a x i m a l  
ac t iva t ion .  The  two curves  app roach  each  o the r  a t  a p p r o x i m a t e l y  o.o 4 M P-P .  

I n  t he  E D T A - N H 4 +  s y s t e m  con ta in ing  no P-P ,  t he  m a x i m u m  veloci ty  was  ob ta ined  wi th  
o.oo8 M ATP.  Fig. 2 shows  t h e  effect of A T P  or inorganic  p y r o p h o s p h a t e  added  to  t h e  op t ima l  
s y s t e m .  I t  is clearly seen t h a t  t h e  s u b s t r a t e  inhib i t ion  ar is ing f rom over  op t ima l  a m o u n t s  of 
A T P  is exac t ly  t he  s ame  as t h a t  ob ta ined  by  add i t ion  of equ iva l en t  quan t i t i e s  of P-P .  A D P  
did no t  show th i s  effect. Inh ib i t ion  b y  A T P  was  no t  de tec tab le  in t he  P-P-NH4C1 s y s t e m  lacking 
E D T A .  

No s imple  exp l ana t i on  of t he  effects recorded above  can  be  offered. A t  present ,  t he  effects 
of  o the r  t r i p h o s p h o r y l a t e d  nucleot ides  and  o ther  che la t ing  agen t s  are be ing  inves t iga ted ;  and  
all of t he  agen t s  are  being fu r the r  s tud ied  us ing  H - m e r o m y o s i n  as t he  enzyme .  
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Esterification of protein and amino acid carboxyl groups by 
mustard gas and related compounds 

F r o m  chemica l  cons idera t ions  m u s t a r d  gas  and  re la ted s u l p h u r  c o m p o u n d s  (S-mustards)  can  reac t  
wi th  a n y  of t he  polar  g roups  occurr ing  in p ro te ins  and  amino  acids  p rov ided  these  groups  are  
p re sen t  in t h e  necessa ry  ionic s ta te .  A t  physiological  p H  va lues  t he  ca rboxy l  g roups  of p ro te ins  
a n d  a m i n o  acids  would  be in t he  ionised s t a t e  and  t h u s  would  be able  to combine  wi th  these  
compounds .  A l t h o u g h  ester i f icat ion of t he  an ions  of var ious  organic  ac ids  b y  S - m u s t a r d s  and  
some  of t he  re la ted  n i t rogen  c o m p o u n d s  (N-mus ta rds )  ha s  been  conclus ive ly  d e m o n s t r a t e d  1, z, 
ev idence  for th i s  reac t ion  wi th  p ro te in  ca rboxy l  g roups  is indirect  in na tu re ,  be ing  ob ta ined  e i ther  
f rom changes  in t he  t i t r a t ion  curves  of p ro te ins  following t r e a t m e n t  wi th  S-mustards3 ,  ~ or f rom 
e x a m i n a t i o n  of the  p H  s tab i l i ty  of bonds  fo rmed  be tween  S - m u s t a r d s  and  proteinsS, s. 

The  nucleophi l ic  reagent ,  h y d r o x y l a m i n e ,  reac ts  ve ry  readi ly  wi th  es ters  to l iberate  an  
alcohol  molecule  and  form a h y d r o x a m i c  acid which  can  be de t e rmined  by  t he  coloured complex  
it  fo rms  wi th  Fe  +++ ions. The  poss ib i l i ty  of us ing  th i s  r eagen t  to  follow O-a lkyla t ion  reac t ions  
of S - m u s t a r d s  w i th  p ro te in  and  ami no  acid ca rboxyl  g roups  h a s  therefore  been  inves t iga ted .  

H ide  powder  col lagen was  t r ea t ed  wi th  rad ioac t ive  (35S) di-(2-chloroethyl)  su lphide  (H) 
essent ia l ly  as descr ibed by  PIRIE 5. The  t r ea ted  collagen was  e x h a u s t i v e l y  Soxh le t - ex t r ac t ed  w i th  
ace tone  and  e the r  to r emove  a n y  u n b o u n d  radio~active mater ia l .  Samples  of ±he t r ea t ed  col lagen 
were t h e n  i ncuba t ed  for 24 h a t  pFI 7.5 a n d  38 ° in t he  presence of 1 . 2 M  h y d r o x y l a m i n e .  Th i s  
t r e a t m e n t  resu l ted  in t he  loss of 56 % of t he  b o u n d  H as d e t e r m i n e d  by  r ad ioac t iv i ty  measu re -  
m e n t s  whereas  i ncuba t ion  unde r  t he  s ame  condi t ions  b u t  in t he  absence  of h y d r o x y l a m i n e  resu l ted  
in t he  l ibera t ion  of only  3 % of t h e  b o u n d  H. W h e n  incuba t ion  was  carr ied ou t  a t  p H i  i .9, however ,  
6o % of t he  b o u n d  H was  l iberated in t h e  absence  of h y d r o x y l a m i n e .  There  is t h u s  close a g r e e m e n t  
be tween  t he  b o u n d  H which  is alkali-labile a n d  t h a t  which  can  be  l iberated by  h y d r o x y l a m i n e  
t r e a t m e n t ,  as would  be expec ted  if h y d r o x y l a m i n e  were a t t a c k i n g  es te r - type  l inkages  be tween  H 
and  collagen. 

A fu r the r  series of e x p e r i m e n t s  was  carr ied ou t  us ing  glycine and  severa l  S -mus t a rd s .  
2 m m o l e s  m u s t a r d  were al lowed to reac t  wi th  24o mmol es  glycine a t  r o o m  t e m p e r a t u r e  in 20o ml  
wate r .  The  p H  was  m a i n t a i n e d  a t  6.0 to avoid  t h e  poss ibi l i ty  of a n y  N-a lky la t ion  react ions .  
The  large excess  of glycine was  employed  in an  a t t e m p t  to e l imina te  loss of t he  r eagen t s  by  
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hydrolysis  ~. Aliquots of the reaction mixtures  were removed at  intervals, t reated with hydroxyl-  
amine and the Fe +++ ion complex of the result ing hydroxamic  acid formed as described by 
HESTRIN s. The absorpt ion  spectra of the complexes corresponded to tha t  obtained with glycinc 
hydroxamic  acid and the intensi ty  of the colour, measured at  5o0 m/~, was found to obey Beer's 
law. The a m o u n t  of hydroxamic  acid formed by t reat ing the aliquots could therefore be determined 
from a calibration curve prepared from a s tandard  solution of glycine hydroxamic  acid and from 
this value the a m o u n t  of ester formed by the reagent  could be calculated. With  ethyl 2-bromo- 
ethyl sulphide, benzyl 2-bromoethyl  sulphide and H, the a m o u n t  of esterification was found to 
increase wi th  t ime to a m a x i m u m  and to remain cons tant  thereafter.  The m a x i m u m  amoun t  of 
esterification produced by these reagents  is shown in Table I. A similar exper iment  was carried 
out  with the difunctional N-mus ta rd  di-(2-chloroethyl) methylamine  and it was found tha t  the 
rate of ester format ion was much slower and the m a x i m u m  a m o u n t  formed much less than  with 
the S-mustards .  The m a x i m u m  a m o u n t  of esterification observed was only 27 % of tha t  produced 
by  H under  similar conditions. The ester formed with this N-mus ta rd  seemed much more labile 
since the a m o u n t  of ester fell off rapidly after reaching a max imum,  a finding which is of interest  
in view of the failure of FRUTON, STEIN AND 13ERGMANN 9 tO demonst ra te  ester format ion between 
sodium acetate and this mustard .  

TABLE I 

ESTERIFICATION OF GL~rCINE BY VARIOUS MUSTARDS 

Maximum esterification 
observed: pH o] 

Reagent reaaion moles ester produced 
moles muctardadded 

Ethy l  2-bromoethyl  sulphide 6.0 
Benzyl 2-bromoethyl  sulphide 6.0 
Di-(2-chloroethyl) sulphide 6.o 
Di-(2-chloroethyl) sulphide 7.5 
Di-(e-chloroethyl) methy lamine  6.o 

o.91 
I .O2 
1.98 
1.5~ 
0.54 

F rom the results in Table I it would appear  tha t  at p H  6.0, one mole of each of the uni- 
functional  S-mustards  had reacted with one mole of glycine whereas one mole of H had reacted 
with two of glycine. One exper iment  was carried out  to s tudy  the amoun t  of ester produced 
between H and glycine at  p H  7.5- In  this instance the molar  ratio of ester formed to H originally 
present  was 1.51, suggesting tha t  at  physiological p H  values the main reaction between H and 
glycine is esterification. 

These results  confirm tha t  S-mus ta rds  can react with the carboxyl  groups of proteins. The 
hypothes is  has  been pu t  forward tha t  mus ta rds  and other  radiomimetic compounds  bring about  
their  biological effects by  cross-linking genetic material  1°. The findings obtained with H are 
therefore of interest  as they  suggest  t ha t  one way in which this agent  may  form cross-links is 
by  diester format ion with two neighbouring carboxyl  groups. 

I am indebted to Miss J. Fairall for technical assistance. 
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