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ABSTRACT

S e v e ra l new a lp h a - s u b s t l tu e d  c y s t in e s  have been s y n th e s iz e d . The 

b e h a v io r of th e s e  compounds, -m e th y l- ,  o ( - e th y l - ,o t - n -  p ro p y l- ,  oC-n

- b u t y l - , o < - i s o p r o p y l - ,  and 0 < -p h e n y l-D L -c y s tin e , in  an enzym atic  system  

and a non-enzym atic  model r e a c t io n  h as  been s tu d ie d .  T h is  problem  was 

u n d e rta k e n  as a p a r t  of a g e n e ra l programme concerned  w ith  th e  e f f e c t s  

of a lp h a - s u b s t i tu t io n  in  c y s t in e s .

The s u b s t i tu t e d  c y s t in e s  a re  c le a v e d  n e i th e r  by c y s ta th io n a s e  

( a ls o  c a l le d  hom oserine d ea m in a se ), no r a re  th e y  degraded  in  an enzyme 

model system  c o n s is t in g  of p y r id o x a l p h o sp h a te , w ith  o r w ith o u t c u p r ic  

io n s .  The a lp h a-h y d ro g en  i s  r e q u ir e d  f o r  r e a c t i v i t y .  L -c y s t in e  r e a c t s  

even in  th e  absence o f added m e ta l io n s ,  b u t i t s  r a t e  o f d e g ra d a tio n  i s  

in c re a s e d  by co p p er.

The enzyme hom oserine deam inase , which has been i s o l a t e d  from  r a t  

l i v e r  and p u r i f i e d  to  some e x t e n t ,  i s  in h ib i te d  c o m p e ti t iv e ly  by L -cy s

t i n e  and th e  s u b s t i tu t e d  s u l f u r  amino a c id s .  C om petition  by th e  n a t u r a l  

s u b s t r a t e ,  L - c y s t in e ,  i s  g r e a t e s t .  The i n h i b i to r s  a p p a re n tly  a c t  by 

com bining w ith  th e  i n t e r n a l  S c h if f  b ase  o f th e  enzyme, form ed by th e  

coenzyme, p y rid o x a l p h o sp h a te , and th e  apoenzyme.

In  th e  non-enzym atic  system  th e  s u b s t i tu t e d  amino a c id s  form  un

r e a c t iv e  S c h if f  b a s e s ,  whose a b s o rp tio n  s p e c tr a  have been d e te rm in e d .

The r a t e  o f fo rm a tio n  o f th e  S c h if f  b a se s  has  been fo llo w ed  sp e c tro p h o -  

to m e t r i c a l ly  and can be u sed  to  p r e d ic t  th e  r e l a t i v e  m agnitude o f th e  

in h i b i t i o n  of th e  enzyme.

i i
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CHAPTER I  

INTRODUCTION 

P re lim in a ry  Remarks

T h is  s tu d y  was u n d e rta k e n  as  p a r t  o f a g e n e ra l programme con

cern ed  w ith  th e  e f f e c t  o f th e  s u b s t i t u t i o n  o f th e  a lp h a -h y d ro g en  of c y s

t i n e  by a lk y l  o r a r y l  g ro u p s . For in s ta n c e ,  th e  e f f e c t  o f t h i s  ty p e  of 

s u b s t i t u t i o n  on th e  p o la ro g ra p h ic  r e d u c t io n  of c y s t in e  i s  b e in g  s tu d ie d  

in  t h i s  la b o ra to ry  a t  th e  p re s e n t  tim e .

In  g e n e ra l ,  a la c k  o f a hydrogen atom on th e  carbon  n e x t to  th e  

c a rb o n y l group te n d s  to  make an amino a c id  i n e r t  in  many enzym atic  r e 

a c t io n s ,  For exam ple, <X -m ethyl-D L -glutam ic a c id  d id  n o t r e a c t  in  de

h y d ro g e n a tio n  or tra n s a m in a t io n  r e a c t io n s  and in h ib i te d  d e c a rb o x y la tio n  

of g lu tam ic  a c id  ( 1 ) .  A f te r  oC -m eth y la lan in e  and oC -m ethyl-0< -am ino-n  

- b u ty r i c  a c id  had been a d m in is te re d  to  dogs, th e  amino a c id s  w ere la rg e ly  

l o s t  in  th e  u r in e  ( 2 ,3 ) .  In  a n o th e r s tu d y  0 < -m eth y l-D L -se rin e  d id  n o t 

undergo o x id a t iv e  d eam in a tio n  in  th e  p re se n c e  o f L- o r D-amino o x id a se

( 4 ) .  However, th e r e  a re  exam ples in  th e  l i t e r a t u r e  o f enzym atic  and 

non-enzym atic  r e a c t io n s  undergone by a lp h a - s u b s t i tu te d  amino a c id s .

S n e l l  and co -w orkers  (5 ,6 )  observ ed  th a t  o < ,-m e th y lse rin e , when h e a te d  in  

aqueous s o lu t io n  w ith  p y r id o x a l and Cu"^, was deg raded  to  a la n in e  and 

o th e r  p ro d u c ts .  The amino a c id  was a ls o  a t ta c k e d  by c e l l - f r e e  e x t r a c t s  

of a b a c te r iu m  of th e  genus Pseudomonas ; D -a la n in e  was p roduced  in  th e  

r e a c t io n ;  c< -h y d ro x y m e th y lse rin e  and 0 ( - e t h y l s e r i n e  a ls o  a c te d  as

1
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2

s u b s t r a te s  ( 6 ,7 ) .  S n e l l  and h i s  group s tu d ie d  as  w e ll  th e  non-enzym atic  

d e c a rb o x y la tio n  of some 0 < -m e th y l - s u b s t i tu te d  amino a c id s  ( 8 , 6 ) .  They 

o b serv ed  th a t  (X -a m in o is o b u ty ra te ,  in  th e  p re sen ce  o f p y r id o x a l ,  lo s t  

carbon  d io x id e  and y ie ld e d  iso p ro p y la m in e ; t h i s  r e a c t io n  was accom panied 

by th e  fo rm a tio n  o f a c e to n e  in  a d e c a rb o x y la tio n -d e p e n d e n t tr a n s a m in a t io n  

r e a c t io n .  P ro d u c tio n  o f carbon  d io x id e  was in h ib i te d  r a th e r  th a n  c a t a 

ly se d  by m e ta l io n s ; -m e th y Ise r in e  underw ent a s im i la r  s e t  o f r e a c t io n s .

I t  has been o b serv ed  th a t  c< -m e th y l-D L -cy s tin e  i s  degraded  v e ry  

s low ly  in  h o t aqueous a l k a l i ,  compared to  th e  u n s u b s t i tu t e d  amino a c id  

( 9 ) .  B e rg e l and co -w orkers  n o t ic e d  d u rin g  t h e i r  work on an enzyme model 

system  f o r  c y s te in e  d e s u lfh y d ra s e  th a t  < X -m ethy l-D L -cyste ine i s  n o t 

a c te d  upon by p y rid o x a l p h o sp h a te  and vanadium  s a l t s  (1 0 ) . Schwimmer 

and K jae r (11) r e p o r te d  th a t  th e  C -S -ly a se  of A lb iz z ia  lo p h a n ta , which 

a c t s  o p t im a lly  on S - e th y l -L -c y s te in e  to  y ie ld  f r e e  t h i o l ,  p y ru v a te , and 

ammonia, does n o t u se  o C -m ethy l-D L -cyste ine  o r S -benzy l-o(-m ethy1-D L  

- c y s te in e  as s u b s t r a t e s ,  though L -c y s te in e  i s  degraded  by th e  enzyme.

In  t h i s  la b o r a to r y  i n t e r e s t  was d e v e lo p e d  in  th e  e f f e c t  o f  v a r io u s  

s u b s t i t u t e d  g r o u p s , m e th y l,  e t h y l ,  n - p r o p y l ,  n - b u t y l ,  i s o p r o p y l ,  and 

p h e n y l,  in  en z y m a tic  and n o n -e n z y m a tic  (enzym e m odel sy stem ) r e a c t i o n s .  

The enzym e c y s t a t h io n a s e  was c h o s e n , b e c a u s e  i t  can  be p a r t i a l l y  p u r i 

f i e d ,  and b e c a u se  i t  r e q u ir e s  p y r id o x a l  p h o sp h a te  a s  a coen zym e. The 

l a t t e r  ta k e s  p a r t  in  some i n t e r e s t i n g  e n zy m a tic  r e a c t io n s  and h a s  b een  

u se d  in  many s t u d ie s  o f  enzym e m odel s y s te m s . The p u rp o se  o f  t h i s  work  

was to  s e e ,  i f  s u b s t i t u t e d  c y s t i n e s  a r e  s u b s t r a t e s  o f  c y s t a t h io n a s e ;  and 

w h eth er th e y  a c t  a s  m e ta b o lic  a n t a g o n is t s  tow ard  some o f  th e  n a tu r a l  

s u b s t r a t e s  o f  th e  enzym e. I t  was hoped  th a t  e x p e r im e n ts  w ith  m odel s y s 

te m s, c o n s i s t i n g  o f  c y s t i n e s ,  p y r id o x a l  p h o sp h a te  and m e ta l i o n s ,  m igh t

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3

r e s u l t  in  a b e t t e r  u n d e rs ta n d in g  o f th e  mechanisms o f enzym atic  and non- 

enzym atic  d e s u lfh y d ra t io n  r e a c t io n s .  R e s u lts  o f in h i b i t i o n  s tu d ie s  w ith  

s e v e r a l  s u b s t r a te s  o f th e  enzyme co u ld  h e lp  to  c l a r i f y  th e  fu n c t io n  of 

th e  enzym atic  r e a c t io n  s tu d ie d  in  s u l f u r  amino a c id  m e tab o lism , p a r t i c u 

l a r l y  w ith  r e s p e c t  to  i t s  c o n t r o l .

H i s to r i c a l  Development -  P r o p e r t ie s  o f C y s ta th io n a se

The enzyme c y s ta th io n a s e  c a ta ly z e s  in  g e n e ra l  a v a r i e ty  o f r e a c t io n s  

( (X , ^  " /3 "»  ^ - e l i m i n a t i o n s )  in  w hich ROH or RSH a re  removed from  a 

c o n s id e ra b le  number o f amino a c id s  and c lo s e ly  r e l a t e d  compounds con

ta in in g  h y d ro x y l, t h i o l ,  or th io e th e r  g ro u p s . The p ro d u c ts  o f th e  r e 

a c t io n  a re  u s u a l ly  ammonia, a k e to  a c id  and a t h i o l  compound (o r  w a te r 

in  th e  c a se  of homo s e r i n e ) . When c y s ta th io n in e  i s  th e  s u b s t r a te  

(^ - e l im in a t io n  ta k e s  p la c e .  The enzyme c a ta ly z e s  th e  rem oval o f w ater 

from  th e  hydroxyam ino a c id ,  ho m o serin e , in  a s im i la r  ty p e  o f r e a c t io n .  

T h io e th e rs  and d i s u l f i d e  amino a c id s  such as  c y s t in e  o r d je n k o lic  a c id  

a r e  c le a v e d  by o r - e l im in a t io n .

T here i s  some c o n fu s io n  in  th e  l i t e r a t u r e ,  b ecau se  th e  enzyme i s  

n amed ac c o rd in g  to  th e  r e a c t io n  which i t  c a ta ly z e s .  When L -hom oserine 

i s  th e  s u b s t r a t e ,  hom oserine deam inase ( 1 2 ) o r hom oserine d e h y d ra ta se  

(L -hom oserine h y d ro ly a se  (d eam in a tin g ) (EG 4 .2 .1 .1 5 ) )  c a ta ly z e s  th e  r e 

a c t io n  (1 3 ):

0II
HO-CHg-CHg-CH-COOH + HgO ----- > CHg-CHg-C-COOH + NH3  + HgO ( I )

NH2

In  t h i s  r e a c t io n  rem oval of w a te r from  L -hom oserine i s  fo llo w ed  by
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rea rran g e m en t of th e  double bond in  th e  In te rm e d ia te ,  v in y lg ly c in e ,  and 

sub seq u en t h y d ro ly s is  l i b e r a t i n g  ammonia (1 3 ) .  E q u iv a le n t amounts o f 

O C -k e to b u ty ra te  and ammonia a re  l i b e r a te d  (1 4 ) .

W ith L -c y s te in e  as th e  s u b s t r a t e ,  th e  enzyme i s  c a l le d  c y s te in e  d e

su lfh y d ra s e  o r by i t s  s y s te m a tic  name L -c y s te in e  h y d ro g e n s u lf id e - ly a s e  

(d eam in a tin g  (EC 4 . 4 .1 . 1 ) ) .  The m ain r e a c t io n  p ro d u c ts  in  t h i s  case  a re  

p y ru v ic  a c id ,  ammonia and hydrogen s u l f id e  as  shown in  e q u a tio n  I I  (1 5 ) .

0
HS-CH2-CH-COOH + HgO » NH3+ CH3-C-COOH + H2S (II)

NH2

I t  has  been shown (1 6 ,1 7 ,1 8 ) ,  how ever, th a t  c y s t i n e ,  which i s  alw ays 

p re s e n t  in  sm all amounts and i s  sp o n ta n e o u s ly  r e g e n e ra te d ,  i s  th e  a c tu a l  

s u b s t r a te  in  a c y c l ic  r e a c t io n .  The u n s ta b le  in te rm e d ia te ,  t h io c y s te in e ,  

( a la n in e  hydrogen d i s u l f i d e )  i s  formed from c y s t i n e  as  stiown i n  e q u a t i o n

I I I .

HOOC-CH-CH2 -S-S-CH 2 -ÇH-COOH + H2 O 

NH2  NH2

0
----------> CH3 -C-COOH + NH3  +  HS-S-CH 2 -ÇH-COOH ( I I I )

NH2

The l a b i l i t y  o f th e  s u l f u r  o f th e  in te rm e d ia te  le a d s  to  th e  p roduc

t i o n  of s u l f u r  and hydrogen s u l f i d e ;  th e  r e a c t io n  w i l l  be d is c u s s e d  in  

more d e t a i l  in  a su b seq u en t s e c t io n .  S e v e ra l s id e  r e a c t io n s  accoun t fo r  

a la c k  o f s to ic h io m e try  observ ed  among th e  r e a c t io n  p ro d u c ts  (1 7 ) .  W ith 

c y s t in e  as  s u b s t r a te  th e  enzyme has  a ls o  been c a l le d  c y s t in e  d a s u lfu ra s e  

(1 9 ) .

C y s ta th io n a se  has th e  same s y s te m a tic  name as hom oserine deam inase.
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In  i t s  p re se n c e  c y s ta th io n in e  i s  c o n v e rte d  to  c y s te in e ,  ammonia, and 

O C -k e to b u ty ric  a c id .  T h is i s  shown in  e q u a tio n  IV (2 0 ) .

H O O C -C H -C H g-C H g-S-C H g-C H -C O O t 

NHg

H O OC-HC-CH2-SH

NH2

HO-CH 2-CH2 CH-COOH 

NH2

Homoserine

CH2 CH3 CH3

CH *------ » CH <------- > CHo
I II I

CH-NHo C-NHo C=NH
I ^ 1 ^ 1  

COOH COOH COOH

V in y lg ly c in e

+  HgO

CH3-CH2-C-COOH + NH3 (IV)

In  t h i s  r e a c t io n  G reenberg (14) o b se rv ed  th a t  th e  amounts o f ammonia 

and a lp h a -k e to a c id  exceeded  th e  q u a n t i ty  e q u iv a le n t  to  th e  s u b s t r a te  

added; some H2 S was a ls o  form ed. He co n c lu d ed , th e r e f o r e ,  t h a t  c y s te in e  

was decomposed by a  d e s u lfh y d ra s e  a c t i v i t y ;  t h i s  y ie ld e d  p y ru v a te  p lu s  

a d d i t io n a l  ammonia.

M atsuo and G reenberg  (14) o b se rv ed  th a t  th e r e  i s  a much h ig h e r  a c 

t i v i t y  o f th e  enzyme in  th e  l i v e r  th a n  in  h e a r t  o r k id n e y . R at l i v e r  has  

th e  h ig h e s t  c o n c e n tr a t io n .  Mudd e^  (21) r e p o r te d  th a t  th e  a c t i v i t y  

o f th e  enzyme in  th e  b r a in  i s  low, a lth o u g h  one o f i t s  s u b s t r a t e s ,  c y s ta 

th io n in e ,  i s  found in  h ig h  c o n c e n tr a t io n s  in  t h i s  o rgan  in  man and mon

key . C hatagner and Trautm ann (22) o b ta in e d  " s o lu b le  d e s u lfu ra s e "  from  

th e  n o n - p a r t i c u la te  f r a c t i o n  of r a t  l i v e r .  F ernandez observ ed  th e  

h ig h e s t  a c t i v i t y  in  th e  s u p e rn a ta n t f r a c t i o n s  o f dog l i v e r  hom ogenates, 

compared to  n u c le a r  o r m ito c h o n d r ia l  f r a c t i o n s  (2 3 ) .  J o l i e s  - B e rg e re t 

a ls o  r e p o r te d  h ig h e s t  a c t i v i t y  in  th e  n o n - p a r t i c u la te  f r a c t i o n  o f r a t  

l i v e r  (2 4 ) .
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From ageot was th e  f i r s t  to  d e s c r ib e  fo rm a tio n  of H2S from  L -c y s te in e  

in  an enzym atic  system  (2 5 ) .  Smythe (26) o b ta in e d  an enzyme p re p a ra t io n  

from  r a t  l i v e r  th a t  c a ta ly z e d  th e  d e s u lfh y d ra t io n  of c y s te in e .  C a rro l 

and cow orkers (27) o bserved  th a t  an e x t r a c t  from  r a t  l i v e r  c a ta ly z e d  th e  

c le a v a g e  o f c y s ta th io n in e ;  c y s te in e  and (X -k e to b u ty ra te  w ere i d e n t i f i e d  

as r e a c t io n  p ro d u c ts ;  th e  same k e to  a c id  was a ls o  form ed when hom oserine 

was th e  s u b s t r a t e .  In  1950 B in k ley  (28) p u r i f i e d  an enzyme from  r a t  

l i v e r  to  a c o n s id e ra b le  e x te n t .  The p re p a ra t io n  c a ta ly z e d  th e  deam ina

t i o n  of hom oserine; a r e s id u a l  a c t i v i t y  o f c y s ta th io n a s e  was alw ays 

n o te d . The fo rm a tio n  o f hydrogen s u l f id e  was r e p o r te d  when c y s ta th io 

n in e  o r c y s te in e  w ere in c u b a te d  w ith  th e  enzyme (2 9 ) .  In  1958 G reenberg

(14) was a b le  to  p re p a re  a h ig h ly  p u r i f i e d ,  c r y s t a l l i n e  c y s ta th io n a s e  

sam ple from  r a t  l i v e r .  Madlo in  1960 (30) p u r i f i e d  th e  enzyme from  r a t  

l i v e r  2 0 0 -fo ld . R e c e n tly  K ato ^  (19) and F ernandez (23) d e s c r ib e d

th e  p r e p a r a t io n  of h ig h ly  p u r i f i e d  sam ples o f c y s ta th io n a s e  by p ro c e 

d u re s  s im i la r  to  G re e n b e rg 's  (14) from  l i v e r  of r a t  and dog, r e s p e c t iv e ly .

The s p e c i f i c  a c t i v i t y  (e x p re s se d  as ju m o le s /h r . /mg. p ro te in )  of th e  

enzyme tow ard  s e v e ra l  hydroxy amino and s u l f u r  amino a c id s  was observ ed  

to  be as fo llo w s  (2 0 ) : L -hom oserine , 340; L - s e r in e ,  6 . 8 ; 0 - a c e ty l

-D L -hom oserine, 6 .3 ;  L - c y s ta th io n in e ,  270; L -d je n k o lic  a c id ,  103; 

L - c y s te in e ,  1 8 .4 ; S -m e th y l-L -c y s te in e , 1 .8 ; S - e th y l - L - c y s te in e ,  1 .5 ; 

L -m e th io n in e , 1 .1 . B in k ley  and Okeson (31) r e p o r te d  t h a t  S - a lk y l  c y s

te in e s  a re  s u b s t r a te s  f o r  c y s ta th io n a s e .  They g iv e  th e  r e a c t i v i t y  o f a 

s e r i e s  o f th e s e  d e r iv a t iv e s  o f c y s te in e  in  term s of p e rc e n t c le a v e d : 

L -c y s te in e ,  35; S -m e th y l-L -c y s te in e , 21; S - e th y l - ,  16; S -n -p ro p y l- ,

10; S -n - b u ty l- L -c y s te in e ,  2. D -c y s tin e  and D -c y s te in e  w ere i n e r t  (3 2 ) .

P y r id o x a l phosphate  i s  r e q u ir e d  as a coenzyme. The c o lo u r le s s
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apoenzyme a lo n e  i s  i n a c t iv e .  The ye llow  holoenzym e has  an a b s o rp tio n  peak 

in  n e u t r a l  s o lu t io n  (pH 7 .5 ) in  th e  ran g e  370 -  470 w ith  a, maximum a t  

427 mp, due to  th e  apoenzyme-bound coenzyme (1 4 ) .  When th e  enzyme was 

red u ced  w ith  sodium b o ro h y d rid e , no a c t i v i t y  was o b serv ed  w ith  hom oserine 

as s u b s t r a te  and no added coenzyme; th e r e  was l i t t l e  a c t i v i t y  in  th e  

p re se n c e  of added PLP. P o s s ib ly  under th e s e  c o n d it io n s  th e  azom eth ine 

form  o f th e  bound coenzyme i s  red u ced  (3 3 ) .  Four m oles o f PLP a re  bound 

to  one mole of enzyme (3 4 ) .  The coenzyme i s  p ro b a b ly  bound to  a ly s in e  

r e s id u e  o f th e  apoenzyme by a S c h if f  b ase  ty p e  lin k a g e  as  su g g e s te d  by 

S n e l l  f o r  many p y rid o x a l-d e p e n d e n t enzymes ( 6 ) .

The o n ly  a c t iv a to r  of th e  enzyme r e p o r te d  i s  PLP. I n h ib i to r s  a re  

th e  ty p e  of re a g e n t t h a t  r e a c t s  w ith  s u lfh y d ry l  o r c a rb o n y l groups (1 4 ) .  

Among th e  fo rm e r , m e ta l io n s  such as  Cu"*"*", Hg++, and Cd++ w ere s tu d ie d  

as w e ll  as p -c h lo ro m e rc u rib e n z o a te  and N -e th y lm a le im id e . I n h ib i t i o n  by 

c e r t a in  o f th e s e  i n h i b i to r s  was r e v e r s e d  in  p a r t  by 2 ,3 -d im e rc a p to p ro p a n o l. 

I n h ib i t i o n  was observ ed  w ith  th e  c a rb o n y l r e a g e n ts ,  c y a n id e , h y d ro x y l-  

am ine, and se m ic a rb a z id e . These r e a c t  w ith  th e  c a rb o n y l group of PLP. 

P y ru v a te  i s  a c o m p e tit iv e  i n h i b i to r  (3 5 ) .  C y s ta th io n a se  a c t i v i t y  in  

r a t s  was in h ib i te d  by th y ro x in e  a d m in is t r a t io n  (2 3 ) .  An i n t e r e s t i n g  ob

s e r v a t io n  i s  t h a t  s u b s t r a t e s ,  such as h o m oserine , a c t  as c o m p e tit iv e  

i n h i b i to r s  o f o th e r  r e a c t io n s .  T h is  w i l l  be d is c u s s e d  in  d e t a i l  in  one 

o f th e  fo llo w in g  s e c t io n s .

The optimum pH fo r  a c t i v i t y  tow ard hom oserine o r c y s ta th io n in e  i s

8 . The enzyme p re p a ra t io n  i s  s t a b l e  fo r  s e v e r a l  months in  n e u t r a l  phos

p h a te  b u f f e r  a t  -2 0 ° , i f  th e  c o n c e n tr a t io n  i s  abou t 1% (1 4 ) .  C y s ta 

th io n a s e  has  a m o lecu la r w eigh t o f abou t 1 .9  x 105. The i s o e l e c t r i c  

p o in t  of th e  enzyme i s  6 .05  (1 4 ) .
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The a c t i v i t y  o f th e  enzyme, p u r i f i e d  by G reenberg , tow ard  d i f f e r 

e n t s u b s t r a te s  d e c re a se s  in  th e  o rd e r :  Hom oserine > c y s ta th io n in e  >

d je n k o lic  a c id  > la n th io n in e  > c y s te in e .  W ith L -hom oserine a ^  of 

2  X 1 0 " 2  M was d e te rm in ed  and a Vmax of 2 0 2 0  ^  mo l e s / h r . /mg. p r o te in ;  

t h i s  a llow ed  th e  c a l c u la t io n  o f a tu rn o v e r  number o f 6400 m o le s /m in ./  

mole o f enzyme. S im i la r ly  a o f 3 x 10"3 M, Vmax o f 738, and tu rn o v e r  

number o f 2340 were o b ta in e d  f o r  L -c y s ta th io n in e  (1 4 ) .  K ato ^  a l . (19) 

de te rm in ed  th e  fo llo w in g  M ic h a e lis  c o n s ta n ts :  L -hom oserine , 3 .0  x 10“ 2 M;

L - c y s ta th io n in e ,  3 .7  x 10~3 M; L - c y s te in e ,  5 .2  x 1 0 " 4  M; L -c y s t in e ,

9 .3  X 10-5 M.

The enzyme does n o t c o n ta in  firm ly -b o u n d  m e ta l io n s  (3 0 ,3 4 ) .  I t  

i s  a c t iv e  w ith  r e s p e c t  to  hom oserine and c y s ta th io n in e  w ith o u t a d d i t io n  

o f m e ta l io n s  (3 6 ) ; m e ta l io n s  do n o t s t im u la te  a c t i v i t y  (3 7 ) .

When c y s te in e  and hom oserine a re  in c u b a te d  in  th e  p re se n c e  of th e  

enzyme, c y s ta th io n in e  i s  form ed (2 0 ) .  However, t h i s  in d ic a t io n  o f th e  

r e v e r s i b i l i t y  of th e  c y s ta th io n a s e  r e a c t io n  i s  n o t c o n s id e re d  to  be of 

im portance  in  v iv o  (2 0 ) .  Brueggemann and W aldschm idt (35) w ere n o t a b le  

to  o b se rv e  fo rm a tio n  o f c y s te in e  a f t e r  in c u b a tio n  o f p y ru v a te ,  ammonia, 

and hydrogen  s u l f id e  w ith  c y s te in e  d e s u lfh y d ra s e .

The mechanism o f th e  c le a v a g e  of c y s t in e  and c y s te in e  has  been 

c l a r i f i e d  in  r e c e n t  y e a r s .  D uring a s tu d y  o f th e  r e a c t io n  of th e  d i 

s u l f id e  in  a p y r id o x a l model system  C a v a l l in i  e t  (38) p roposed  th a t  

th io c y s te in e  ( a la n in e  hydrogen d i s u l f i d e )  i s  an in te rm e d ia te  in  a c y c l ic  

r e a c t io n  by which th e  amino a c id  i s  deg rad ed . I n d i r e c t ,  b u t s tro n g  

e v id e n c e , was a ls o  o b ta in e d  fo r  th e  p re se n c e  of t h i s  in te rm e d ia te  in  th e  

co rre sp o n d in g  enzym atic  r e a c t io n  (1 8 ) .  F la v in  l a t e r  gave co n v in c in g  

su p p o rt to  t h i s  th e o ry ,  when he i s o l a t e d  th e  u n s ta b le  a lk y l  hydrogen

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



9

d i s u l f i d e  as a d e r iv a t iv e  (1 6 ) . R e c e n tly  G reenberg  and cow orkers p ro 

duced f u r th e r  p o s i t iv e  e v id e n c e . They showed th a t  in  th e  d e g ra d a tio n  of 

d je n k o l ic  a c id ,  HOOC-CH(NH2 )-CH2 -S-CH2 -S-CH2 -CH(NH2 )-COOH, by c y s ta th io 

n a s e , c y s te in e ,  p y ru v ic  a c id ,  H2 S , ammonia, and fo rm aldehyde a re  form ed 

(3 9 ) .  In  analogy  to  th e  r e a c t io n  h av in g  c y s t in e  as  s u b s t r a t e ,  S - th io -  

m e th y lc y s te in e  was form ed as an u n s ta b le  in te rm e d ia te ;  t h i s  compound 

decomposed and y ie ld e d  c y s te in e ,  ammonia, and fo rm aldehyde .

The f i r s t  r e p o r t  th a t  c y s t in e  and n o t c y s te in e  i s  th e  t r u e  s u b s t r a te  

f o r  c y s te in e  d e su lfh y d ra se  appeared  in  1961. Mondovi gave e v id en ce  th a t  

p y ru v a te  i s  produced  from  c y s te in e ,  o n ly , i f  o x id a tio n  to  c y s t in e  i s  

p e rm itte d . The same group o f w orkers o b serv ed  th a t  c y s te in e  under n i 

tro g e n  p roduces le s s  p y ru v a te  th a n  in  a i r  (1 7 ) .  They a ls o  showed (40) 

r a th e r  c o n v in c in g ly  t h a t  d e s u lfh y d ra t io n  o f c y s te in e  i s  d e p re sse d  by 

m e rc a p to e th a n o l, b ecau se  t h i s  t h i o l  re d u c e s  t r a c e s  of c y s t in e  p re s e n t  

a c c o rd in g  to  e q u a tio n  V.

RSSR + 2R'SH ------ » 2RSH + R 'SSR ' (V)

H y p o ta u rin e , R 'S 0 2 H, a ls o  i n h i b i t s  th e  d e s u lfh y d ra t io n  r e a c t io n .  The 

s u l f i n a t e  co u ld  r e a c t  w ith  th e  in te r m e d ia te ,  th io c y s te in e  to  y ie ld  c y s 

t e in e  and a th io s u l f o n a te  ( e q u a t io n  V I) .

RSSH + R'SOgH ----- > R'S02SH + RSH (VI)

R a th e r co n v in c in g  ev id en ce  has  accum ula ted  th a t  th e  d i f f e r e n t  a c 

t i v i t i e s  o b serv ed  w ith  p r e p a ra t io n s  of c y s ta th io n a s e ,  hom oserine deam i

n a s e , o r c y s te in e  d e s u lfh y d ra s e , a re  a l l  p o sse sse d  by th e  same p r o te in .  

B in k ley  (29) and K ato ^  (19) n o t ic e d  th a t  th ro u g h o u t a  p u r i f i c a t i o n

of enzyme from  r a t  l i v e r  th e  r a t i o  o f c y s ta th io n a s e  to  c y s te in e  d e s u l f -
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h y d ra se  rem ained  a  c o n s ta n t .  A s im i la r  phenomenon co n ce rn in g  th e  r a t i o  

o f c y s ta th io n a s e  to  hom oserine deam inase a c t i v i t y  was d e s c r ib e d  by G reen

b e rg  (1 4 ) .  R e c o n s t i tu t io n  a f t e r  d i s s o c ia t io n  o f th e  holoenzym e in to  

apoenzyme and coenzyme r e s to r e d  t h i s  r a t i o  of a c t i v i t i e s  (2 0 ) .  C hatagner 

and Trautm ann (22) su g g es ted  th a t  c y s te in e  d e su lfh y d ra s e  and c y s ta th io 

n a se  a c t i v i t y  a re  on th e  same p r o te in ,  s in c e  th e  two r e a c t io n s  in v o lv e d  

v a r ie d  in  p a r a l l e l  w ith  changes in  th e  c o n d it io n s  of r a t s .  Chromato

g ra p h ic  s tu d ie s  by C a v a l l in i  ^  (17) in d i c a te  t h a t  c y s ta th io n in e  and

c y s t in e  a re  degraded  by th e  same enzyme p r o te in .  The a u th o rs  o b serv ed  

two peaks which e x h ib i te d  b o th  enzyme a c t i v i t i e s .  They concluded  th a t  

th e  enzyme m ight be h e te ro g e n e o u s , t h a t  i s ,  c o n s is t  o f d i s t i n c t  p r o te in s  

o r isozym es. However, more r e c e n t ly  (41) th e y  showed th a t  one peak r e 

p r e s e n ts  th e  holoenzym e and th e  o th e r  th e  apoenzyme. Mondovi (42) was 

n o t a b le  to  s e p a ra te  c y s ta th io n a s e  and c y s te in e  d e su lfh y d ra s e  a c t i v i t y  

by column e l e c t r o p h o r e s i s .

C y s ta th io n a s e  and S u lfu r  Amino A cid  M etabo lism

The s y n th e s is  and m e ta b o lic  f a t e  of c y s te in e  a re  summarized in  

FIG. 1 and FIG. 2.

C y s te in e ,  a n o n e s s e n t ia l  amino a c id ,  i s  form ed in  mammals from  me

th io n in e ,  an e s s e n t i a l  amino a c id .  The s te p s  in  th e  b io s y n th e s is  of 

c y s te in e  may be summarized as  fo llo w s  (1 5 ) .

1. H om ocysteine i s  produced from  m e th io n in e  by d é m é th y la tio n :

CH3 -S-CH2 -CH2 CH(NH2 )-C 0 0 H ^ = ^ H S -C H 2 -CH2 -CH(NH2 )-COOH (V ila )

2 . C ondensa tion  of hom ocyste ine  w ith  s e r in e  form s c y s ta th io n in e :

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



11

HOOC-CHfNHgï-CHg-CHg-SH + HO-CH2 CH(NH2 )COOH 

 » H00C-CH(NH2)-CH2-S-CH2-CH2-CH(NH2)-C00H + H2O (V llb )

3 . C leavage of c y s ta th io n in e ,  a r e a c t io n  c a ta ly z e d  by c y s ta th io n a s e ,  

to  c y s te in e  and hom oserine ; th e  l a t t e r  i s  r a p id ly  c o n v e rte d  to  OC-keto- 

b u ty r a te  and ammonia by th e  same enzyme. O x id a tiv e  d e c a rb o x y la tio n  of 

th e  k e to  a c id  y ie ld s  p ro p io n y l CcA, w hich i s  c o n v e rte d  to  s u c c in y l  CoA 

and e n te r s  th e  c i t r i c  a c id  c y c le  as such ;

H00C-CH(NH2)-CH2-S-CH2-CH2CH(NH2)-C00H + H2O 

C y s ta th io n in e

-------------»H00C-CH(NH2)-CH2-SH + HO-CH2-CH2-CH(NH2)-COOH

C y s te in e  Hom oserine

•i
0
N

CH3 -CH2 -C-COOH + NH3  

o < -K e to b u ty ric  a c id  (V IIc )

Some of th e  more im p o rta n t s te p s  in  th e  m e tab o lism  o f c y s te in e  may 

be summarized as shown in  FIG. I .

The d ie ta r y  e q u iv a le n c e  o f c y s te in e  and c y s t in e  h as  been e s ta b l i s h e d  

(1 5 ) . L i t t l e  f r e e  c y s t in e  i s  p re s e n t  in  c e l l s .  The d i s u l f i d e  o f p ro 

t e in s  i s  form ed a p p a re n t ly  by o x id a t io n  of c y s te in e  r e s id u e s  a f t e r  t h e i r  

in c o rp o ra t io n  in to  p o ly p e p tid e  c h a in s .  In  th e  p re se n c e  o f oxygen and 

c a t io n s  such as Fe ' ' ' c y s t i n e  may be form ed from  c y s te in e  non-enzym i- 

c a l l y .  G lu ta th io n e  r e d u c ta s e  can r e v e r s e  t h i s  o x id a t io n .  G lu ta th io n e  

( ^ -g lu ta m y lc y s te in y l  g ly c in e )  r e a c t s  n o n -e n z y m a tic a lly  w ith  any d i s u l 

f i d e  to  form  a  mixed d i s u l f i d e .

G-SH + R '-S -S -R "  G-S-S-R" + R'SH ( V il la )
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FIG . 1

METABOLISM OF CYSTEINE

HO“S “CH2 “CH2 “NH2  

H y p o ta u r in e (c)

HOOC-CHCNHg)-CHg-S-S-CHg-CHCNHg)-COOH 

C y s t in e

(a) 0
HS-CH2-CH(NH2)-C00H ----> CH3-C-COOH + NH3 + H2S

C y s te in e P y r u v ic  a c id

0
H0-g-CH2-CH2-NH2 

0

, < «  Î

HS-CH2 -C-COOH ■ ' > S + P y ru v a te

P -M e rcap to p y ru v ic  a c id

H0-S-CH2“CH(NH2)-COOH 

C y s te in e  s u l f i n i c  a c id

H2 S

(d) 0 0 
HO-S-CH2 -C-COOH

(e)

T a u r in e
( 8 ) N

H0-S-CH2-CH(NH2)-COOH 

0

C y s t e ic  a c id

|3 -S u lf  in y lp y ru v ic  a c id

i  °
SO4  S 0 | + CH3 -C-COOH

P y r u v ic  a c id

(a )  : c y s te in e  d e s u lfh y d ra s e

( b ) ; c y s te in e  a m in o tra n s fe ra s e

( c ) : c y s te in e  s u l f i n a t e  d e c a rb o x y la se

( d ) : tra n sa m in a se

( e ) : c y s te in e  s u l f i n i c  a c id  dehydrogenase

( f ) :  s u l f i t e  o x id a se

( g ) : d eca rb o x y la se
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O x id ized  g lu ta th io n e  i s  form ed when a second m o lecu le  o f g lu ta th io n e  

r e a c t s  w ith  th e  mixed d i s u l f i d e .

G-SH + G -S-S -R " > G-S-S-G + R"-SH (V ll lb )

G lu ta th io n e  re d u c ta s e  th e n  c a ta ly z e s  th e  r e a c t io n

TPNH + H+ + G-S-S-G TPN+ + 2G-SH (V IIIc )

In  t h i s  manner c y s t in e ,  R '-S -S -R " , i s  red u ced  to  c y s te in e  by th e  c e l l  

(1 5 ) .  A s p e c i f i c  r e d u c ta s e  h as  n o t been  d is c o v e re d  in  mammalian sy stem s. 

C y s te in e  can be re p la c e d  by m e th io n in e  in  th e  d i e t  o f mammals.

When r a t s  w ere fe d  a p r o te i n - r i c h  d i e t , in c re a s e d  c y s ta th io n a s e  le v e ls  

w ere o b serv ed  (4 3 ) .  The fe e d in g  o f m e th io n in e  o r e th io n in e  had a s im i

la r  e f f e c t ;  in  a d d i t io n  an accu m u la tio n  o f hom oserine was o b serv ed  (4 4 ) ,  

High le v e ls  o f th e  l a t t e r  compound a ls o  induced  an in c re a s e  in  th e  enzyme. 

R at l i v e r  c y s ta th io n a s e  d e c re a se d  in  p y rid o x in e  d e f ic ie n c y  (45) and in  

th e  m e ta b o lic  d is o rd e r  o f c y s ta th io n u r ia  (4 6 ) .  The s p a r in g  a c t io n  of 

L -c y s tin e  f o r  th e  d ie t a r y  re q u ire m e n t o f grow ing r a t s  f o r  m e th io n in e  was 

observ ed  by Womack and Rose (4 7 ) .

C y s ta th io n in e  s y n th e ta s e  c a ta ly z e s  th e  fo rm a tio n  of L -c y s ta th io n in e  

from  hom ocyste ine  and s e r in e  (48) and a ls o  th e  d e h y d ra tio n  o f L - s e r in e ,  

a r e a c t io n  in  which p y ru v ic  a c id  and ammonia a r e  form ed. R e c e n tly  Kato 

e t  a l . p u b lish e d  s e v e r a l  p ap e rs  on " C o n tro l M echanism in  th e  R at L iv e r 

Enzyme System  C o n v ertin g  L -M eth ion ine to  L -C y s tin e " . They s e t  o u t to  

acco u n t f o r  th e  m e th io n in e -s p a r in g  a c t io n  of L -c y s t in e .  In  t h e i r  f i r s t  

r e p o r t  (4 9 ) ,  th e y  su g g es ted  th a t  th e  c o n t ro l  mechanism works on th e  

fo rm a tio n  o f c y s ta th io n in e ,  a r e a c t io n  c a ta ly z e d  by c y s ta th io n in e  syn

th e ta s e -  s e r in e  d e h y d ra ta se  (SDH). T h is  enzyme was re p re s s e d  when r a t s
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fe d  on low m e th io n in e  d i e t  w ere supplem ented  w ith  c y s t in e .  The a c t i v i t y  

o f SDH was in h ib i te d  in  crude  e x t r a c t s  o f r a t  l i v e r  by th e  r e a c t io n  p ro 

d u c t o f an enzyme f r a c t i o n  and L -c y s t in e .  A p re - in c u b a t io n  p e r io d  was 

n e c e s s a ry  f o r  L -c y s tin e  to  form  t h i s  s e r in e  d e h y d ra ta se  i n h i b i t o r .  Sub

se q u e n tly  (19) th e  a u th o rs  c r y s t a l l i z e d  th e  enzyme, which rorm ed an i n 

h i b i t o r  o f SDH from  th e  s u l f u r  amino a c id ,  and showed i t  to  be  c y s te in e  

d e s u lfh y d ra s e .  They made th e  o b s e rv a tio n  th a t  th e  a c t i v i t i e s ,  which 

caused  th e  d e g ra d a tio n  o f L -hom oserine and L -c y s tin e  and th e  fo rm a tio n  

o f th e  s e r in e  d e h y d ra ta se  i n h i b i to r  from  th e  s u l f u r  amino a c id ,  r e s id e  

on a s in g le  p r o te in .  In  1966 K ato ^  _al. (50) showed th a t  t h i s  non-com

p e t i t i v e  i n h i b i to r  i s  e le m e n ta l s u l f u r .  They a ls o  m easured th e  com peti

t i v e  in h i b i t i o n  o f c y s ta th io n a s e  and hom oserine deam inase by low concen

t r a t i o n s  o f L -c y s tin e  and L -c y s te in e .  However, th e y  p re s e n t  no in h i b i t i o n  

c o n s ta n ts .  I t  app ea red  th a t  a complex o f s u l f u r  and c y s t in e  d e s u lfu ra s e  

was a c tu a l ly  a more e f f i c i e n t  i n h i b i to r  o f s e r in e  d e h y d ra ta se  th a n  an 

aqueous su sp e n sio n  o f s u l f u r .  L -c y s te in e  and L -c y s t in e  w ere p r e f e r e n t i 

a l l y  decomposed by c y s ta th io n a s e  when c y s ta th io n in e  was p r e s e n t .  The

i n h i b i t i o n  by L -c y s tin e  was s tro n g e r  th a n  th a t  by L -c y s te in e .  The r e p o r t  

p r e s e n ts  a  sum m arizing d iag ram  of th e  r e a c t io n s  from  m e th io n in e  to  th e  

d e g ra d a tio n  o f c y s t in e .  I n h ib i to r y  e f f e c t s  were e x e r te d  by:

( 1 ) c y s te in e  on c y s ta th io n a s e ,

( 2 ) c y s t in e  on c y s ta th io n a s e ,

(3) hom ocysteine on s e r in e  d e h y d ra ta s e ,

(4 )  s u l f u r  on s e r in e  d e h y d r a ta s e ,

(5 ) s u l f u r  on c y s ta th io n in e  s y n th e ta s e .

However, th e  l a s t  i n h i b i t i o n  above was c o n s id e re d  to  be somewhat u n c e r 

t a i n ,  b ecause  o n ly  th e  SDH r e a c t io n  had  been s tu d ie d  w ith  r e s p e c t  to
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FIG. 2

INHIBITION IN THE RAT LIVER ENZVME SYSTEM 
CONVERTING METHIONINE TO CYSTINE

M eth ion ine

o i -K e to b u ty ra teH om ocysteine

C y s ta th io n in e  - r
V P y ru v a te

•. C y s te in eS e r in e

. S u lfu rSDH

CDS C y s tin e

P y ru v a te NH

P y ru v a te

CTS: c y s ta th io n in e  s y n th e ta s e

CDSH2 : c y s te in e  d e su lfh y d ra se

SDH: s e r in e  d e h y d ra ta se

CDS: c y s t in e  d e s u lfu r a s e

C T ase : c y s ta th io n a s e

in h i b i t i o n  i s  in d ic a te d  by broken  arrow s
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t h i s  ty p e  of i n h i b i t i o n .  These p a t te r n s  o f in h i b i t i o n  a re  summarized in  

FIG. 2 (5 0 ) .

H om ocysteine a p p a re n tly  i n h i b i t s  s e r in e  d e h y d ra ta se  to  p re v e n t th e  

breakdown of s e r in e ,  which may be u sed  f o r  th e  s y n th e s is  o f c y s th a th io n in e .  

C y s ta th io n in e  s y n th e ta s e -s e r in e  d e h y d ra ta se  i s  in h ib i t e d  by s u l f u r ,  p ro 

b a b ly , b ecause  th e  f i r s t  i r r e v e r s i b l e  s te p  in  th e  breakdown o f m e th io n in e  

i s  c a ta ly z e d  by t h i s  enzyme. The d e g ra d a tio n  o f c y s ta th io n in e  i s  a ls o  

c o n t r o l le d  (by  i n h i b i t i o n  by c y s te in e  and c y s t i n e ) ,  a s  w e ll  as i t s  f o r 

m a tio n , p e rh a p s , to  a llo w  v e ry  c a r e f u l  c o n t ro l  o f th e  le v e l  o f t h i s  

t h i o e th e r .  However, i t  seems u n c le a r  why s u l f u r  sh o u ld  e x e r t  c o n t ro l  on 

th e  fo rm a tio n  of c y s ta th io n in e  and th e  breakdown o f s e r in e .

The c o m p e tit iv e  in h i b i t i o n  o f c y s ta th io n a s e  by c y s t in e  has  a ls o  

been  r e p o r te d  r e c e n t ly  by Aronov (5 1 ) .

In  s e v e r a l  m icroorgan ism s s tu d ie d  in o rg a n ic  s u l f u r  i s  f ix e d  in to  

o rg a n ic  compounds such as  c y s te in e  and th e n  t r a n s f e r r e d  to  m e th io n in e

(1 5 ) .  The m etabo lism  o f c y s te in e  in  fu n g i and b a c t e r i a  has  been sum

m arized  r e c e n t ly .  (5 2 ,5 3 ,5 4  ,5 5 ,5 6 ) .

In  E s c h e r ic h ia  c o l i  and S a lm o n e lla  tvphim urium  t r a n s s u l f u r a t i o n  p ro 

ceeds in  th e  d i r e c t io n  from  c y s te in e  to  hom ocysteine (57) , in  N eurospora 

c r a s s a  i t  i s  r e v e r s i b l e ,  w h ile  in  mammals th e  pathway le a d s  from  homo

c y s te in e  to  c y s te in e .  For in s ta n c e ,  in  E .c o l i  c y s te in e  i s  c o n v e rte d  to  

m e th io n in e  in  th e  fo llo w in g  sequence : c y s te in e  + 0 - s u c c in y l  hom oserine

— c y s t a t h i o n i n e  . - » hom ocyste ine  —S_*methionine (IX) , w here enzyme a 

i s  c y s ta th io n in e  s y n th e ta s e ,  b i s  c y s ta th io n a s e ,  and c i s  c a l le d  homo

c y s te in e  m e th y la se . A l l  o f th e s e  enzymes a re  re p re s s e d  by grow th of 

E .c o l i  on m e th io n in e  (5 8 ) .

F la v in  and cow orkers have s tu d ie d  two c y s ta th io n in e  c le a v a g e  en

zymes in  N eurospora (5 9 ,6 0 ,6 1 ) .  One o f th e s e  s p l i t s  th e  th io e th e r  to
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h o m o cy ste in e , p y ru v a te , and ammonia ( ^ - e l im in a t io n  o r c le a v a g e ) ;  i t  i s  

a ls o  found in  some b a c t e r i a .  The o th e r  c a ta ly z e s  p red o m in an tly  ^ - e l i 

m in a tio n  to  y ie ld  c y s te in e  and o ( ,-k e to b u ty x a te . D e la v ie r-K lu tc h k o  and 

F la v in  (62) have p u r i f i e d  a [B -c leavage  enzyme from  E .c o l i . which c a t a 

ly z e s  th e  fo rm a tio n  o f h o m o cy ste in e , p y ru v a te , and ammonia. The syn

th e s i s  and d e g ra d a tio n  of c y s ta th io n in e  in  b a c t e r i a ,  fu n g i and mammals 

may be summarized as fo llo w s  (5 6 ):

0 -su c c in y lh o m o se rin e  + c y s te in e  ----  ̂ c y s ta th io n in e  + s u c c in a te  (Xa)

(^ - r e p la c e m e n t  o r s y n th e s i s ,  b a c t e r ia )

C y s ta th io n in e  + H2 O  > hom ocysteine + p y ru v a te  + NH3  (Xb)

( |3 - r e p lacem ent o r s y n th e s i s ,  fu n g i  and b a c te r ia )

S e r in e  + hom ocysteine -----> c y s ta th io n in e  + H2 O (Xc)

( - r e p lacem ent o r s y n th e s i s ,  fu n g i and mammals)

C y s ta th io n in e  + H2 O c y s te in e  + (X .-k e to b u ty ra te  + NH3  (Xd)

( ^ - e l im in a t io n  o r c le a v a g e , fu n g i and mammals)

D e la v ie r-K lu tc h k o  and F la v in  (62) d e s c r ib e  th e  fo llo w in g  p a t te r n s  

o f t r a n s s u l f u r a t i o n :

0-Succ
H ser

C y s ta th io n in e

Hcys

Pyr

H ser KB
Cys

C y s ta th io n in e

Hcys

S er Pyr

KB
Cys

a

C y s ta th io n in e

Hcys

S er

E s c h e r ic h ia  C o li 
S a lm o n e lla

N eu ro sp o ra
Y e a st Mammals
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where 0-Succ Hser = 0 -S u cc in y lh o m o se r in e ,

H ser = h o m o se r in e , KB = O C -k e to b u ty ra te ,

Hcys = hom ocyste ine , and Pyr = p y ru v a te .

The l i v e r  c y s ta th io n a s e  and N eurospora  y -c le a v a g e  enzyme have v e ry  

s im i l a r  p r o p e r t i e s .  Both enzymes r e a d i l y  c a t a ly z e  |3 - e l im i n a t io n  from 

t h i o e t h e r s  and d i s u l f i d e  amino a c i d s .  The e f f e c t i v e  s u b s t r a t e s  f o r  both  

seem to  be "doub le  ended" compounds, w i th  th e  e x c e p t io n  of hom oserine .  

However, l i v e r  c y s ta th io n a s e  c a t a ly z e s  o n ly  - e l i m i n a t i o n ,  t h a t  i s ,  f o r 

m a tion  of c y s t e i n e ,  0 ( - k e t o b u t y r a t e ,  and ammonia, w h ile  th e  N eurospora  

enzyme a l s o  c a t a ly z e s  th e  p ro d u c t io n  of hom ocyste ine  and p y ru v a te .  

F u r th e rm o re ,  w ith  L-hom oserine as  s u b s t r a t e ,  th e  r e a c t i o n  w ith  l i v e r  en

zyme i s  much f a s t e r  (6 0 ) .

The d e g r a d a t io n  o f  c y s t a t h io n in e  by th e  - c le a v a g e  enzym e o f  Neu

r o s p o r a  i s  i n h i b i t e d  91 p e r c e n t  by  L - c y s t e in e  (6 0 ) .  The i n h i b i t i o n  by  

L - s e r in e  and L -h o m o ser in e  ( s u b s t r a t e )  o f  t h e  d e c o m p o s it io n  o f  c y s t a t h i o 

n in e  and c y s t in e  was d e te rm in ed  a l s o .  B oth  w ere c o m p e t i t iv e  i n h i b i t o r s .  

W ith L -h o m o ser in e  th e  K i was 8  x  10“3 M f o r  c y s t a t h io n in e  and 6  x  10”3 M 

f o r  c y s t i n e .  W ith L - s e r in e  a s  i n h i b i t o r  th e  same K i v a lu e  o f  1 .3  x  10” 2 M 

was o b ta in e d  w ith  ea ch  s u b s t r a t e .

Rowbury and Woods (63) n o te d  t h a t  th e  breakdown of c y s t a t h io n i n e  

in  E . c o l i  was i n h i b i t e d  c o n s id e r a b ly  by DL-homocysteine (a  p ro d u c t ) .  

However, th e  amino a c id  had on ly  a sm a l l  e f f e c t  on th e  fo rm a t io n  of th e  

enzyme. The a b i l i t y  to  m e ta b o l iz e  c y s t a t h io n i n e  and c y s te i n e  was d e 

c re a s e d  by growth of th e  o rgan ism  in  th e  p re se n c e  of m e th io n in e .  Reap

pea ran ce  of c y s te i n e  d e s u l fh y d ra s e  a c t i v i t y  accompanied t h a t  of c y s t a 

th io n a s e  when th e  o rgan ism  was t r a n s f e r r e d  to  a m e th io n in e - f r e e  medium.

F la v in  observed  c o m p e t i t io n  between t h i o e t h e r  and d i s u l f i d e
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s u b s t r a t e s  of th e  N eurospora  ^ - c l e a v a g e  enzyme (1 6 ) .  L - c y s t in e  I n h i b i t e d  

th e  d e g ra d a t io n  of c y s t a t h i o n i n e ,  l a n th io n in e  t h a t  o f  c y s t a t h i o n i n e .

In  y e a s t  and A s p e r g i l l u s  n ig e r  an enzyme has  been d is c o v e re d  which 

forms c y s t e i n e  d i r e c t l y  from  s e r in e  and hydrogen s u l f i d e  ( 6 4 ,6 5 ) .  S e r in e  

s u l f h y d r a s e  from ch ick en  l i v e r  h as  been shown to  c a t a ly z e  th e  r e v e r s e  

r e a c t i o n  in  which s e r in e  and hydrogen s u l f i d e  a r e  formed from  c y s te in e  

(3 5 ) .  Thus th e r e  a r e  two enzymes a t  l e a s t ,  which l i b e r a t e  H2 S from cy s 

t e i n e  d i r e c t l y .

Form ation  of S c h i f f  Bases from P y r id o x a l  Phosphate  

(o r  P y r id o x a l )  and Amino A cids  and t h e i r  R e a c t io n s .

Mechanism of th e  Non-Enzymatic and Enzymatic 

D eg rad a t io n  of C y s t in e

S e v e ra l  e x t e n s iv e  d i s c u s s io n s  and rev iew s  of th e  r o l e  o f  p y r id o x a l  

in  model system s and enzym atic  r e a c t i o n s  have  been p re s e n te d  in  th e  

l i t e r a t u r e  ( 6 ,6 6 ,6 7 ,6 8 ,6 9 ,7 0 ) .

Many r e a c t i o n s  o f  amino a c id s  a r e  c a t a ly z e d  by p y r id o x a l  phospha te  

enzymes. Among th e s e  a r e  t r a n s a m in a t io n ,  r a c e m in z a t io n ,  d e c a rb o x y la t io n ,  

e l im i n a t io n  of th e  0 <-hydrogen to g e th e r  w ith  a [3 - s u b s t i t u e n t  ( c y s te i n e  

d e s u I f h y d r a t io n )  or a  ( ^ - s u b s t i t u e n t  ( c y s t a t h i o n i n e  c le a v a g e  o r  deami

n a t io n  of hom oserine) (7 0 ) .  Most o f  th e s e  r e a c t i o n s  have been d u p l i c a te d  

in  model system s i n  which p y r id o x a l  o r  p y r id o x a l  p hospha te  may s e rv e  as 

c a t a l y s t ,  u s u a l l y  i n  th e  p re se n c e  of m e ta l  io n s .  S n e l l  (6 ,7 0 )  and Braun- 

s t e i n  (67) have t r i e d  to  e x p la in  th e  m a n ifo ld  c a t a l y t i c  r o l e  of v i ta m in  

B6  in  te rm s of chem ica l p r o p e r t i e s  of p y r id o x a l  and p y r id o x a l  p h o sp h a te .  

They p roposed  t h a t  a S c h i f f  base  i s  formed between th e  amino a c id s  and 

p y r id o x a l  (phospha te )  w ith  a subsequen t w ith d raw a l of e l e c t r o n s  from  th e
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bonds connec ted  to  th e  (X -c a rb o n  atom of th e  amino a c id  tow ard th e  e l e c -  

t r o p h i l i c  n i t r o g e n  of p y r id o x a l .  T h is  would le a d  to  a g e n e r a l  weakening 

of th e  bonds on th e  -c a rb o n .  The consequen t r e a c t i o n s  would be d e t e r 

mined in  a non-enzym atic  model system  by th e  s t r u c t u r e  of th e  amino a c id  

and in  many ca se s  th e  p re se n c e  of a m e ta l  io n ,  as  w e l l  as  th e  r e a c t i o n  

c o n d i t i o n s .  In  enzym atic  system s th e  n a t u r e  of th e  apoenzyme p la y s  a 

c r u c i a l  r o l e .  I t  t a k e s  over th e  f u n c t io n  of th e  m e ta l  io n ,  bu t  w ith  a 

much h ig h e r  e f f i c i e n c y .  However, n o t  many d e t a i l s  a r e  known about th e  

p ro c e ss  of fo rm a t io n  and h y d r o ly s i s  of th e  S c h i f f  base  i n t e r m e d i a te .

FIG. 3 shows th e  s t r u c t u r e  of a m e ta l - c h e la t e d  and hydrogen-bonded a l -  

dim ine of p y r id o x a l  and an amino a c id  ( 6 ) .

FIG. 3

ALDIMINES OF PYRIDOXAL AND AN AMINO ACID

HOCH2

— coo-R

N

HC

H

I I
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In  a d i s c u s s io n  of th e  g e n e ra l  mechanisms in v o lv ed  in  th e  Vitam in 

Bg c a t a ly z e d  r e a c t i o n s  o f  amino a c i d s ,  S n e l l  and coworkers (70) p r e s e n t  

th e  r e a c t i o n s  ex p ec ted  and o b se rv e d ,  when th e r e  i s  an e l e c t r o n  a t t r a c t i n g  

group X a t  th e  (3 -ca rb o n  of th e  amino a c i d .  In  t h i s  case  one would ex

p e c t  th e  fo l lo w in g  s e t  of r e a c t i o n s :

X H
f  I

R -  C - C - COO-
I I +

H NH3

HOCH2

HOCH2

R - C = C - COO

HOCH

(XII)

In  t h i s  manner -SH of c y s t e i n e ,  and HSSR' o f  c y s t i n e  a r e  e l im in a te d  in  

non-enzym atic  (3 8 ,7 1 ,7 2 )  and enzym atic  r e a c t i o n s  (1 6 ,1 7 ,7 3 ,7 4 ) .  The 

r e s u l t i n g  S c h i f f  base  of a m in o a c ry l ic  a c id  h y d ro ly z e s  to  p y ru v ic  a c id
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and ammonia and p y r id o x a l  o r  p y r id o x a l  p h o sp h a te .  One can summarize 

t h i s  0 ( -  ^ - e l i m i n a t i o n  as  fo l lo w s  (6 7 ) :

I I
X-CH.CH(NH2 )-C 0 0 H  > XH + NH3  + CHg.CO.COOH (XXII)

The more e l e c t r o n e g a t i v e  th e  ^ - s u b s t i t u e n t ,  th e  more r a p i d  i s  th e  r a t e  

o f  th e  model r e a c t i o n  (7 5 ) .

I n  a s im i l a r  e l im i n a t io n  r e a c t i o n  a ^ - h y d r o g e n  and a p o la r  ^ - s u b 

s t i t u e n t  a r e  removed acc o rd in g  to  th e  e q u a t io n :

X-CH2 .CH2 .CH(NH2 ) .C 0 0 H ----- ^ XH + NH3  + CH3 .CH2 .CO.COOH (XIV)

For i n s t a n c e ,  in  th e  case  of hom oserine ,  X = OH, f o r  t h a t  of c y s t a t h i o 

n in e  X = H0 0 C.CH(NH2 ).CH2 S . The n a tu r e  and cause  of th e s e  r e a c t i o n s  i s  

e s s e n t i a l l y  th e  same as t h a t  of th e  ^ - e l i m i n a t i o n  r e a c t i o n s  of 

/ ^ - s u b s t i t u t e d  amino a c id s  (6 7 ) .

I t  shou ld  be em phasized t h a t  a c c o rd in g  to  th e  g e n e ra l  mechanism 

p roposed ,  t r a n s a m in a t io n  and ^ - e l i m i n a t i o n  r e a c t i o n s  such as  t h a t  u n d e r 

gone by c y s te in e  or c y s t i n e  (70) depend on th e  p re se n c e  of a l a b i l e  hy 

drogen  atom on th e  a lp h a -c a rb o n .  However, a s  p o in te d  ou t  by S n e l l  ( 6 ) 

th e  c le a v a g e  of (X -am ino -^ -h y d ro x y am in o  a c id s  and th e  d e c a rb o x y la t io n  

of amino a c id s  do n o t  depend on t h i s  C<-hydrogen. When o C -m e th y lse r in e  

was h e a te d  in  aqueous s o l u t i o n  w ith  p y r id o x a l  and Cu++ o r  A1+++, th e  

amino a c id  was degraded  acc o rd in g  to  th e  e q u a t io n s  (5 ) :

H3C^ NH2

HOCH2 C-COOH HCHO + CH3CH(NH2)C00H (XV)

CH3 CH(NH2 )C0 0 H + p y r id o x a l  —  ̂ pyr idoxamine + CH3 COCOOH (XVI)

The a l p h a - s u b s t i t u t e d  s e r in e  was a l s o  used  as a s u b s t r a t e  by a c e l l - f r e e  

e x t r a c t  of a b a c te r iu m  of th e  genus Pseudomonas (6 ,7 )  acc o rd in g  to  th e
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e q u a t i o n :

(+ ) -  (X -M ethy lserine  + THF ------9 D -a la n in e  + 5 , 10-methylene-THF (XVII)

In  1957 K alyankar and S n e l l  (76) r e p o r t e d  t h a t  c X -m e th y la la n in e  and 

(X -m e th y lse r in e  cause  th e  fo rm a t io n  of pyr idoxamine from p y r id o x a l ,  a l 

though th e y  cannot t r a n s a m in a te  by th e  g e n e r a l  mechanism p roposed ,  b e 

cause  of th e  la c k  o f  th e  a lp h a -h y d ro g en .  They su g g es ted  t h a t  d e c a r 

b o x y la t io n  accompanied by p a r t i a l  t r a n s a m in a t io n  o c c u r re d .  Because th e  

n o n -en zy m atic ,  p y r id o x a l - c a t a ly z e d  d e c a rb o x y la t io n  r e a c t i o n  i s  much 

slow er th a n  s e v e r a l  competing r e a c t i o n s ,  t r a n s a m in a t io n ,  f o r  i n s t a n c e ,  

t h i s  r e a c t i o n  i s  h a rd  to  d e m o n s t ra te .  I t  was th o u g h t  in  r e c e n t  e x p e r i 

ments ( 8 ) t h a t  a l p h a - s u b s t i t u t i o n  would m inimize com peting r e a c t i o n s .

The non-enzymat i c  d e c a rb o x y la t io n  of o ( - a m in o is o b u ty r ic  a c i d ,  cX-methyl- 

s e r i n e ,  and cX -p h en y lg ly c in e  was s tu d ie d .  Some v e ry  i n t e r e s t i n g  r e s u l t s  

were o b ta in e d :

(1) F orm ation  of CO2  was i n h i b i t e d  r a t h e r  th a n  c a t a ly z e d  by m e ta l  

io n s .

(2) (X -A m in o iso b u ty ra te  underw ent two ty p es  of r e a c t i o n s ,

(a )  a d e c a rb o x y la t io n ,

(X - a m in o is o b u ty ra te  Py^idoxal^  iso p ro p y lam in e  + CO2  (XVIII)

(b) and a d e c a rb o x y la t io n -d e p e n d e n t  t r a n s a m in a t io n  r e a c t i o n .

(X - a m in o is o b u ty ra te  + p y r id o x a l  ----------> ace to n e  +

pyridoxam ine + CO2  (XIX)

The r e a c t i o n

isop ropy lam ine  + p y r i d o x a l  9  ace to n e  + pyridoxam ine (XX)

d id  n o t  o ccu r .
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(3) In  th e  absence of m e ta l  io n s  c X -m e th y ls e r in e  underw ent th e  

fo l lo w in g  r e a c t i o n s :

(a )  CX -m e th y ls e r in e  » 2 -am inopropanol + CO2 (XXI)

(b) c X -m e th y ls e r in e  + p y r id o x a l  ^  a c e t o l  + pyr idoxamine +

CO2  (XXII)

These two r e a c t i o n s  a r e  s im i l a r  to  th o s e  undergone by (X -am ino

i s o b u t y r a t e .  But in  th e  p re se n c e  of m e ta l  io n s  (which form a c h e l a t e  

bond w ith  th e  ca rb o x y l  group and th u s  make i t s  rem oval more d i f f i c u l t )  

form aldehyde was formed from c X -m e th y lse r in e  as  shown b e fo re  (e q u a t io n  

XV).

The o th e r  amino a c i d ,  cX -p h en y lg ly c in e  a l s o  underw ent s e v e r a l  

r e a c t i o n s :

(a )  CgH5 CH(NH2 )COOH ----- > C6 H5 CH2NH2  + CO2 , (XXIII)

a d e c a rb o x y la t io n  r e a c t i o n  slowed down in  th e  p re se n c e  of m e ta l  io n s ;  

th e  e le c t ro n -w i th d ra w in g  phenyl group a p p a r e n t ly  h e lp e d  to  f a c i l i t a t e  

rem oval of CO2 .

(b) C5 H5 CH(NH2 )C0 0 H  > C^HgCHO + pyridoxam ine + COg,, (XXIV)

a d e c a rb o x y la t io n -d e p e n d e n t  t r a n s a m in a t io n  r e a c t i o n .

(c )  C5 H5 CH(NH2 )C0 0 H ---- > pyridoxam ine + CgH5 •CO-COOH, (XXV)

a normal t r a n s a m in a t io n  r e a c t i o n ,  p o s s i b l e ,  s in c e  an a lph a-h y d ro g en  atom 

i s  a v a i l a b l e ,

(d) C6 H5 COCOOH ----- > CO2  + CgHjCHO (XXVI)

As a r e s u l t  of th e s e  s tu d i e s  and o th e r s  (7 7 ) ,  th e  p y r id o x a l  c a t a 

lyzed  d e c a rb o x y la t io n  r e a c t i o n s  were fo rm u la te d  as  ( 6 ) :
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H H
I I

R - C - N H 2 + 0 = C

COOH

R-CH2 NH2  

+
P y r id o x a l

W ï
R -  C -  N = C 

I
H

+ H
I

-H ±  R -  C -  N 
1̂  

COOH

CO2

N-H
(XXVIIa)

The r e a c t io n s  u n d ergon e by 0 ( - s u b s t i t u t e d  amino a c id s  in  th e  a b se n c e

o f  m e ta l  io n s  can  b e  v i s u a l i z e d  a s f o l lo w s  ( 6 ) ;

P y r id o x a l

+
R'
I -H 2 OR -  C -  COOH —
I - - - - - - - - - - - - - - - - - - -
NH2

P yrid o x a m in e
+

R -  C -  R'
0

R -  C -  COOH

P y r id o x a l
+

R'
(

R -  C -  NH2  

H

+

H H HC

CH3 (XXVIIb)H
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P y r id o x a l  and p y r id o x a l  p hospha te  and t h e i r  azom eth ine complexes 

a re  ye llow  under n e u t r a l  o r  a l k a l i n e  c o n d i t io n s  ( 3 4 ,6 7 ) .  B la k le y  (78) 

o b ta in e d  s p e c tro p h o to m e t r ic  ev id en ce  f o r  th e  fo rm a t io n  of a S c h i f f  base  

between g ly c in e  and p y r id o x a l  p h o sp h a te .  PLP a lo n e  showed an a b s o rp t io n  

maximum a t  388 n y  (5max. 5700).  In  th e  p re se n c e  of 0 .0 1  M g ly c in e  t h i s  

peak s h i f t e d  to  405 l y  (^max. 5800 ) .  With 0 .1  M amino a c id  a maximum 

was o bserved  a t  413 nji (fmax. 6600).  M e tz le r  (79) r e p o r t e d  t h a t  in  th e  

p re se n c e  of v a l i n e  and p y r id o x a l  in  aqueous s o l u t i o n ,  a maximum appeared  

a t  414 l y ; th e  s o l u t i o n  was i n t e n s e l y  y e l lo w . The i n t e n s i t y  o f  th e  

maximum in c re a s e d  as th e  amino a c id  c o n c e n t r a t i o n  was in c r e a s e d .  The 

a b s o rp t io n  band i s  a p p a r e n t ly  due to  a form  of th e  im ine in  which th e  

p h e n o l ic  group i s  hydrogen-bonded to  th e  imino n i t r o g e n .  Matsuo (80) 

o bserved  t h a t  in  th e  p re se n c e  of v a r io u s  amino compounds in  phospha te  

b u f f e r  a t  pH 7.5 th e  a b s o rp t io n  peak  of p y r id o x a l  p h ospha te  a t  388 i j i  

moved to  a h ig h e r  w aveleng th  of 400 to  415 nji. Among a  l a rg e  number of 

amino a c i d s ,  which caused  t h i s  ty p e  of change , were s e v e r a l  a lp h a - s u b 

s t i t u t e d  compounds, o C -am in o iso b u ty r ic  a c i d ,  0 <-m ethy l-O C -am ino-n -bu ty r ic  

a c i d ,  and 0 ( -m e th y lg lu ta m ic  a c i d .  The a u th o r  proposed  t h a t  any compound 

t h a t  p o s se s s e s  an u n s u b s t i t u t e d  amino group can form a S c h i f f  base  w ith  

PLP. However, th e  spectrum  of a P L P -cy s te in e  r e a c t i o n  p ro d u c t  was q u i t e  

d i f f e r e n t  from t h a t  of PLP or th e  o th e r  S c h i f f  b a se s  examined, because

a t h i a z o l i d i n e  r i n g  was p ro b ab ly  formed by th e  r e a c t i o n  of th e  form yl

group of p y r id o x a l  phospha te  w ith  th e  amino and th e  s u l f h y d r y l  group of 

c y s t e i n e .  The a b s o rp t io n  peak  n ea r  400 mp had d is a p p e a re d .  The PLP

- c y s t e i n e  complex i s  much more s t a b l e  th a n  th e  o rd in a r y  S c h i f f  b a se .

The p re sen ce  of sm all  amounts of m e ta l  io n s  s h i f t e d  th e  a b s o rp t io n  

maxima of S c h i f f  b a se s  a t  230 nyi and 388 mp to  s h o r t e r  w av e le n g th s .  For
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i n s t a n c e ,  in  th e  p re se n c e  of PLP p lu s  g ly c in e  and Cu++ th e  maximum was 

d e c re a se d  from 408 l y  to  383 nji. The s p e c t r a  were n o t  th o s e  of th e  

m e ta l  and amino a c id .

The fo rm a t io n  of a S c h i f f  base  between PLP and bov ine  serum albumin 

was ob se rv ed  by C h r is te n s e n  (8 1 ) .  Maximum a b s o rp t io n  o c c u r re d  a t  415 r c y .

G reenberg (34) m easured th e  a b s o r p t io n  spec trum  of th e  chromophore, 

i s o l a t e d  from c y s t a t h io n a s e ,  a t  pH 7 .5 .  He observed  a  major peak  a t  

388 np and a minor one a t  330 n y .  The c r y s t a l l i n e  holoenzyme showed an 

a b s o r p t io n  peak a t  427 ngi.

E q u i l i b r i a  between p y r id o x a l  and amino a c id s  and t h e i r  im ines  have 

been s tu d ie d  by M e tz le r  (7 9 ) .  He showed t h a t  th e  a p p a re n t  e q u i l ib r iu m  

c o n s ta n t  f o r  imine fo rm a t io n  depends on a complex i n t e r a c t i o n  of s e v e r 

a l  f a c t o r s ,  namely b a s i c i t y  of th e  amino group , p re se n c e  of one or more 

hydrogen atoms on th e  a lp h a -c a rb o n  of th e  amine (h y p e rc o n ju g a t io n  e f f e c t s ) , 

and b ran c h in g  in  th e  / 3 - p o s i t i o n  of th e  am ine. To t h i s  shou ld  be added 

s t e r i c  f a c t o r s .  The K ( 'apparent^ va  lu e s  f o r  some of th e  amines s tu d ie d  

were as  fo l lo w s :  ammonia, 0 .3 ;  methyla m in e , 17; e t h y lam ine , 26; n - b u ty l -

amine, 83; i s o b u ty lam ine , 119; t - b u ty la m in e ,  6 .0 ;  g ly c in e ,  10 .2 ; a l a n in e

(R = CH3 - ) , 9; ck - a m in o -n -b u ty r ic  a c id  (R = CH3 CH2 - ) , 17; v a l i n e
CH3 _

(R = ^ ^ ^ ^ C H - )  , 44; n o r v a l in e  (R = CH3 CH2 CH2 - )  , 19.

In  non-enzym atic  t r a n s a m in a t io n  v a l i n e  r e a c t s  v e ry  s low ly  (8 2 ) ,  

d e s p i t e  th e  h ig h  s t a b i l i t y  of i t s  im ine . T h e re fo re  i t  seems t h a t  th e  

e x t e n t  of imine fo rm a t io n  does n o t  p la y  an im p o r tan t  r o l e  in  th e  d e t e r 

m in a t io n  of th e  r a t e  of non-enzym atic  t r a n s a m in a t io n .  M e tz le r  su g g e s ts  

t h a t ,  s in c e  th e  r a t e s  of im ine fo rm a t io n  and breakdown appear to  be 

r a p i d ,  th e  ta u to m e r ic  rea r ran g e m en t  o f  th e  imine must be th e  r a t e - l i m i t 

in g  s t e p  in  non-enzym atic  t r a n s a m in a t io n  and o th e r  s im i l a r  non-enzym atic
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r e a c t i o n s .  In c lu d e d  h e re  shou ld  be th e  c leav ag e  of c y s t i n e .

Matsuo (80) de te rm in ed  th e  s t a b i l i t y  c o n s ta n t s  of th e  S c h i f f  ba se s  

formed from PLP and a number of amines and amino a c i d s .  I t  i s  i n t e r 

e s t i n g  to  n o te  t h a t  th e  o rd e r s  of m agnitude of th e s e  s t a b i l i t y  c o n s ta n t s  

r e l a t i v e  to  each o t h e r ,  among a s e r i e s  o f  amino a c i d s ,  compares w ith  

t h a t  of th e  e q u i l ib r iu m  c o n s ta n t s  o b ta in e d  by M e tz le r  (7 9 ) .  Thus f o r  

a l a n in e  (R = -CH3 ) , K x 10"^ = 0 .32  ^  0 .0 1 ;  f o r  c S -a m in o -n -b u ty ra te  

(R = CH3 CH2 - ) ,  K X 10-4 = 1.16 t  0 .0 2 ;  f o r  n o r v a l in e  (R = CH3 CH2 CH2 - ) ,

K X 10-4 = 1 . 2  t  0 .1 ;  f o r  v a l i n e  (R = ^®3~CH-) , K x lQ-4 = 4 .5  - 0 .2 ,
CH3

and f o r  nor le u c in e  (R = CH3 CH2 CH2 CH2 - ) j  K x 10"^ = 1 .1  ^  0 .1 .  I t  i s  

a l s o  i n t e r e s t i n g  to  n o te  t h a t  s e v e r a l  a l p h a - s u b s t i t u t e d  amino a c id s  s t u 

d ie d ,  form a l e s s  s t a b l e  im ine th a n  th e  n o n - s u b s t i t u t e d  o n es .  Compare: 

a l a n in e  (K x 10“^ = 0 .32  ^  0 .01) w i th  (X -a m in o is o b u ty ra te  (K x 10"^ =

0 .07  ^  0 .0 1 ) ;  tX -a m in o -n -b u ty ra te  (1 .1 6  ^  0 .02) w i th  o( -m e th y l-o (-am in o  

- n - b u t y r a t e  (0 .09  ^  0 .0 0 ) ;  and g lu ta m a te  (0 .4 2  *  0 .01 )  w i th  c< -m eth y l-  

g lu ta m a te  (0 .0 3  0 .0 1 ) .

Matsuo (80) t r i e d  to  draw a c o r r e l a t i o n  between th e  e f f e c t i v e n e s s  

of amino compounds as i n h i b i t o r s  of enzyme system s and th e  s t a b i l i t y  

c o n s ta n t  of t h e i r  S c h i f f  b a s e .  The l a t t e r  f a c t o r  shou ld  c o n t r i b u t e  

s i g n i f i c a n t l y  to  th e  o v e r a l l  a f f i n i t y  of th e  amine to  th e  enzyme. He 

showed t h a t ,  w ith  hom oserine deam inase , th e  p e rc e n t  i n h i b i t i o n  by th e  

t h r e e  a l p h a - s u b s t i t u t e d  amino a c id s  s tu d ie d  i s  e i t h e r  n o n - e x i s t e n t  or 

v e ry  s m a l l ,  compared to  th e  i n h i b i t o r y  e f f e c t  of th e  a lp ha-hyd rogen  

compounds. However, th e  l im i t e d  number of examples s tu d ie d  in  which 

o n ly  -m ethy l s u b s t i t u t i o n  was used  does n o t  a l low  any d e f i n i t e  com

p a r i s o n .  As th e  a u th o r  h im se lf  p o in t s  o u t  th e  a f f i n i t y  of an amine f o r  

th e  a c t i v e  s i t e  of th e  enzyme i s  de te rm in ed  a l s o  by such f a c t o r s  as th e
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a t t r a c t i v e  and r e p u l s i v e  f o r c e s  between th e  f u n c t i o n a l  groups of th e  

r e a c t a n t  and th e  apoenzyme as w e l l  a s  s t e r i c  f a c t o r s .

The im portance  of s t e r i c  f a c t o r s  i n  S c h i f f  base  fo rm a t io n  was 

p o in te d  o u t  by H i l l  and C row ell (8 3 ) .  These a u th o rs  s tu d ie d  " S t r u c t u r a l  

E f f e c t s  in  th e  R e a c t i v i t y  of P rim ary  Amines" w ith  p ip e r o n a l ,

H-

They obse rved  t h a t  r e a c t i o n  r a t e s  do n o t  

p a r a l l e l  th e  b a s i c i t y  of th e  amino g ro u p ,a s  shown by th e  fo l lo w in g  r e 

s u l t s  i n  which k i s  e x p re s se d  as 1 /m o le /se c ,  a t  25°: m ethylam ine, 5 .5 5 ;

e t h y lam ine , 2 .8 8 ;  n -p ro p y la m in e , 3 .1 5 ;  i so p ro p y la m in e ,  0 .895 ; n - b u ty l -  

amine, 3 .3 7 .  The r a t e s  obse rved  seem to  be a r e s u l t  of th e  b a s i c i t y  of 

th e  amine and s t e r i c  e f f e c t s  of th e  a l k y l  g ro u p s .  One shou ld  n o te  in  

p a r t i c u l a r  th e  r e l a t i v e l y  h ig h  r a t e  w ith  m ethylam ine and low r a t e  w ith  

iso p ro p y lam in e  and compare th e  r e s u l t s  w ith  th e  s t a b i l i t y  d a ta  d i s c u s s e d  

in  th e  p re c e d in g  p a ra g ra p h s .

Banks _et (84) s tu d ie d  th e  r e a c t i o n  of pyridoxam ine and p y ru v a te  

i n  w ate r  a t  25° over a pH ran g e  of 7 to  10. They showed c o n c lu s iv e ly  

t h a t  S c h i f f  base  fo rm a t io n  occu rs  i n  a f a s t  and r e v e r s i b l e  s te p  and t h a t  

th e  r a t e  l i m i t i n g  s te p  i s  th e  i n t e r c o n v e r s io n  of t h i s  type  of S c h i f f  

base  and i t s  isom er, t h a t  i s  th e  change

•CH=N-CHMe*C02H ; —  ̂ •CH2*N=CMe*C02H (XXVIII)

The i n s t a b i l i t y  of c y s t i n e  in  a l k a l i n e  s o l u t i o n  has  been known f o r  

a long t im e .  A few y e a r s  ago th e  mechanism of t h i s  d e g ra d a t io n  was 

f i n a l l y  worked o u t ,  Swan (9) s tu d ie d  th e  b eh av io r  of oC -m e th y lc y s t in e  

in  h o t  aqueous sodium h y d ro x id e .  He found t h a t  th e  s t a b i l i t y  of th e
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amino a c id  had been in c re a s e d  trem endously  by th e  rep la cem e n t of th e  

a lp h a-h y d ro g en s  by m ethy l g ro u p s .  Such r e s i s t a n c e  to  base  h y d r o ly s i s  

cou ld  n o t  be e x p la in e d  by d i r e c t  h y d r o ly s i s  of th e  s u l f u r - s u l f u r  bond or 

i o n i z a t i o n  of a p ro to n  a d ja c e n t  to  one of th e  s u l f u r  atoms as  th e  i n i t i a l  

s te p  in  th e  c le a v a g e .  I o n i z a t i o n  of th e  amino a c id  a lph a -h y d ro g en  atom, 

fo l lo w e d  by e l im i n a t io n  of an u n s ta b l e  d i s u l f i d e  a n io n ,  however, would 

be a mechanism in  acco rdance  w ith  th e  h ig h  s t a b i l i t y  of - m e th y lc y s t in e .  

T h is  ^ - e l i m i n a t i o n  has  been d e s c r ib e d  by th e  fo l lo w in g  e q u a t io n s  by 

Swan (9) and a l s o  Dann and cow orkers (8 5 ) :

S -C H o -C H -C O O ' 
^ 1 

NH2

S-C H o-C H -C O O *
I

NHo

OH-

^ chÆ - coo-
^  I

NH2

S -C H o-C H -C O Q - 
^  I 

NHo

CH2=C-C00- 

NH2

(X -A m inoac ry lic  a c id

HgO

*S-S-CHo-CH-COO' 
I

NH2 

S

-S -C H g -C H -C O O -

NH2 (XXIX)NH3  + p y ru v a te

The c leav ag e  of c y s t i n e  by a p y r id o x a l  model system  has  been s tu d ie d  

by C a v a l l i n i  and coworkers (38) i n  t h e  p re se n c e  of copper io n s  (Cu'*'^) a t  

a pH of 8 .5  and 38°. The mechanism of th e  d e g ra d a t io n  of th e  amino a c id  

was summarized as  fo l lo w s :
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CH2”S-S-CH2
NH2 -CH

COOH

CH-NH2

COOH

CH2 -SH

NH2 -CH
I
COOH

( 2)

X I )

CHo-SSH
+ CH3 -C-COOH + NH3

ioOH
(XXX)

(1) I n  an o ( -  | 3 - e l Im in a t io n  r e a c t i o n  th e  c h e l a t e  complex of c y s t in e  

w ith  p y r id o x a l  and copper io n s  i s  c le a v e d .  The p ro d u c ts  of 

t h i s  r e a c t i o n  a r e  p y ru v a te ,  ammonia and t h i o c y s t e i n e .  These 

p ro d u c ts  a r e  p r e d i c t a b l e  on th e  b a s i s  of S n e l l ' s  work on p y r i 

do x a l  p h o s p h a te - c a ta ly z e d  r e a c t i o n s  ( 8 6 ) and th e  mechanism of 

th e  a l k a l i n e  c leav ag e  of c y s t i n e  ( 9 ,8 5 ) .

(2) T h io c y s te in e  decomposes to  c y s te i n e  and e lem en ta ry  s u l f u r .

(3) C y s t in e  i s  re fo rm ed  by th e  r e o x i d a t i o n  of c y s te i n e  i n  th e  p r e 

sence of oxygen and copper io n s .

The c y c l i c  r e a c t i o n  i s  co n t in u e d  u n t i l  most of th e  c y s t i n e  has  been 

used  up . S e v e ra l  s id e  r e a c t i o n s  co m p lica te  t h i s  b a s ic  mechanism.

The i n t e r a c t i o n  of c y s t i n e ,  p y r id o x a l  (p h o s p h a te ) ,  and copper can 

be p i c tu r e d  as  shown in  FIG. 4.

R e c e n t ly  B e rg e l  and coworkers (10) have ob se rv ed  t h a t  in  an enzyme 

model system  c o n s i s t i n g  of vanadium s a l t s  and p y r id o x a l  p h o sp h a te ,  c y s 

t e i n e  was deg raded .  Ammonia, p y ru v a te ,  and c y s t i n e  were among th e  r e a c 

t i o n  p ro d u c ts .  The a u th o rs  p roposed  a v an ad iu m -ca ta ly z ed  h y d r o ly s i s  of 

th e  t h i a z o l i d i n e  in te r m e d ia te  form ed, fo l lo w ed  by th e  fo rm a t io n  of a 

S c h i f f  b ase  t h a t  decomposed r a p i d l y  by - ^ - e l i m i n a t i o n .  The c y s te in e

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



32

F IG . 4

NON-ENZYMATIC DEGRADATION OF CYSTINE

NH2

S -  CH2  - CH - COO- 
NH2

S - CHo -  CH - COO-

CH 0 -

-  CH2

+ Cu++

HOCH

CH

HOCH 2

H

p y ru v a te  

+ NH3

+ p y r id o x a l

NH2

t h i o c y s t e i n e

CH2

CHoC- e 1 im in a t io n CH

H

S c h i f f  base  of a m in o a c ry l ic  a c id
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l e c u le  was s t a b i l i z e d  by (K - o r  ^  a l k y l a t i o n .  For i n s t a n c e ,  o( -m ethy l 

-D L -c y s te in e  was i n e r t .

. The mechanism of th e  enzym atic  c lea v a g e  of c y s te in e  and c y s t i n e  

has  been c l a r i f i e d  by th e  work of Mondovi and cow orkers (1 7 ,1 8 ,3 8 ,4 0 ,8 7 )  

and F la v in  (1 6 ) .  The t r u e  s u b s t r a t e  of th e  enzyme i s  c y s t i n e  which, 

even when p r e s e n t  o n ly  in  t r a c e  am ounts, c a t a ly z e s  th e  d e s u I f h y d r a t i o n  

of l a rg e  q u a n t i t i e s  of c y s t i n e  a c c o rd in g  to  FIG, 5 .

FIG. 5

CYSTINE AS THE TRUE SUBSTRATE OF CYSTATHIONASE

CHo-SSH 
I ^
CH-NH2
COOH

CHo-C-COOH

NH

Spontaneous C y s ta th io n a s e

CHo-S-S-CHo I  ̂ I 2 ^H-NHg CH-NH
COOH COOH

In  t h i s  scheme c y s te i n e  r e a c t s  n o n -e n z y m a tic a l ly  w ith  t h i o c y s t e i n e  

and c y s t i n e  i s  c le a v e d  to  p y ru v a te ,  ammonia, and t h i o c y s t e i n e  by c y s t a 

t h i o n a s e .  When c y s t i n e  i s  th e  o n ly  s u b s t r a t e  p r e s e n t ,  th e  same th r e e  

p ro d u c ts  a r e  form ed. T h io c y s te in e  i s  u n s t a b l e  (18) and decomposes to  

c y s t i n e  and p o l y s u l f i d e s  a c c o rd in g  to  th e  r e a c t i o n

2 R-S-S-H ---- ? R-S-S-R + H2S2 (XXXI)
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P o ly s u l f id e s  th e n  decompose a t  n e u t r a l  pH to  s u l f u r  and H£S, w h ile  c y s 

t i n e  i s  u sed  a g a in  by th e  enzyme. In  t h i s  manner th e  enzym atic  c leav ag e  

of c y s t i n e  y i e l d s  p y ru v a te ,  ammonia, s u l f u r  and sm all  amounts of h y d ro 

gen s u l f i d e  (1 7 ) .  S id e  r e a c t i o n s  accoun t f o r  a la c k  of s to ic h io m e t ry  

among th e  p ro d u c ts .  The s to ic h io m e t ry  o f  th e  r e a c t i o n

C y s t in e  + 2 HgO }  2 p y ru v a te  + 2 NH3  + S + HgS (XXXII)

i s  n o t  o bserved .

The f u n c t i o n  of th e  apoenzyme p o r t i o n  of c y s ta t h io n a s e  i s  n o t  y e t  

f u l l y  u n d e rs to o d .  Some i d e a s ,  however, have been e x p re s s e d  i n  t h i s  r e 

g a rd .

M e tz le r  (79) su g g e s te d  t h a t  th e  f u n c t i o n  of p y r id o x a l - c o n ta in in g  

enzymes i s  to  a id  rea rran g e m en t of im ine in t e r m e d ia te s  ( t h i s  i s  th e  r a t e  

c o n t r o l l i n g  s te p )  by h o ld in g  s u i t a b l e  a c i d i c  and b a s ic  groups o f  th e  

p r o t e i n  in  p roper  o r i e n t a t i o n .

B ra u n s te in  (67) p roposed  t h a t  in  th e  absence of m e ta l  io n s  a s t a b i 

l i z e d  p le n a ry  system  of double  c o n ju g a te d  bonds i s  s e t  up in  th e  S c h i f f  

b a s e ,  a id e d  by in t r a m o le c u la r  hydrogen  bonding between th e  n i t r o g e n  atom 

and th e  p h e n o l ic  g roup. A c t i v a t io n  of th e  S c h i f f  b ase  would occur by 

th e  fo rm a t io n  of hydrogen bonds o r  o th e r  l i n k s  between groups of th e  

p r o t e i n  and th e  n i t r o g e n  atom and p h e n o l ic  hydrogen .

The L-form  of th e  s u l f u r  amino a c id  s u b s t r a t e  of c y s ta th io n a s e  

seems to  be r e q u i r e d  in  th e  end which i s  bound (1 6 ) ,  bu t  th e  D -c o n f i-  

g u r a t i o n  i s  a p p a r e n t ly  p r e f e r r e d  in  th e  f r e e  end. T h is  i s  s u g g es ted  by 

th e  o b s e rv a t io n  t h a t  m eso cy s t in e  r e a c t s  t h r e e  t im es  f a s t e r  th a n  L - c y s t in e  

(1 6 ) ,  b u t  y i e l d s  o n ly  one e q u iv a le n t  of p y ru v a te  ( 8 8 ) .  D -c y s t in e  i s  

n o t  a s u b s t r a t e  f o r  th e  ^ - c l e a v a g e  enzyme of N eurospora  (6 0 ) .
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A f r e e  ca rb o n y l  group has no t  been observed  in  any of th e  p y r id o x a l  

phosphate  p r o t e i n s .  A l l  o f  them show s p e c t r a l  bands t y p i c a l  of a S c h i f f  

base  l in k a g e  between coenzyme and p r o t e i n  ( 6 ) .  F i s c h e r  and coworkers 

(89) and G reenberg (33) have reduced  th e  S c h i f f  base  form of c y s ta th io n a s e  

w ith  b o ro h y d r id e .  F i s c h e r  i s o l a t e d  £ - p y r id o x y l ly s in e  a f t e r  h y d r o ly s i s ;  

t h i s  showed t h a t  th e  ca rb o n y l  group i s  bound to  l y s i n e .  S c h i f f  base  

fo rm a t io n  cannot in v o lv e  a r e a c t i o n  between s u b s t r a t e  and a f r e e  c a r 

bonyl g roup, bu t  r a t h e r  a p ro c e s s  c a l l e d  by S n e l l  " t r a n s a ld i m i n a t io n "

( 6 ) .  T h is  i s  shown in  th e  n e x t  s e t  of e q u a t io n s :

N R
II I

HC + H2NCH HÇ-N-CH
NH R NH2  R 

HC = NCH
—(P) COOH H ^ H  COOH COOH (XXXIII)

A Idim ine fo rm a t io n  from p y r id o x a l  and an amino a c id  can be r e p r e s e n te d  

by:

9 Î 9“ Î -h20 9
HC +  H jN -C  H j-H H -C H  ^ ^ H Ç - N - Ç - H

(P) COOH ( y  COOH (P) COOH (XXXIV)

S n e l l  p roposes  t h a t  a Id im in e  fo rm a t io n  between enzyme and coenzyme 

enhances th e  r e a c t i v i t y  of th e  l a t t e r  ( 6 ) .  T h is  th e o ry  i s  su p p o r ted  by 

th e  e x p e r im e n ta l  o b s e rv a t io n  t h a t  th e  sem icarbazone of PLP i s  formed a t  

h ig h e r  r a t e s  by r e a c t i o n  of sem ic a rb a z id e  w ith  an a ld im in e  th a n  w ith  th e  

f r e e  ca rb o x y l  compound ( 6 ,9 0 ) .  A f t e r  fo rm a t io n  of th e  enzyme s u b s t r a t e  

complex, a p rox im al n u c l e o p h i l i c  amino group , which has  been d i s p la c e d  

from th e  azom ethine l in k a g e ,  may in c re a s e  th e  l a b i l i z a t i o n  of a p ro to n  

on the  a lp h a -c a rb o n  of an amino a c id  s u b s t r a t e .  The rem oval of t h i s  

a lp h a -h y d ro g en  i s  n e c e s s a ry  f o r  s e v e r a l  r e a c t i o n s  c a ta ly z e d  by p y r id o x a l
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FIG. 6

SPECULATIVE SCHEME FOR THE ENZYMATIC 
CLEAVAGE OF CYSTINE

36
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phospha te  enzymes. The l i b e r a t e d  -amino group of l y s in e  cou ld  th u s  

a c t  as a g e n e ra l  a c id - b a s e  c a t a l y s t  f o r  th e  e l e c t r o n  s h i f t s  c a t a ly z e d  by 

p y r id o x a l  p h o sp h a te .  S n e l l  u se s  t h i s  th e o ry  to  draw up a scheme f o r  

enzym atic  t r a n s a m in a t io n  ( 6 ) .  However, th e  g e n e ra l  mechanism cou ld  a l s o  

be a p p l ie d  to  th e  c le a v a g e  of c y s t i n e  by c y s ta th io n a s e  as  shown in  FIG. 6
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CHAPTER I I

EXPERIMENTAL

A. MATERIALS AND METHODS 

Enzyme A ssays and Methods Used w ith  Enzym atic Systems

S e v e ra l  a s sa y s  were u sed  d u r in g  th e  p u r i f i c a t i o n  of c y s t a t h io n a s e ,  

th e  i n h i b i t i o n  s t u d i e s ,  and th e  ex p er im en ts  w ith  a l p h a - s u b s t i t u t e d  c y s 

t i n e s  as  p o s s i b l e  s u b s t r a t e s  f o r  th e  enzyme.

1. o < -K e to b u ty r ic  a c id  formed from  DL-homoserine was de te rm in ed  

c o l o u r i m e t r i c a l l y  by th e  p ro ced u re  o f  Friedem ann and Haugen ( 9 1 ) ,  modi

f i e d  as  d e s c r ib e d  by Sayre  and G reenberg (9 2 ) ,  and u sed  by G reenberg to  

a s sa y  c y s t a t h io n a s e  d u r in g  th e  enzyme p u r i f i c a t i o n  ( 1 2 ,1 4 ) .

2 . P y ru v a te  p roduced from  c y s t i n e s  was d e te rm in ed  by th e  method

of  Friedem ann and Haugen ( 9 1 ) ,  m o d if ied  by G reenberg  and cow orkers (39 , 

9 2 ) .  The in c u b a t io n  m ix tu re  f o r  t h i s  a s s a y  was p re p a re d  acc o rd in g  to  

a  p ro ced u re  used  by C a v a l l i n i  ^  (18) i n  t h e i r  s tu d y  of th e  c leav ag e

of c y s t i n e  by c y s t a t h io n a s e .

3 . F orm ation  of s u l f h y d r y l  compounds from  c y s t i n e s  was e s t im a te d  by 

th e  c o lo u r im e t r i c  ArSSAr a s s a y  method of F la v in  (1 6 ) .  S l i g h t  m o d i f ic a 

t i o n s  d e s c r ib e d  by G reenberg  (39) were u sed  i n  some e x p e r im e n ts .  This  

a s sa y  a l low ed  th e  d e te r m in a t io n  of th e  q u a n t i t y  of s u l f h y d r y l  produced 

d u r in g  long in c u b a t io n s .  I t  was a l s o  u sed  i n  th e  k i n e t i c  a s s a y s .

The c < - k e to b u ty r a te  a s s a y  (1 2 ,1 4 )  i s  based  on th e  fo rm a t io n  of th e

38
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k e to  a c id  from  L-hom oserine as  shown in  r e a c t i o n  (XXXV).

L-hom oserine + H2 O  > c< -k e to b u ty r  i c  a c id  + NH3  + H2 O (XXXV)

The k e to  a c id  produced was d e te rm in ed  c o l o u r i m e t r i c a l l y  as  th e  2 , 4 - d i n i -  

t ro p h e n y lh y d ra z o n e .  A s ta n d a rd  cu rve  was c o n s t r u c t e d  from s o lu t i o n s  of 

c K -k e to b u ty ra te .  W ith in  th e  ra n g e  of 0 .1  to  2 .0  ju moles o f  k e to  a c i d ,  

th e  amount of - k e to b u t y r a t e  p roduced  was d i r e c t l y  p r o p o r t i o n a l  to  th e  

q u a n t i t y  of enzyme.

During th e  p u r i f i c a t i o n  of th e  enzyme th e  fo l lo w in g  a s sa y  p rocedu re  

was used  (No. 1 ( a ) ) :  The components of th e  r e a c t i o n  m ix tu re  were p r e 

pa red  in  t e n f o l d  f i n a l  c o n c e n t r a t i o n ,  ex c e p t  f o r  th e  b u f f e r ,  which was 

p re p a re d  a t  a c o n c e n t r a t i o n  of 0 .2  M. In c u b a t io n s  were c a r r i e d  ou t  w ith  

shak ing  a t  37° in  a i r  i n  t e s t  tu b e s  f o r  30 m in u te s ;  f o r  a l l  in c u b a t io n s  

of t h i s  ty p e  a Dubnoff M e tab o l ic  Shaking In c u b a to r  was u sed .  The 1 ml. 

volumes of r e a c t i o n  m ix tu re  c o n ta in e d  th e  fo l lo w in g :  1 . 6  x  1 0 “ 2  m

DL-homoserine, 5 x 10“5 M p y r id o x a l  p h o sp h a te ,  7 .5  x 10“ 2 M m ercap to -  

e t h a n o l ,  7 x 10“ 3 M EDTA, 0 .1  M p o ta ss iu m  phospha te  b u f f e r ,  pH 7 .5 ,  and 

0 .1  ml. of enzyme s o l u t i o n .  The l a t t e r  was added a f t e r  a 5 m inu te  p r e 

in c u b a t io n  p e r io d .  The enzyme s o l u t i o n  was s u i t a b l y  d i l u t e d  so t h a t  from 

0 .1  to  1.5 m icromoles o f  th e  k e to  a c id  would be p roduced .

At th e  end of th e  in c u b a t io n  2 .0  ml. of 10% t r i c h l o r o a c e t i c  a c id  

were added to  s to p  th e  r e a c t i o n .  Any p r o t e i n  p r e c i p i t a t e  p r e s e n t  was 

removed by c e n t r i f u g a t i o n .  D e te rm in a t io n  of - k e to b u t y r i c  a c id  was 

c a r r i e d  o u t  on 1 .0  ml. a l i q u o t s  of th e  s u p e r n a ta n t .  T h is  was p i p e t t e d  

in t o  a 10-ml. v o lu m e tr ic  f l a s k ;  1 .0  ml. of 0.17. 2 ,4 -d in i t r o p h e n y lh y d r a -  

z in e  s o l u t i o n  ( i n  2 N HCl) was th e n  added. The m ix tu re  was shaken and 

a llow ed  to  s ta n d  f o r  5 m in u te s .  Two m i l l i l i t e r s  of a b s o lu te  e th a n o l
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fo l lo w e d  by 5 ml. of 2 .5  N NaOH were th e n  added q u ic k ly  w ith  sh ak in g .  

A f te r  th e  volume had been made up to  10 m l . ,  th e  m ix tu re  was a l low ed  to  

s ta n d  f o r  10 m inu tes  f o r  com plete  c o lo u r  developm ent. The o p t i c a l  den

s i t y  of th e  s o lu t i o n s  was th en  r e a d  a t  515 mp in  a Bausch and Lomb Spec- 

t r o n i c  20 or a Beckman Model DUR sp e c tro p h o to m e te r .  The co lo u r  of the  

s o lu t i o n  c o n ta in in g  th e  com plete  r e a c t i o n  m ix tu re  was r e a d  a g a i n s t  t h a t  

i n  which th e  enzyme s o l u t i o n  was r e p la c e d  by w ate r  to  c o r r e c t  f o r  any 

spon taneous r e a c t i o n .  C o r r e c t io n  was a l s o  made f o r  any a b s o rp t io n  due to  

th e  enzyme.

P r o t e i n  of c rude  enzyme p r e p a r a t io n s  (c ru d e  homogenate and h e a te d  

e x t r a c t )  was d e te rm ined  by th e  b i u r e t  method (9 3 ) .  A s ta n d a rd  cu rve  was 

c o n s t r u c t e d  f o r  t h i s  purpose  from bov ine  plasma album in . The p r o t e i n  in  

a l l  o th e r  p r e p a r a t io n s  was e s t im a te d  s p e c t r o p h o to m e t r i c a l ly  by m easuring  

l i g h t  a b s o rp t io n  a t  280 l y  and 260 (9 4 ) .  The p r o t e i n  c o n c e n t r a t i o n

was r e a d  o f f  from a monograph by E. Adams, as d i s t r i b u t e d  by th e  C a l i 

f o r n i a  C o rp o ra t io n  f o r  B iochem ical R esea rch .

An enzyme u n i t  i s  d e f in e d  as th e  amount of enzyme t h a t  produces 

1 micromole of o C -k e to b u ty r ic  a c id  per  h o u r .  S p e c i f i c  a c t i v i t y  i s  ex

p re s s e d  as th e  number of enzyme u n i t s  per  m i l l ig r a m  of p r o t e i n .

The fo rm a t io n  of a lp h a - k e to a c id s  was a l s o  used  in  th e  i n h i b i t i o n  

s t u d i e s .  The c K -k e to b u ty r ic  a c id  produced from hom oserine was d e t e r 

mined as th e  2 ,4 -d in i t ro p h e n y lh y d ra z o n e ,  which abso rbs  s t r o n g ly  a t  

515 n^ .  When L -c y s t in e  was a l s o  p r e s e n t  i n  th e  r e a c t i o n  m ix tu re  as  an 

i n h i b i t o r ,  th e  sm a ll  amount of p y ru v a te  produced from i t  by th e  enzyme 

was n o t  s e p a ra te d  from c k - k e to b u ty r a te .  The 2 ,4 -d in i t ro p h e n y lh y d ra z o n e  

of p y ru v a te  a l s o  abso rbs  a t  515 n^ .  Colour p ro d u c t io n  in  th e  p resen ce  

of L - c y s t i n e ,  t h e r e f o r e ,  r e p r e s e n t s  th e  sum of © (^-ketobutyrate  and
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p y ru v a te  formed. However, v e ry  l i t t l e  p y ru v a te  was produced compared to  

C < -k e to b u ty ra te  in  th e s e  ex p e r im e n ts .

In  some experim en ts  concerned  w ith  th e  e f f e c t s  of v a r io u s  concen

t r a t i o n s  of L - c y s t i n e  and s u b s t i t u t e d  c y s t i n e s  on th e  deam ina t ion  of 

hom oserine by c y s ta th io n a s e  th e  fo l lo w in g  p rocedu re  was used  (No. 1 (b ) ) :  

I n c u b a t io n s  were perform ed w ith  shak ing  a t  37° f o r  1 h o u r .  The r e a c t i o n  

m ix tu re  c o n ta in e d  th e  fo l lo w in g  in  a t o t a l  volume of 2  m l . , added in  th e  

o rd e r  shown : 0 .05 M p o ta ss iu m  phospha te  b u f f e r ,  pH 7 .5 ,  3 .5  x 10“ 3 M

EDTA, 3 X 10“^ M DL-homoserine, 4 .5  x 10"3 M, 3 .75 x 10"3 m, 3 x 10"^ M,

2 X 10“3 M, or 1 X 10“ 3 M L - c y s t in e  or s u b s t i t u t e d  c y s t i n e ,  2 .5  x 10“5 M 

PLP and 4 u n i t s  of enzyme, added a f t e r  5 m inu tes  of p r e in c u b â t io n .  The 

r e a c t i o n  was s topped  by th e  a d d i t i o n  o f  1 m l. of 2 0 % t r i c h l o r o a c e t i c  

a c id .  A f t e r  th e  rem oval of any p r o t e i n  p r e c i p i t a t e  by c e n t r i f u g a t i o n ,  

th e  ke to  a c id  produced  was d e te rm in ed  by th e  s ta n d a rd  p ro ced u re  d is c u s s e d  

b e f o r e ,  ex cep t t h a t ,  a f t e r  th e  a d d i t i o n  of 2 ,4 - d in i t r o p h e n y lh y d r a z in e ,  

th e  m ix tu re  was a l low ed  to  s ta n d  f o r  1 0  m in u te s .

A s i m i l a r  a s s a y  system  was u sed  f o r  th e  d e te rm in a t io n  of i n h i b i t i o n  

c o n s ta n t s  and th e  ty p e  of i n h i b i t i o n  of hom oserine deam inase by v a r io u s  

c y s t i n e s  (No. 1 ( c ) ) .  In c u b a t io n s  were perform ed f o r  60 m inu tes  or 30 

m inu tes  a t  37°. The r e a c t i o n  m ix tu re  c o n ta in e d  in  a t o t a l  volume of 

2 ml. (added in  th e  o rd e r  shown): 0 .1  M p o ta ss iu m  phospha te  b u f f e r ,

pH 7 .5 ,  3 .5  X 10-3 M EDTA, 7 .5 x lO"^ M c y s t i n e ,  2 x 10"2 M, 1.5 x 10-2 m, 

1 X 10-2 M, 7 .5 X  10-3 M, 5 x 10-3 M, 4 x lQ-3 M, 3 x 10-3 M, or 

2 .5  X 1 0 “ 3  M DL-homoserine, 2 .5  x 10~5 M PLP, and 4 u n i t s  of enzyme.

L -C y s t in e  was always used  as a s o l u t i o n  in  0 .5  M HCl; to  n e u t r a l i z e  

th e  a c id  an e q u iv a le n t  amount of 0 .5  N sodium h y d ro x id e  was added to  th e  

r e a c t i o n  m ix tu re s .  I n  a s im i l a r  manner 0 < -p h e n y l-D L -c y s t in e  was used  as
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a s o l u t i o n  in  2 N HCl. When a s sa y s  No. 1(b) and 1 (c) were used  s p e c t r o -  

ph o to m e tr ic  measurements were made w ith  a Beckman Model DUR s p e c tro p h o 

to m e te r ,  as  were th e  c a l i b r a t i o n  cu rv es  f o r  p r o t e i n  and k e to  a c id  d e t e r 

m in a t io n .

The second type  of a s sa y  u sed  (No. 2) i s  based  on th e  f a c t  t h a t  

p y ru v a te  i s  formed from L - c y s t i n e .  However, i t  i s  d i f f i c u l t  t o  observe  

th e  s to ic h io m e t ry  of r e a c t i o n  XXXII e x p e r im e n ta l ly  (1 6 ) .  T h is  a s sa y  can 

n o t  be u sed  f o r  i n i t i a l  r a t e  d e te rm in a t io n s  or to  d e f in e  a u n i t  of enzyme 

a c t i v i t y .  I t  has been used  in  t h i s  s tu d y  to  check  w hether s u b s t i t u t e d  

c y s t i n e s  a re  s u b s t r a t e s  f o r  c y s t a t h io n a s e ,  expe rim en ts  w i th  r e l a t i v e l y  

long in c u b a t io n  p e r io d s  and h ig h  c o n c e n t r a t i o n s  of c y s t i n e s .

A s ta n d a rd  curve  was p re p a re d  u s in g  sodium p y ru v a te .  In  th e  con

c e n t r a t i o n  range  u s e d ,  0  - 1 . 0  micromole o f  p y ru v a te ,  th e  o p t i c a l  den

s i t y  of th e  2 ,4 -d in i t ro p h e n y lh y d ra z o n e  s o l u t i o n  p re p a re d  from th e  k e to  

a c i d ,  was d i r e c t l y  p r o p o r t i o n a l  to  th e  c o n c e n t r a t i o n  of p y ru v a te .

The in c u b a t io n  p rocedu re  fo l lo w ed  th e  one u sed  by C a v a l l i n i  (18) 

w ith  s e v e r a l  minor m o d i f i c a t io n s .  P y ru v a te  was d e te rm ined  by th e  method 

o f  Friedemann and Haugen ( 9 1 ) ,  m o d if ied  by G reenberg ( 3 9 ,9 2 ) .  In cu b a

t i o n s  were c a r r i e d  o u t  i n  th i c k - w a l l e d  t e s t  tu b e s  of about 15 ml. capac

i t y  in  a i r  a t  38° f o r  a p e r io d  of 1 h o u r .  The 1 ml. volumes of r e a c t i o n  

m ix tu re  c o n ta in e d  th e  fo l lo w in g  in  o rd e r  of a d d i t io n :  0 .1  M p o ta ss iu m

phospha te  b u f f e r ,  pH 8 , 5 x 10"5 m PLP, 7 x 10“ 3 M EDTA, 0 .01  M q u a n t i 

t i e s  of L - c y s t i n e ,  o t - m e th y l - , o ( - n - p r o p y l - ,  or O C -iso p ro p y l-D L -cy s t in e ,  

and 2 u n i t s  of enzyme. B efore  a d d i t i o n  of enzyme th e  r e a c t a n t s  were 

in c u b a te d  f o r  5 m in u te s .  When oC -pheny l-D L -cystine  was u s e d ,  th e  volume 

of th e  in c u b a t io n  m ix tu re  was 1.5 m l . ,  th e  amino a c id  had a c o n c e n t r a t i o n  

of 0 .01  M, and th e  c o n c e n t r a t i o n  of a l l  o th e r  r e a g e n t s  was two t h i r d s  of
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t h a t  g iven  above. With th e  e x c e p t io n  of (X -p h en y l-D L -cy s t in e  th e  amino 

a c id s  were d i s s o lv e d  in  0 .5  N HCl; th e  r e a c t i o n  m ix tu re  was n e u t r a l i z e d  

by th e  a d d i t io n  of an e q u iv a le n t  amount of 0 .5  N NaOH. The p h e n y l-su b 

s t i t u t e d  compound was d i s s o lv e d  in  1.25 N HCl; n e u t r a l i z a t i o n  was ach ieved  

w ith  0 .5  N NaOH, The f i n a l  pH of th e  m ix tu re s  b e fo r e  in c u b a t io n  was 7 .7 .

The r e a c t i o n  was s to p p ed  by th e  a d d i t i o n  o f  2 m l. of 0 .1  N H C l. .

The co lo u r  was deve loped  and r e a d  a t  515 mp as in  a s sa y  No. 1 ( c ) ,  ex cep t 

t h a t  a l l  of th e  l i q u i d  was used  (3 m l .)  and c o n se q u e n t ly  about 4 ml. of 

sodium h y d rox ide  were added to  b r in g  th e  volume to  th e  10 ml. mark. The 

Bausch and Lomb S p e c t ro n ic  20 sp e c tro p h o to m e te r  was used  f o r  absorbancy  

d e te r m in a t io n s .

The t h i r d  ty p e  of a s sa y  (No. 3) u se d  i s  b ased  on th e  f a c t  t h a t  th e  

a ro m a tic  d i s u l f i d e  5 , 5 '  d i t h i o b i s  - ( 2 - n i t r o b e n z o ic  a c id )  or ArSSAr (94) 

r e a c t s  w ith  a l i p h a t i c  t h i o l  compounds n e a r  pH 8 , a r e a c t i o n  which l i b e r a t e s  

a s t r o n g ly  c o lo u re d  a ro m a tic  m ercap tan  ( 8 = 1 2 ,0 0 0  a t  412 ^p) ( e q u a t io n  

XXXVI).

2 Alkyl-SH + ArSSAr > a l k y l - S S - a lk y l  + 2 ArSH (XXXVI)

ArSSAr i s  in c o rp o ra te d  d i r e c t l y  i n t o  th e  r e a c t i o n  m ix tu re .  A t th e  pH 

used  th e  r e a c t i o n  goes i n s t a n t a n e o u s ly  to  com ple tion ;  t h i s  a l lo w s  a 

k i n e t i c  a s s a y  (1 6 ) .  F la v in  showed (16) t h a t  when ArSSAr i s  p r e s e n t  d u r 

ing  th e  enzym atic  c leav ag e  of c y s t i n e  by c y s t a t h io n a s e ,  equim olar amounts 

of p y ru v a te  and ArSH were produced a c c o rd in g  to  the  r e a c t i o n s ;

C y s t in e  + H2 O  > p y ru v a te  + NH3  + HSSCH2 CH(NH2 )COOH (XXXVII)

RSSH + A rSSA r > RSSAr + S + ArSH (XXXVIII)

In  experim en ts  used  to  d e te rm in e  w hether any s u l f h y d r y l  groups were
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l i b e r a t e d  from L - c y s t i n e  or th e  s u b s t i t u t e d  c y s t i n e s  i n  th e  p re s e n c e  of 

c y s t a t h io n a s e ,  in c u b a t io n s  were c a r r i e d  ou t in  th e  p re s e n c e  of ArSSAr in  

t e s t  tu b e s  a t  30° f o r  90 m in u te s .  The p ro ced u re s  u sed  by G reenberg (39) 

and F la v in  (16) were m o d if ied  as  r e q u i r e d .  The r e a c t i o n  m ix tu re s  con

t a in e d  th e  fo l lo w in g  in  a t o t a l  volume of 2 ml. (No. 3 ( a ) ) :  0 .1  M po

ta s s iu m  phospha te  b u f f e r ,  pH 7 .5 ,  5 x 10“^ M L - c y s t i n e ,  c < -m e th y l - ,  or 

p < - i s o p ro p y l -D L -c y s t in e ,  2 .5  x 1 0 “ 3  m pLP, 3 .5  x 10"3 M EDTA, 1 x 1 0 “ 3  M 

ArSSAr (p re p a re d  as  a 0.005 M s o l u t i o n  in  0.05 M p o ta ss iu m  phospha te  

b u f f e r ,  pH 7 . 0 ) ,  and 10 u n i t s  o f  c y s t a t h io n a s e .  At th e  end of th e  in c u 

b a t io n  1  ml. q u a n t i t i e s  of th e  s o l u t i o n  w ere p i p e t t e d  i n t o  q u a r tz  

c u v e t t e s  (1 cm. l i g h t  p a th ) ;  and th e  absorbancy  was r e a d  a t  412 mp in  a 

Beckman DUR sp e c tro p h o to m e te r .  The in s t ru m e n t  was b lanked  w ith  a so 

l u t i o n  c o n ta in in g  no enzyme. S o lu t io n s  of th e  amino a c id s  were a g a in  

made up in  0 .5  N HCl and n e u t r a l i z e d  as  b e f o r e .

The r a t e s  of fo rm a t io n  of a r y l  m ercap tans  from c y s t i n e s  were f o l 

lowed c o n t in u o u s ly  ( 1 6 ,3 9 ) .  P ro d u c t io n  of ArSH w ith  tim e from  ArSSAr 

and d i s u l f i d e s  was fo l lo w ed  a t  412 mp f o r  about s i x  m inu tes  (No. 3 ( b ) ) .  

Measurements were made w ith  a Beckman Model DUR sp e c tro p h o to m e te r  and 

a G i l f o r d  Model 2000 M u l t ip le  Sample A bsorbance R ecorder (Beckman Mono

c h ro m a to r ) .  The c e l l  compartment was m a in ta in e d  a t  37 3: 0 .5 °  by c i r c u 

l a t i n g  w a te r  from a th e rm o s ta te d  c i r c u l a t i n g  pump th rough  therm ospaces  

a t  th e  ends of th e  c e l l  com partm ents . C u v e t te s  of 1 ml. volume and 

1 cm. l i g h t  p a th  were p re in c u b a te d  f o r  1 0  m inu tes  w ith  th e  fo l lo w in g  con

t e n t  ( i n  0 .9  ml. t o t a l  vo lum e): 0 .08  M p o ta ss iu m  phospha te  b u f f e r ,  pH

7 .5 ,  1 X  10“ 3 M L - c y s t in e  or a l p h a - s u b s t i t u t e d  c y s t i n e s ,  7 x 10~3 M EDTA, 

5 X 1 0 - 5  PLP, and 5 x 10-4 m ArSSAr (p re p a re d  as  in  a s s a y  3 ( a ) ) .  A f te r  

p r e in c u b a t io n ,  10 u n i t s  of enzyme in  0 .1  ml. of 0 .2  M p o ta ss iu m  phosphate
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b u f f e r ,  pH 7 .5 ,  was added w ith  sh ak in g .  The change in  absorbancy  a t  

412 np w ith  tim e was re c o rd e d  as  q u ic k ly  as  p o s s i b le  a f t e r  a d d i t i o n  of 

enzyme (abou t 30 sec o n d s ) .  The appearance  of ArSH was a l s o  fo l lo w ed  in  

c u v e t t e s  which e i t h e r  la ck ed  enzyme, o r  s u b s t r a t e ,  or b o th .  S o lu t io n s  

of amino a c id s  were a g a in  p re p a re d  and n e u t r a l i z e d  as  b e f o r e .  R e a c t io n  

r a t e s  ( c lo s e  to  i n i t i a l  r a t e s )  were de te rm in ed  from th e  s lo p e s  of th e  

re c o rd e d  abso rbancy  c u rv e s .

An a s s a y  system  v e ry  s im i l a r  to  3(b) was u sed  d u r in g  a t te m p ts  to  

d e te rm in e  th e  M ic h a e l is  c o n s ta n t  f o r  th e  c le a v a g e  of L - c y s t i n e  by c y s t a 

t h i o n a s e .  The u se  of 0 .1  M b u f f e r  and aqueous s o l u t i o n s  of th e  amino 

a c id  were th e  on ly  d i f f e r e n c e s .

The l a s t  ArSSAr a s s a y  system  ( 3 (d ) )  was u sed  a t  25° i n s t e a d  of 37°. 

Changes i n  th e  c o n te n t  of th e  r e a c t i o n  c u v e t te  were as  f o l lo w s :  no EDTA

was u se d ,  th e  b u f f e r  had a  pH of 7 .2 ,  1 x 10“4 M PLP and 2 .5 x 10"4 M 

ArSSAr, 150 u n i t s  of enzyme, 1.5 x 10"5 m L - c y s t in e .

Methods Used in  Non-Enzymatic Systems

The f i r s t  method u sed  to  s tu d y  th e  b eh av io r  o f  L - c y s t in e  and th e  

s u b s t i t u t e d  c y s t i n e s  in  an enzyme model system , c o n s i s t i n g  m a in ly  of th e  

amino a c i d s ,  PLP, and Cu"^ in  some c a s e s ,  i s  based  on th e  p ro d u c t io n  of 

ArSH from ArSSAr as in  th e  ArSSAr a s sa y  (1 6 ) .

Q uartz  c u v e t t e s  of 1 cm. l i g h t  pa th  and 1.5 ml. volume c o n ta in e d  

th e  fo l lo w in g ,  added in  o rd e r :  0 .1  M p o ta ss iu m  phospha te  b u f f e r ,  pH 7 .4 ,

1.7 X 10“ 3 M L - c y s t in e  or a l p h a - s u b s t i t u t e d  c y s t i n e ,  6 .7  x 10"5 M c u p r ic  

c h l o r i d e  ( i n  many experim en ts  copper io n s  were l e f t  o u t ) ,  and 1 .2  x 10“3 M 

ArSSAr (p re p a re d  in  th e  u s u a l  m anner). The volume was made up to  a t o t a l  

of 1.5 ml. by th e  a d d i t i o n  of 2 .6  x 10"5 M PLP e i t h e r  a f t e r  a p r e in c u -
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b a t ion  p e r io d  of 10 m inu tes  a t  37° or a t  once . Amino a c id s  were d i s 

so lv e d  in  0.5  N or 2 N HCl (c< -pheny l)  as  u s u a l .  Changes in  abso rbancy  

a t  412 mp were fo l lo w ed  u s in g  a G i l f o r d  Model 2000 M u l t ip le  Sample Ab

so rbance  Recorder in  c o n ju n c t io n  w ith  a Beckman DOR sp e c tro p h o to m e te r .

The te m p e ra tu re  of th e  c u v e t t e  h o ld in g  th e  r e a c t i o n  m ix tu re  was main

ta in e d  a t  37 ^  0.5® as  d e s c r ib e d  b e f o r e .  R e s u l t s  were r e p r e s e n t e d  e i t h e r  

as  a r e c o r d in g  t r a c e d  by th e  in s t ru m e n t  or a p l o t  o f  abso rbancy  a g a in s t  

t im e ,  made by d e te rm in in g  th e  absorbancy  a t  d i f f e r e n t  tim e i n t e r v a l s .

R a tes  were o b ta in e d  from  th e  s lo p e s  of th e  r e c o rd e d  t r a c i n g s .

Experim ents  were perform ed to  check , w hether t h e r e  was any p ro d u c t io n  

of p y ru v a te  or s u l f h y d r y l  groups from L - c y s t in e  and th e  s u b s t i t u t e d  

c y s t i n e s .

P y ru v a te  was de te rm in ed  as  th e  2 ,4 -d in i t ro p h e n y lh y d ra z o n e  by a 

s l i g h t  m o d i f ic a t io n  of th e  u s u a l  c o l o r i m e t r i c  method ( 3 9 ,9 1 ,9 2 ) .  In c u 

b a t io n s  were perform ed a t  37° f o r  one h o u r .  The r e a c t i o n  m ix tu re  con

t a in e d  th e  fo l lo w in g  in  a t o t a l  volume of 1.5 ml. : 0 .1  M p o ta ss iu m  

phospha te  b u f f e r ,  pH 7 .4 ,  1.7 x 10“3 m L -c y s t in e  or s u b s t i t u t e d  c y s t i n e ,

6 .7  X 10 3 M c u p r ic  c h l o r i d e ,  and 2 .6  x 10“5 M PLP added a f t e r  a 5 -m inu te  

p r e in c u b a t io n  p e r io d .  The r e a c t i o n  was s topped  by p i p e t t i n g  1 ml. of 

th e  l i q u i d  i n t o  1 m l. of 2 .4 -d in i t r o p h e n y lh y d r a z in e  s o l u t i o n .  The c o lo u r  

was th e n  developed  and de te rm ined  in  th e  u s u a l  manner. A b la n k  was ru n  

w ith  a s o l u t i o n  c o n ta in in g  no PLP. A l l  s o l u t i o n s ,  in c lu d in g  th e  b la n k s ,  

were a l s o  r e a d  a g a i n s t  w a te r .

S u l fh y d ry l  p ro d u c t io n  was de te rm in ed  u s in g  th e  same in c u b a t io n  p ro 

ced u re .  The only  d i f f e r e n c e  was th e  u se  of 1 .2  x 1 0 “ 3  M ArSSAr in s te a d  

of w a te r .  At th e  end of th e  in c u b a t io n  p e r io d ,  1 ml. o f  s o l u t i o n  was 

p i p e t t e d  i n t o  a c u v e t t e  of 1 cm. l i g h t  p a th .  The abso rbancy  was d e t e r -
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mined a t  412 ny .

A b so rp t io n  s p e c t r a  of S c h i f f  ba se s  formed from PLP and c y s t i n e s  

and th e  spectrum  of  PLP a lo n e  were de te rm ined  w ith  a Bausch and Lomb 

S p e c t ro n ic  505. The s p e c t r a  were r e c o rd e d  between 300 mp and 600 ny 

or 300 ny and 450 mp w ith  a h ig h  paper speed . The s p e c tro p h o to m e t r ic  

c e l l s  c o n ta in e d  in  g e n e r a l  i n  a volume of 1 ml. : 0 .09 M b u f f e r ,

5 X 10“ 3 M L - c y s t i n e  or s u b s t i t u t e d  c y s t i n e ,  and 1.9 x 10"^ M PLP or

2 .5  X 10-4 M PLP(when L - c y s t in e  was u s e d ) .  The coenzyme was added l a s t  

w ith  sh ak in g .  The spec trum  was t r a c e d  about 30 seconds a f t e r  a d d i t i o n  

of PLP. When th e  e f f e c t  of tim e and copper io n s  was s tu d i e d ,  th e  cu

v e t t e  c o n ta in e d  0 .08  M b u f f e r ,  5 x 1 0 “ 3  m c y s t i n e ,  1 x 10-4 M c u p r ic  

c h l o r i d e ,  and 2 .5  x 10-4 ^  p y r id o x a l  p h o sp h a te .

The r a t e s  of fo rm a t io n  of S c h i f f  b a se s  from amino a c id s  and PLP 

were s tu d ie d  by o b s e rv a t io n  of th e  change in  absorbancy  w ith  tim e as 

reco rd ed  w ith  a G i l f o r d  Model 2000 M u l t ip le  Sample A bsorbance R eco rd e r .  

The w aveleng th  a t  which th e  r e a c t i o n  was s tu d ie d  was s e l e c t e d  from th e  

s p e c t r a l  d a t a .  For a g e n e ra l  o b s e r v a t io n  of r a t e s  and d e te rm in a t io n  of 

r a t e  c o n s ta n t s  a w aveleng th  o f  412 t t y  was s e l e c t e d .  The r e a c t i o n  mix

t u r e  c o n ta in e d  th e  fo l lo w in g  r e a g e n t s  i n  a t o t a l  volume of 1 m l . ,  added 

in  th e  o rd e r  shown: 0 .1  M p o ta ss iu m  p hospha te  b u f f e r ,  pH 7 .4 ,

5 X 10-3 M D L -cys tine  o r  s u b s t i t u t e d  c y s t i n e s  or 2 .5  x 10-3 ^  L - c y s t i n e ,  

and 2 x 10-4 m PLP. When c u p r ic  c h l o r i d e  was added, 1 x 10-4 m r e a g e n t  

was u se d .  S o lu t io n s  of c y s t i n e  were p re p a re d  in  a c i d i c  medium, n e u t r a 

l i z e d  by sodium h y d ro x id e ,  as  d i s c u s s e d  b e f o r e .  The in s t ru m e n t  was ad

ju s t e d  to  ze ro  absorbancy  w ith  th e  p ro p er  b la n k .  For i n s t a n c e ,  f o r  th e  

com plete  system  above, th e  b la n k  c o n ta in e d  e v e ry th in g  bu t PLP.

The r e a c t i o n  was fo l lo w e d  a t  25° f o r  tim e p e r io d s  of a t  l e a s t  30
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m in u te s .  R e s u l t s  were r e p r e s e n t e d  e i t h e r  as  v a r i a t i o n  of absorbancy  

w ith  time or by a pseudo f i r s t  o rd e r  r a t e  c o n s ta n t .  The l a t t e r  were de

te rm in ed  g r a p h ic a l l y  by p l o t t i n g  log  a g a i n s t  t im e ,  where a i s  th e

h ig h e s t  abso rbancy  re c o rd e d  ( u s u a l l y  t h a t  of a s te a d y  p la te a u )  and x i s  

th e  abso rbancy  a t  tim e t .  The pseudo f i r s t  o rd e r  r a t e  c o n s ta n t  e q u a ls  

2.303 X  s lo p e .

P o la ro g ra p h ic  Measurements

P o la ro g ra p h ic  methods were u sed  to  measure changes in  c o n c e n t r a t i o n  

of s e v e r a l  c y s t i n e s  d u r in g  in c u b a t io n  w ith  c y s t a t h io n a s e ,  in  o rd e r  to  

p r e s e n t  f u r t h e r  ev idence  t h a t  a l p h a - s u b s t i t u t e d  c y s t i n e s  a re  n o t  sub

s t r a t e s .

I n  p r e l im in a r y  exp er im en ts  w ith  L - c y s t in e  as  s u b s t r a t e  th e  r e a c t i o n  

m ix tu re  c o n ta in e d  th e  fo l lo w in g  in  a  t o t a l  volume of 3 ml. (added in  th e  

o rd e r  shown): 3 .3  x 10“ 2 M p o ta ss iu m  phospha te  b u f f e r ,  pH 7 .4 ,

2 .3  X 10-3 M EDTA, 1 x 10~3 M L - c y s t i n e ,  1 .7  x lO"^ M PLP, 1 ml. of 0 .2  N

HCl, and 10 u n i t s  of enzyme. T h is  " s to p p e d  b lan k "  was p o la ro g ra p h e d .

The r e a c t i o n  m ix tu re  above, minus th e  m in e ra l  a c id  was in c u b a te d  a t  37° 

f o r  one h o u r .  The r e a c t i o n  was s topped  w ith  th e  a d d i t i o n  of 1 ml. of 

0 .2  N HCl. P y ru v a te  produced  was de te rm in ed  in  th e  u s u a l  manner to  check 

th e  a c t i v i t y  of th e  enzyme sam ple. P o la ro g ra p h ic  measurements were p e r 

formed on a sample of t h i s  ty p e .

When th e  e f f e c t  o f  in c u b a t io n  of o 4 -n -p ro p y l-D L -c y s t in e  and 

oC-m ethyl-D L-cystine  w ith  c y s ta t h io n a s e  was m easured p o la r o g r a p h ic a l ly ,  

th e  fo l lo w in g  p rocedu re  was u sed :  in c u b a t io n s  were perform ed f o r  1 h r .

a t  37° on a t o t a l  volume o f  1 .6  ml. c o n ta in in g  th e  fo l lo w in g :

6 .7  X 10-2 M p o ta ss iu m  phosphate  b u f f e r ,  4 .4  x 10-3 m EDTA, 1.9 x 10-3 M,
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1 .4  X 1 0 “ 3  M, or 1 X 1 0 “ 3  m (X -n -p ro p y l-D L -c y s t in e  or 1.9 x 1 0 “ 3  m 

cX -m eth y l-D L -cy s tin e ,  3 .1  x 10"5 M PLP, and 10 u n i t s  of enzyme, added 

a f t e r  5 m inu tes  of p r e in c u b â t io n .  The r e a c t i o n  was s topped  w ith  1 ml. 

of 0 .2  N HCl. The volume was th e n  made up to  3 m l. by th e  a d d i t i o n  of 

0 .4  ml. of thymol i n  h y d ro c h lo r i c  a c id  (9 6 ) ,  added as a maximum su p p re s 

s o r .  For each c o n c e n t r a t i o n  of amino a c id  a "b lan k "  in  which w a te r  r e 

p la c e d  th e  enzyme was a l s o  in c u b a te d .  The d i f f u s i o n  c u r r e n t  was d e t e r 

mined f o r  th e  s o lu t i o n s  of s u b s t i t u t e d  c y s t i n e ,  in c u b a te d  in  th e  p re sen ce  

and th e  absence  of th e  enzyme, w ith  a E. H. S a rg e n t  and Co. Model XXI 

p o la ro g ra p h .  Comparison of th e  d i f f u s i o n  c u r r e n t s  a llow ed  one to  e s t i 

mate w hether any s i g n i f i c a n t  amount of d i s u l f i d e  had been c le a v e d  d u r in g  

th e  in c u b a t io n  w ith  th e  enzyme.

The r e s i s t a n c e  of -p h e n y l-D L -c y s t in e  to  c le a v a g e  by th e  enzyme 

was s tu d ie d  in  a s im i l a r  manner. I n  t h i s  case  2 x 10"3 M amino a c id  was 

in c u b a te d  in  a t o t a l  volume of 1 . 8  m l . ;  0 . 2  ml. of thymol were added 

l a t e r .  T h is  d i s u l f i d e  had to  be d i s s o lv e d  in  2 N HCl, n e u t r a l i z e d  by 

2 N NaOH, w h ile  aqueous s o lu t i o n s  of th e  o th e r  amino a c id s  cou ld  be 

p re p a re d .

Enzyme P u r i f i c a t i o n

The method d e s c r ib e d  by G reenberg f o r  th e  p u r i f i c a t i o n  and c r y s t a l 

l i z a t i o n  of c y s ta th io n a s e  (12 ,14 )  was u s e d .  G re e n b e rg 's  p ro ced u re  was 

m o d if ied  s l i g h t l y  i n  s e v e r a l  i n s t a n c e s .  The d e t a i l s  of th e  p u r i f i c a t i o n  

a r e  p r e s e n te d  in  th e  APPENDIX. However, c r y s t a l l i z a t i o n  cou ld  n o t  be 

a c h ie v e d .  The th r e e  b a tc h e s  of enzyme were p u r i f i e d  p a r t i a l l y .  During 

th e  f i r s t  two p r e p a r a t io n s  enzyme a c t i v i t y  and s p e c i f i c  a c t i v i t y  were 

a c t u a l l y  reduced  d u r in g  th e  p ro tam ine  s u l f a t e  t r e a tm e n t .  T h e re fo re  th e
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t h i r d  p u r i f i c a t i o n  was ended a f t e r  th e  second e th a n o l  f r a c t i o n a t i o n .

M a te r i a l s

The fo l lo w in g  m a t e r i a l s  were o b ta in e d  from commercial s o u rc e s :

Bovine plasm a a lbum in , c r y s t a l l i z e d ,  A g ra d e ,  D L -c y s t in e ,  D - c y s t in e ,  

D L -c y s ta th io n in e  ( c o n ta in in g  some a l l o c y s t a t h i o n i n e ) , and EDTA ( t e t r a -  

sodium d ih y d r a te )  ( C a l i f o r n i a  F o u n d a tio n  f o r  B iochem ical R e se a rc h ,  Los 

A n g e le s ) ,  L - c y s t i n e  (The B r i t i s h  Drug House L t d . ,  P o o le ,  E n g la n d ) ,

ArSSAr (A ld r ic h  Chemical C o . ,  M ilwaukee, W isc o n s in ) ,  p y r id o x a l  p h o sp h a te ,  

p ro tam ine  s u l f a t e  (Grade I I ) ,  DL-homoserine, and c K -k e to b u ty r ic  a c id  

(monosodium s a l t )  (Sigma Chemical C o . ) ,  N a -py ruva te  (B oeh ringer  and Sons, 

Mannheim, Germany). F rozen  r a t  l i v e r s  were p u rchased  from P e l -F re e z  

B io l o g i c a l s ,  I n c . ,  R ogers ,  A rk an sas .  O ther Commercial r e a g e n t  g rade  che

m ic a ls  were used  w ith o u t  f u r t h e r  p u r i f i c a t i o n .

D i s t i l l e d  w a te r  u sed  f o r  t h i s  work was d e io n iz e d  by p assag e  th rough  

a column of mixed ion  exchange r e s i n s  s u p p l ie d  by B a rn s te a d  S t i l l  and 

S t e r i l i z e r  C o .,  Boston Mass. (Model BD-1).

The S y n th e s is  of A lp h a - S u b s t i tu te d  C y s t in e s

The fo l lo w in g  s u b s t i t u t e d  amino a c id s  were s y n th e s iz e d :  (X, - m e th y l - ,

tX -ethyl- (Na2  s a l t ) ,  C X -n -p ro p y l- , c X - i s o p r o p y l - , c < - n - b u t y l - ,  and 

o ( -p h e n y l -D L -c y s t in e .  The p r e p a r a t io n  of tX - t - b u ty l - D L - c y s t in e  was a t 

tem pted , b u t  no t  com ple ted , s in c e  th e  r e s p e c t i v e  h y d a n to in  in te rm e d ia te  

cou ld  n o t  be h y d ro ly ze d .  The m e th y l - s u b s t i t u t e d  c y s t i n e  was s y n th e s iz e d  

by R. M. O t t e n b r i t e  in  t h i s  l a b o ra to r y  u s in g  th e  S t r e c k e r  s y n th e s i s  (9 7 ) .  

A l l  o th e r  amino a c id s  were s y n th e s iz e d  v i a  h y d a n to in  i n t e r m e d i a te s .
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FIG. 7

SYNTHESIS OF ALPHA-SUBSTITUTED CYSTINES
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1

R -  C - CHg - X + CgHg -  CHg -S-Na+ 

X = Cl or Br
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R - C -  CH2  -  S -  CH2  “ C^Hg

R = CH3 CH2  -  
CH3 CH2 CH2 -
CH3(CH2)2CH2 

C6 H5  -

50% aq . EtoH 
or  75% aq . EtoH 
60 -  70°

S -b en zy lm ercap to -  

m ethy l a l k y l  o r  a r y l  ke tone

KCN
(NH4 >2 C0 3

CH2  -  S -  CH2  -  C^H^

H -  N N -  H

n H ydantoin

Ba(0 H> 2  • 8 H2 O

NH* 0 
I °  ^

C^Hg -  CH2  - s -  CH2 -  C -  C -  0

S -b e n z y l  amino a c id

(1) Na, l i q u i d  NH3

(2 )  O2 , FeCl3
NH^

"0 -^C -C - CH2  -  S -  S - CH2  -  C -  C"- O' 

R R

t x . - s u b s t i t u t e d  c y s t i n e
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Some t h e o r e t i c a l  c o n s id e r a t io n s  and a d e s c r i p t i o n  of th e  s y n th e s i s  of 

- e t h y l - ,  O C -n -p ro p y l- , 0 < - n - b u t y l - , and cX -pheny l-D L -cys tine  have been 

p re s e n te d  e lsew here  ( 9 8 ,9 9 ) .  I n  t h i s  r e p o r t  th e  s y n th e s i s  of cX -n -p ro p y l  

-D L -c y s t in e  w i l l  be shown in  d e t a i l  as  a t y p i c a l  example.

With th e  e x c e p t io n  of th e  m e t h y l - s u b s t i t u t e d  amino a c id  a l l  cy s

t i n e s  d is c u s s e d  h e r e ,  as  w e l l  as  most of th e  in t e r m e d ia te s  p re p a re d  d u r

in g  th e  s y n th e s e s ,  a r e  new compounds, s y n th e s iz e d  f o r  th e  f i r s t  tim e in  

t h i s  l a b o ra to r y .

The r e a c t i o n  scheme shown in  FIG, 7 summarizes th e  s y n t h e t i c  r o u te  

by which th e  a l p h a - s u b s t i t u t e d  c y s t i n e s  were p re p a re d .

A nalyses  were perform ed by th e  Schwarzkopf M ic r o a n a ly t i c a l  L abora

t o r y ,  56-19 37th  Avenue, Woodside 77, New York. M e lt in g  p o in t s  a re  

u n c o r r e c te d .

A Ipha-H aloketones

E i t h e r  of two s ta n d a rd  p ro ced u re s  d e s c r ib e d  in  th e  l i t e r a t u r e  was 

employed to  p re p a re  th e s e  compounds (9 8 ) ,  l-B rom o-2-butanone was ob

t a in e d  v i a  th e  b ro m in a t io n  of 2 -bu tanone  acc o rd in g  to  th e  p ro ced u re  of 

Catch ^  (9 8 ,1 0 0 ) .  Bromomethyl p in a c o lo n e  was s y n th e s iz e d  from

p in a c o lo n e  by b ro m in a tio n  a c c o rd in g  to  th e  method u sed  by Boyer (1 0 1 ) .  

l -C h lo ro -2 -p e n ta n o n e ,  l - c h lo ro -2 -h e x a n o n e ,  b .p .  173-176°, and 1 -c h lo ro  

-3 -m e th y l-2 -b u ta n o n e ,  b .p .  149°, were p re p a re d  a c c o rd in g  to  R eid  (1 0 2 ) ,  

The a p p r o p r ia t e  a c id  c h l o r i d e s ,  b u ty r y l  c h l o r i d e ,  v a l e r y l  c h l o r i d e ,  and 

i s o b u ty r y l  c h l o r i d e ,  r e s p e c t i v e l y ,  were a llow ed  to  r e a c t  w i th  diazome- 

th a n e .  D ecom position of th e  d ia z o k e to n e s ,  formed in  t h i s  manner, w ith  

h y d ro c h lo r i c  a c id  produced th e  ch lo ro m eth y l k e to n e s .  The p r e p a r a t io n  of 

l - c h lo ro -2 -p e n ta n o n e  has  been r e p o r t e d  in  d e t a i l  (9 8 ) .  The a c id  c h l o r 

id e s  were o b ta in e d  com m ercia lly  w ith  th e  e x c e p t io n  of v a l e r y l  c h l o r i d e
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which was p re p a re d  from v a l e r i c  a c id  fo l lo w in g  a method u sed  by Brown

(1 0 3 ) .  Phenacyl c h lo r id e  was a commercial p r e p a r a t i o n .

B enzylm ercaptom ethyl Ketones

These compounds were p re p a re d  a c c o rd in g  to  th e  p ro ced u re  of Wahl

(1 0 4 ) .  The p r e p a r a t io n  of b en zy lm erca p to m e th y l-n -p ro p y l  k e to n e  i s  t y 

p i c a l  o f  th e  method u sed  in  th e  s y n th e s i s  of th e s e  k e to n e s .  The sodium 

s a l t  of c X ,- to lu e n e th io l  was p re p a re d  by e x t r a c t i n g  £ X - to lu e n e th io l

(130 g . , 1.05 mole) i n  e t h e r  (500 m l . )  w i th  10% sodium h y d ro x id e  s o l u t i o n  

(400 g . ) .  The m ix tu re  was shaken i n t e r m i t t e n t l y  a t  room te m p e ra tu re  f o r  

2 h o u r s .  The aqueous phase was th e n  s e p a ra te d  and h e a te d  a t  r e f l u x  

te m p e ra tu re  w ith  l - c h lo ro -2 -p e n ta n o n e  (60 g . , 0 .50  mole) o v e r n ig h t .  The 

l i g h t - y e l l o w  to p  phase was washed w i th  s e v e r a l  25 ml. p o r t i o n s  of w ate r  

u n t i l  i t  was f r e e  of c h l o r i d e  io n s  as  t e s t e d  by 1 0 % s i l v e r  n i t r a t e  so 

l u t i o n .  The heavy o i l  th u s  o b ta in e d  (101 g . )  was d r i e d  over anhydrous 

sodium s u l f a t e .  F r a c t i o n a l  d i s t i l l a t i o n  y ie ld e d  benzy lm ercap tom ethy l 

- n - p r o p y l  ke tone  as  a c o l o u r l e s s  o i l  (93 .5  g . , 90%), b .p .  163-166°

(9 .5  mm.).

A n a l .  C a lc ,  f o r  CigHiaOS: C, 69 .19 ; H, 7 .7 4 ;  S ,  15,39

Found: C, 69 .17 ; H, 7 .9 0 ;  S , 15 .53 .

In  a s im i la r  ,manner benzy lm ercap tom ethy l e t h y l  ke tone  ( b .p .  120- 

130° (3 .5  mm.) was o b ta in e d  in  98% y i e l d  from l - c h lo ro -2 -b u ta n o n e  and 

sodium b en zy l  m e rc ap t id e  (9 8 ) .  Upon f r a c t i o n a l  d i s t i l l a t i o n  a b o i l i n g  

p o in t  of 126-128° (3 .5  mm.) was o b ta in e d .

A nal.  C a lc ,  f o r  C, 68 .02 ; H, 7 .2 3 ;  S , 16 ,51 .

Found: C, 68 .1 3 ;  H, 7 .1 9 ; S, 16 .28 .
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B e n zy lm erc ap to m e th y l-n -b u ty l  ke tone  was o b ta in e d  in  a c rude  y i e l d  

of 97% from l - c h lo ro -2 -h e x a n o n e  and sodium b en z y lm e rc a p t id e .  F r a c t i o n a l  

d i s t i l l a t i o n  produced a c o l o u r l e s s  o i l ,  b . p .  166-167° (6 mm.).

A n a l .  C a lc ,  f o r  CigHigOS: C, 70 .21 ; H, 8 .1 5 ;  S , 14 .42 .

Found: C, 70 .25 ; H, 8 .3 0 ;  S ,  14 .50 .

B enzylm ercaptom ethyl pheny l k e to n e ,  m .p . 85° , was p re p a re d  in  97% 

y i e l d  from phenacy l c h l o r i d e  and sodium b en zy l m e rc a p t id e .  Because 

phenacy l c h lo r id e  i s  i n s o lu b l e  i n  w a te r  an a l c o h o l i c  r e a c t i o n  medium was 

u se d .  T h is  compound had been p re p a re d  p r e v io u s ly  by Wahl (104) and h i s  

p ro ced u re  was fo l lo w e d .

B enzylm ercaptom ethyl i s o p ro p y l  k e to n e  was p re p a re d  in  th e  s ta n d a rd  

manner w i th  a c rude  y i e l d  of 95% from l- c h lo ro -3 -m e th y l -2 -b u ta n o n e  and 

sodium b e n z y lm e rc a p tid e .  Upon f r a c t i o n a l  d i s t i l l a t i o n  a c o l o u r l e s s  o i l ,  

b . p .  147-150° (9mm.), was o b ta in e d .

A nal.  C a lc ,  f o r  C1 2 H1 6 OS: C, 69 .1 9 ;  H, 7 .7 4 ;  S , 15 .39 .

Found: C, 6 9 .0 2 ;  H, 7 .5 3 ;  S , 15 .23 .

B enzylm ercaptom ethyl t - b u t y l  k e to n e  was o b ta in e d  in  a c rude  y i e l d  

of 97% from t - b u t y l  bromomethyl k e to n e  and sodium b e n z y lm e rc a p tid e .  

F r a c t i o n a l  d i s t i l l a t i o n  produced  a f a i n t l y  ye l low  o i l  (218 g . , 92%), b .p .  

166-170° (13 mm.).

A n a l .  C a lc ,  f o r  CqjHigOS: C, 70 .21 ; H, 8 .1 5 ;  S , 14 .42 .

Found: C, 69 .9 8 ;  H, 8 .0 1 ;  S , 14 .47 .

B enzylm ercaptom ethyl A lk y l  H ydanto ins

These compounds were p re p a re d  acc o rd in g  to  th e  method of Bucherer
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(1 0 5 ) .  The p r e p a r a t io n  of 5 -b e n z y lm e rc a p to m e th y l-5 -n -p ro p y l  h y d an to in  

i s  an example of th e  method u sed  in  th e  s y n th e s i s  of th e  a l k y l a t e d  hy

d a n to in s .  A m ix tu re  o f  b en zy lm erca p to m e th y l-n -p ro p y l  k e to n e  (90 g.

0 .43  m o le ) ,  p o ta ss iu m  cyan ide  (40 g . , 0 .61  mole) and ammonium c a rb o n a te  

(135 g . , 1 .40  mole) d i s s o lv e d  in  400 m l. of 50% e th a n o l  was h e a te d  in  

a 1 - l i t r e ,  th re e -n e c k e d ,  round-bo ttom ed  f l a s k  (equ ipped  w ith  a condenser 

and m echan ica l  s t i r r e r )  on a w a te r  b a th  a t  60-70° f o r  seven h o u rs .  The 

d a rk -y e l lo w  s o lu t i o n  was a l low ed  to  p a r t i a l l y  e v a p o ra te  o v e rn ig h t .  The 

r e s id u e  was th e n  poured on c ru sh ed  i c e .  The w h ite  p r e c i p i t a t e  was s e 

p a r a t e d  by f i l t r a t i o n ,  washed w ith  w a te r  and sm all  q u a n t i t i e s  of e t h e r ,  

and d r i e d  in  a vacuum d e s s i c a t o r .  T h is  p ro ced u re  gave 52 g. (97%) of 

h y d a n to in ,  m.p. 148-151°. A f te r  one c r y s t a l l i z a t i o n  from  h o t  e th a n o l  

w h i te  p l a t e s ,  m .p. 154°, were o b ta in e d .

A nal.  C a lc ,  f o r  C1 4 H1 8 N2 O2 S: C, 60 .3 7 ;  H, 6 .5 1 ;  N, 10 .11; S ,  11 .51 .

Found: C, 60 .50 ; H, 6 .7 4 ; N, 10 .17 ; S , 11 .70 .

S i m i l a r l y  5 -b en zy lm erca p to m e th y 1 -5 -e th y l  h y d a n to in ,  m.p. 125-128°, 

was o b ta in e d  in  90% y i e l d  from benzy lm ercap tom ethy l e t h y l  k e to n e ,  po

ta s s iu m  c y a n id e ,  and ammonium c a rb o n a te .  One c r y s t a l l i z a t i o n  from h o t  

e th a n o l  y ie ld e d  w h i te  n e e d l e s ,  m .p . 130-131°.

A n a l.  C a lc ,  f o r  C1 3 H1 &N2 O2 S: C, 59 .0 3 ;  H, 6 .1 0 ;  N, 10 .65; S , 12 .12 .

Found: C, 5 9 .0 9 ;  H, 6 .0 5 ;  N, 10 .40 ; S ,  11 .85 .

5 -B en zy lm erca p to m e th y l-5 -n -b u ty l  h y d a n to in ,  m.p. 140-145°, was ob

t a in e d  in  71% y i e l d  from b e n z y lm e rc a p to m e th y l-n -b u ty l  k e to n e .  One c r y s 

t a l l i z a t i o n  from h o t  e th a n o l  gave w h ite  n e e d le s ,  m .p. 169°.

A nal.  C a lc ,  f o r  C1 5 H2 0 N2 O2S: C, 61 .6 1 ; H, 6 .8 9 ;  N, 9 .5 8 .
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Found: C, 61 .56 ; H, 6 .6 4 ;  N, 9 .2 9 .

5 -B en zy lm e rc a p to m e th y l-5 - iso p ro p y l  h y d a n to in ,  m .p . 139-145°, was 

p re p a re d  in  8 8 % y i e l d  from benzy lm ercap tom ethy l is o p ro p y l  ke to n e  i n  a 

s im i l a r  manner a f t e r  a r e a c t i o n  p e r io d  of t e n  h o u rs .  Two c r y s t a l l i z a t i o n s  

from  h o t  e th a n o l  y ie ld e d  a w h i te  c r y s t a l l i n e  s o l i d ,  m .p. 153-154°.

A n a l .  C a lc ,  f o r  Ci^H^^gNgOgS: C, 60 .37 ; H, 6 .5 1 ;  N, 10 .11 ; S ,  11 .51 .

Found: C, 60 .62 ; H, 6 .6 7 ;  N, 10 .10 ; S ,  11 .78 .

5 -B e n z y lm e rc a p to m e th y l-5 - t -b u ty l  h y d a n to in  was s y n th e s iz e d  from 

b e n z y lm e rc a p to m e th y l - t -b u ty l  k e to n e  under somewhat d i f f e r e n t  e x p e r im e n ta l  

c o n d i t i o n s .  When s ta n d a rd  c o n d i t io n s  were used  a l a r g e  p r o p o r t i o n  of 

th e  s t a r t i n g  m a t e r i a l  was r e c o v e re d .

A s o l u t i o n  of p o ta ss iu m  cy an id e  (1 7 .5  g . , 0 .27  mole) and ammonium 

c a rb o n a te  (115 g . , 1 .19 mole) i n  625 ml. of w a te r  was added to  a  s o l u t i o n  

of th e  k e to n e  (35 g . , 0 .16  mole) i n  625 ml. of a b s o lu t e  e t h a n o l .  The 

r e s u l t i n g  m ix tu re  was h e a te d  and s t i r r e d  a t  65-75° i n  th e  u s u a l  manner. 

A f te r  tw enty  hours  a  l i g h t  y e l lo w , f a i n t l y  c loudy  m ix tu re  was o b se rv ed .

The r e a c t i o n  was th e n  a l low ed  to  p roceed  f o r  a n o th e r  t e n  h o u r s .  The 

c o n te n ts  of th e  r e a c t i o n  v e s s e l  was a l low ed  to  e v a p o ra te  p a r t l y  a t  room 

te m p e ra tu re  o v e r n ig h t .  The s o l i d ,  which had p r e c i p i t a t e d ,  was s e p a ra te d  

by f i l t r a t i o n  and d r i e d  in  a vacuum d e s s i c a t o r .  C r y s t a l l i z a t i o n  from 

h o t  e th a n o l  y ie ld e d  25 .6  g. of w h i te ,  c r y s t a l l i n e  p l a t e s ,  m .p. 184-186°. 

E v a p o ra t io n  of th e  e th a n o l  f i l t r a t e  gave a n o th e r  4 .5  g .  of th e  p ro d u c t 

f o r  a f i n a l  y i e l d  of 6 6 %.

A n a l .  C a lc ,  f o r  C1 5 H2 5 N2 O2 S: C, 61 .5 9 ;  H, 6 .8 9 ;  N, 9 .5 8 ;  S , 10 .97 .

Found: C, 61 .44 ; H, 6 .6 5 ;  N, 9 .4 4 ;  S ,  10 .72 .
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5 -B enzv lm ercap tom e thv l-5 -pheny l H ydanto in

The B ucherer-B ergs  method was m o d if ied  s l i g h t l y ;  th e  r e a c t i o n  time 

was in c r e a s e d  and a  h ig h e r  p e rc e n ta g e  of e th a n o l  was u sed .

A m ix tu re  of benzy lm ercap tom ethy l phenyl k e to n e  (125 g . , 0 .52  mole) 

and 1500 ml. of a b s o lu t e  e th a n o l  was s t i r r e d  a t  60° u n t i l  a l l  th e  s o l i d  

had d i s s o lv e d .  A s o l u t i o n  of p o ta ss iu m  cyan ide  (50 g . , 0 .77  mole) d i s 

so lv e d  in  500 ml. of w a te r  was added w ith  s t i r r i n g .  Ammonium c a rb o n a te  

(300 g . , 3 .13  mole) was th e n  added. A c l e a r ,  l i g h t - y e l lo w  s o l u t i o n  was 

o b ta in e d  a f t e r  t h i s  m ix tu re  had been s t i r r e d  a t  60-70° f o r  about 20 

h o u r s .  T h is  was a l low ed  to  r e a c t  f o r  a n o th e r  28 h o u r s ,  d ec a n te d  i n t o  a 

b e a k e r ,  and a l low ed  to  s ta n d  a t  room te m p e ra tu re  f o r  s e v e r a l  h ou rs  w here

upon a w h ite  s o l i d  p r e c i p i t a t e d .  T h is  was r e c o v e re d  by f i l t r a t i o n ,  

m.p. 164-168°. The f i l t r a t e  was poured  on a  m ix tu re  of i c e  and hy d ro 

c h l o r i c  a c i d .  The s o l i d  which s e p a r a te d  was r e c o v e re d  by f i l t r a t i o n .

A l l  of th e  s o l i d  m a t e r i a l  o b ta in e d  was c r y s t a l l i z e d  from h o t  e t h a 

n o l  to  y i e l d  110 g. of pu re  5 -benzy lm ercap tom ethy l h y d a n to in ,  m.p. 175- 

176°. More h y d a n to in ,  5 g . , m .p. 175-176°, was re c o v e re d  by p a r t i a l  

e v a p o ra t io n  of th e  combined f i l t r a t e s .  A t o t a l  y i e l d  of 115 g. (71%) 

of h y d a n to in ,  m.p. 175-176°, was th u s  o b ta in e d .

A nal.  C a lc ,  f o r  C1 7 H1 6 N2 O2 S: C, 65 .3 4 ; H, 5 .1 7 ;  N, 8 .9 7 ;  S , 10 .27 .

Found: C, 65 .61 ; H, 5 .2 6 ;  N, 8 .6 3 ;  S, 10.50.

S -B enzyl-  X a lk v l -D L -c y s te in e s

The p r e p a r a t i o n  of S -b e n z y l- tX -n -p ro p y l -D L -c y s te in e  i s  t y p i c a l  of 

th e  p ro ced u re  u sed ,  where R = e t h y l ,  n - p r o p y l ,  or n - b u t y l .  P o t t s  (106) 

u sed  a s im i l a r  method in  th e  p r e p a r a t i o n  of S -b e n z y l-X -m e th y l-D L -c y s -  

t e i n e .
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A m ix tu re  of 5 -b en zy lm erca p to m eth y 1 -5 -n -p ro p y l h y d a n to in  (60 g . , 

0 .27  m o le ) ,  barium  h y d ro x id e  (315 g . , 1 .0  mole) and 1500 ml. of w a te r  

was h e a te d  a t  r e f l u x  te m p e ra tu re  f o r  f o r t y  h o u rs  in  a 2 - l i t r e ,  round 

-bo ttom ed  f l a s k .  Barium was p r e c i p i t a t e d  as  barium  c a rb o n a te  a t  100° 

u s in g  carbon  d io x id e  g e n e ra te d  from  th e  r e a c t i o n  of m arb le  c h ip s  w ith  

h y d r o c h lo r i c  a c id .  The barium  c a rb o n a te  was s e p a r a t e d  by f i l t r a t i o n  

and washed w ith  b o i l i n g  w a te r  and th en  a c e to n e .  When th e  f i l t r a t e  was 

a l low ed  to  c o o l ,  u n re a c te d  h y d a n to in  (13 g . )  p r e c i p i t a t e d  and was r e 

moved by f i l t r a t i o n .  The f i l t r a t e  was th e n  a llow ed  to  e v a p o ra te  a t  room 

te m p e ra tu re ;  and S -b e n z y l - X - n - p r o p y l - D L - c y s te in e  p r e c i p i t a t e d  a f t e r  

s e v e r a l  h o u r s .  I t  was s e p a r a t e d  by f i l t r a t i o n  and washed w ith  sm all  

amounts of a c e to n e .  A c rude  y i e l d  of 72% (39 g . ) ,  m .p. 218-220° dec .  

was o b ta in e d .  A f te r  th e  p ro d u c t  was r e c r y s t a l l i z e d  from  h o t  w a te r ,  

washed w ith  ace to n e  and d r i e d  over phosphorous p e n to x id e  in  a vacuum 

d e s s i c a t o r ,  i t s  m e l t in g  p o in t  was 229° dec .  The n in h y d r in  t e s t  gave a 

r e d d i s h - p u r p l e  c o lo u r .

A n a l .  C a lc ,  f o r  Cj 3̂Hj^gNG2 S : C, 61 .6 1 ; H, 7 .5 6 ;  N, 5 .5 6 ;  S , 12 .65 .

Found: C, 61 .47 ; H, 7 .62 ; N, 5 .5 6 ;  S , 12 .87 .

S im i l a r l y ,  S - b e n z y l - c X -e th y l -D L -c y s te in e , a w h i te  powder, m.p. 224- 

226° dec .  was o b ta in e d  in  74% y i e l d  from  5 -b en zy lm erca p to m e th y 1 -5 -e th y l  

h y d a n to in .

A nal.  C a lc ,  f o r  C1 2 H1 7 NO2 S: C, 60 .20 ; H, 7 .1 5 ; N, 5 .8 8 ;  S , 13 .31 .

Found: C, 60 .50 ; H, 7 .0 0 ;  N, 5 .9 3 ;  S , 13 .64 .

I n  a l i k e  manner from 5 -b e n z y lm e rc a p to m e th y l-5 -n -b u ty l  h y d a n to in  

S -b e n z y l - ( X - n - b u ty l -D L - c y s te in e , m.p. 210-214° d e c . ,  in  73% y i e l d  was
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o b ta in e d .  A f te r  p u r i f i c a t i o n  from h o t  w ate r  a w h ite  powder, m.p. 229- 

230° dec . r e s u l t e d .

A n a l.  C a lc ,  f o r  C^^^HgiNOgS: C, 62 .9 9 ;  H, 7 .8 9 ;  N, 5 .2 2 ;  S , 11 .97 .

Found: C, 62 .73 ; H, 7 .9 6 ;  N, 5 .0 5 ;  S , 12 .22 .

When th e  s ta n d a rd  c o n d i t io n s  d e s c r ib e d  above were used  to  p re p a re  

S -b en zy l-C X -iso p ro p y l-D L -cy s te in e ,m o re  th a n  f i f t y  p e r c e n t  of s t a r t i n g  

m a t e r i a l  were re c o v e re d .  The h y d r o ly s i s  of th e  h y d a n to in  was, t h e r e f o r e ,  

c a r r i e d  ou t  under somewhat d i f f e r e n t  c o n d i t io n s .

5 -B e n z y lm e rc a p to m e th y l-5 - iso p ro p y l  h y d a n to in  (30 g . , 0 .108  mole) was 

added s lo w ly  to  a b o i l i n g ,  s t i r r e d  s o l u t i o n  of barium  h y d ro x id e  (500 g . ,

1 .6  mole) in  750 ml. of w a te r .  The m ix tu re  was h e a te d  a t  r e f l u x  tem pera

t u r e  in  a 2 - l i t r e ,  round-bo ttom ed  f l a s k .  A f t e r  one day a w h i te  s o l i d  

was o bserved  a long  th e  w a l l s  of th e  f l a s k .  The m ix tu re  was a l low ed  to  

r e a c t  f o r  a t o t a l  of fo u r  days .  Barium h y d ro x id e  was th en  removed in  

th e  u s u a l  manner. The f i l t r a t e  th u s  o b ta in e d  was a l low ed  to  e v a p o ra te  

to  a sm all  volume, whereupon 12 g . of a w h ite  s o l i d ,  m .p. 234-238° d e c . ,  

p r e c i p i t a t e d .  The p ro d u c t was s e p a r a te d  by f i l t r a t i o n  and washed w ith  

s e v e r a l  sm a ll  p o r t i o n s  of ace to n e  to  remove t r a c e s  of u n re a c te d  h y d a n to in .  

F u r th e r  e v a p o ra t io n  of th e  f i l t r a t e  a l low ed  th e  r e c o v e ry  o f  a n o th e r  1.5 g. 

of p ro d u c t .  In  t h i s  manner a t o t a l  c rude  y i e l d  of 13.5 g. (49%) was ob

t a i n e d .  By w ashing th e  barium  c a rb o n a te  w ith  s e v e r a l  p o r t i o n s  of a c e 

t o n e , 10.5 g. of u n re a c te d  h y d a n to in  were re c o v e re d .  P u r i f i c a t i o n  of th e  

S -b e n z y l  amino a c id  in  th e  u s u a l  manner produced  a w h i te ,  c r y s t a l l i n e  

powder, m .p . 239-241° dec .

A nal.  C a lc ,  f o r  C1 3 H1 9 NO2 S: C, 61 .61 ; H, 7 .56 ; N, 5 .5 6 ;  S, 12 .65 .

Found: C, 61 .41 ; H, 7 .48 ; N, 5 .6 8 ;  S, 12 .54 .
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A ttem pts  to  h y d ro ly ze  th e  h y d a n to in  (2 g . , 0 .007 mole) w i th  1 N 

sodium h y d ro x id e  s o l u t i o n  ( 1 0 0  m l . )  by h e a t in g  th e  c l e a r  s o l u t i o n  a t  r e 

f l u x  te m p e ra tu re  f o r  fo u r  days were u n s u c c e s s f u l .  More th a n  s i x t y  p e r 

c e n t  o f  s t a r t i n g  m a t e r i a l  was re c o v e re d .

In  a n o th e r  experim en t h y d a n to in  (2 g . , 0 .007 mole) was s t i r r e d  a t  

room te m p e ra tu re  w ith  20 ml. of 90% s u l f u r i c  a c id  f o r  one day. The d a rk  

s o l u t i o n  was poured on c ru sh ed  i c e ;  a y e l lo w is h  s o l i d  p r e c i p i t a t e d ,  bu t  

r e d i s s o l v e d  when th e  m ix tu re  was s t i r r e d .  The pH of th e  s o l u t i o n  was 

r a i s e d  to  about 6  by th e  slow a d d i to n  of c o n c e n t r a te d  ammonium h y d ro x id e .  

When th e  s o l u t i o n  was a l low ed  to  e v a p o ra te  on th e  s team b a th ,  1 .3  g. of a 

l i g h t  ye l low  s o l i d  p r e c i p i t a t e d .  Washing w ith  a c e to n e  and d e te rm in a t io n  

of m e l t in g  p o in t  showed t h a t  th e  m a t e r i a l  was a m ix tu re  of h y d a n to in  and 

a sm a ll  f r a c t i o n  of S -b en zy l  amino a c id .

5 -B e n z y lm e rc a p to m e th y l-5 - t -b u ty l  h y d a n to in  c o u ld  n o t  be h y d ro ly ze d  

to  th e  S -b en zy l  amino a c id  w i th  barium  h y d ro x id e .  S e v e ra l  o th e r  r e a c t i o n  

c o n d i t io n s  w ere ,  t h e r e f o r e ,  t r i e d .

A s o l u t i o n  of h y d a n to in  (2 g . , 0 .007  mole) i n  0.25 N NaOH (50 m l .)  

was s t i r r e d  and h e a te d  a t  r e f l u x  te m p e ra tu re  f o r  f o r t y  h o u rs .  The c l e a r  

l i q u i d  was poured on c ru shed  i c e ;  and th e  r e s u l t i n g  s o l u t i o n  was evapo

r a t e d  on a s team bath  to  a volume of about 40 ml. During dropw ise  a d d i t i o n  

of c o n c e n t r a te d  h y d ro c h lo r i c  a c id  1 . 8  g. of u n re a c te d  h y d a n to in  p r e c i p i 

t a t e d .

When a s o l u t i o n  of h y d a n to in  (2 g . )  i n  25 ml. o f  95% t r i f l u o r o -  

a c e t i c  a c id  was s t i r r e d  and h e a te d  a t  r e f l u x  te m p e ra tu re  f o r  tw e n ty -fo u r  

h o u rs ,  o n ly  u n re a c te d  s t a r t i n g  m a t e r i a l  was re c o v e re d  a f t e r  e v a p o ra t io n  

of th e  a c id  a t  room te m p e ra tu re .

In  an o th e r  experim en t h y d r o ly s i s  of th e  h y d a n to in  (1 g . , 0 .004  mole)
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was a t te m p te d  by s t i r r i n g  a s o l u t i o n  o f  th e  s o l i d  i n  90% s u l f u r i c  a c id  

(30 m l . )  a t  room te m p e ra tu re  f o r  about tw enty  h o u r s .  The dark  g reen  

s o l u t i o n  o b ta in e d  in  t h i s  way was added dropw ise to  a m ix tu re  o f  con

c e n t r a t e d  ammonium hydrox ide  and c ru sh e d  i c e .  When a pH o f  about 7 was 

r e a c h e d ,  a l i g h t - y e l lo w  s o l i d  began to  p r e c i p i t a t e  ou t o f  s o l u t i o n .  This 

m a t e r i a l  d id  not d i s s o lv e  a g a in  when th e  pH was low ered f u r t h e r .  I t  was 

s e p a ra te d  by f i l t r a t i o n ,  washed w ith  s e v e r a l  sm all  p o r t i o n s  o f  w a te r  and 

a c e to n e ,  and a llow ed  to  dry a t  room te m p e ra tu re .  In  t h i s  manner 0 .5  g. 

o f  a w h i t e ,  amorphous powder, m .p . 314-314° dec . were o b ta in e d .  I t  was 

c r y s t a l l i z e d  from b o i l i n g  e th a n o l .  D uring decom position  a p u n g e n t ,  i r 

r i t a t i n g  odour p lu s  th e  odour o f  hydrogen s u l f i d e  were n o t i c e d .  A f te r  

i g n i t i o n  o f  th e  s o l i d  a c h a rc o a l  r e s id u e  rem ained . The a n a l y s i s  d id  not 

ag ree  w ith  th e  co m p o s i t io n  o f  th e  S -b en zy l amino a c id .

A nal. C a lc ,  f o r  Ci^HgiNOgS: C, 62 .88 ; H, 7 .9 2 ;  N, 5 .2 4 ;  S ,  11 .99 .

Found: C, 47 .9 6 ; H, 5 .9 8 ;  N, 13 .61 ; S , 15 .37 .

The a n a ly s i s  ag reed  f a i r l y  w e l l  w i th  t h a t  o f  th e  d i s u l f i d e  which 

c o u ld  be formed from two m o lecu le s  o f  h y d an to in  a f t e r  removal o f  th e  b en 

z y l  groups as b en zy l  a l c o h o l .

A nal. C a lc ,  f o r  CigH2 6 N4 0 4 S2 : C , 47 .7 4 ;  H, 6 .5 1 ;  N, 13 .92 ; S , 15 .93 .

However, b en zy l a lc o h o l  c o u ld  n o t  be d e t e c te d  in  th e  r e a c t i o n  m ix tu re  

by e t h e r  e x t r a c t i o n  o f  th e  f i l t r a t e  o b ta in e d  a f t e r  removal o f  th e  s o l i d .  

A ttem pts  to  s a l t  ou t any a lc o h o l  p r e s e n t  from th e  f i l t r a t e  by a d d i t io n  

o f  sodium c h l o r i d e  a l s o  had n e g a t iv e  r e s u l t s .  Because on ly  sm all  amounts 

o f  h y d an to in  were a v a i l a b l e ,  no f u r t h e r  experim en ts  w ere perfo rm ed  to  

i d e n t i f y  c o n c lu s iv e ly  th e  r e a c t i o n  p ro d u c t  as  th e  d i s u l f i d e .
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The p re se n c e  o f  th e  bu lky  t - b u t y l  group on th e  h y d an to in  r in g  makes 

h y d r o ly s i s  v e ry  d i f f i c u l t ,  i f  no t im p o s s ib le .  A lky l s u b s t i t u e n t s , ^  to  

t h e  c a rb o n y l ,  a re  known to  be v e ry  e f f e c t i v e  " s t e r i c  h in d e r e r s "  (107) in  

t h i s  ty p e  o f  h y d r o ly s i s  r e a c t i o n .  Newman's r u l e  o f  s i x  (108) i s  very  

a p p l i c a b l e  h e r e .  However, a s e a le d - tu b e  r e a c t i o n  s i m i l a r  to  th e  ones 

u sed  by E lks (1 0 9 ) ,  f o r  i n s t a n c e ,  to  h y d ro ly z e  h y d a n to in s ,  might le ad  to  

c o n v e rs io n  o f  th e  h y d a n to in  to  th e  S -b en zy l  amino a c id .

S-Benzyl-cX -p h e n y l-D L -c y s te in e

A m ix tu re  o f  5 -b en zy lm ercap to m eth y l-5 -p h en y l h y d a n to in  (42 g , , 0 .13  

m o le ) ,  and 860 ml. o f  w a te r  was h e a te d  a t  r e f l u x  te m p e ra tu re  w ith  s t i r 

r i n g .  Only p a r t  o f  th e  h y d a n to in  d i s s o lv e d .  A f te r  a r e a c t i o n  tim e o f  

seven  days a l a rg e  q u a n t i t y  o f  a w h i te  s o l i d  appea red  i n  th e  r e a c t i o n  

f l a s k .  This  was reco v e re d  by f i l t r a t i o n .  The barium  i n  th e  f i l t r a t e  

was p r e c i p i t a t e d  as  barium  c a rb o n a te  and was s e p a r a te d  by f i l t r a t i o n .

The f i l t r a t e  was p a r t i a l l y  e v a p o ra te d  on a ho t  p l a t e  whereupon some 

S -b en zy l-C ^ -p h en y l-D L -c y s te in e  p r e c i p i t a t e d .  T h is  was s e p a r a t e d  by f i l 

t r a t i o n  and washed w ith  a c e to n e ,  (m.p. 236-240° d e c . ) .  However, on ly  a 

few grams o f  m a t e r i a l  were o b ta in e d  in  t h i s  m anner. The s o l i d  removed 

p r e v io u s ly  from th e  r e a c t i o n  f l a s k  was added w ith  s t i r r i n g  i n t o  3 1. o f  

b o i l i n g  w a te r .  Carbon d io x id e  was th e n  p assed  i n t o  th e  m ix tu re  to  p r e 

c i p i t a t e  barium  as barium  c a rb o n a te .  The l a t t e r  was th e n  removed by 

f i l t r a t i o n .  E v ap o ra t io n  o f  th e  f i l t r a t e  y ie ld e d  a few grams o f  d e s i r e d  

p r o d u c t ,  m .p . 235-239° dec . Most o f  th e  amino a c id  was a p p a r e n t ly  ad

so rbed  to  th e  barium  c a rb o n a te .  This c o u ld  be re c o v e re d  by s t i r r i n g  th e  

m ix tu re  o f  in o rg a n ic  and o rg a n ic  m a t e r i a l s  w ith  s e v e r a l  3 -1 .  q u a n t i t i e s  

o f  b o i l i n g  w a te r ,  fo llo w ed  by f i l t r a t i o n  and e v a p o ra t io n  o f  th e  f i l t r a t e .  

T his  p ro c e s s  y ie ld e d  a t o t a l  o f  30 .5  g. (79%) o f  th e  c y s t e i n e ,  m.p.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



6 3

2 3 6 - 2 4 0 °  d e c .

The c y s t e i n e  i s  ve ry  in s o lu b l e  i n  h o t  w a te r .  I n  o rd e r  to  p u r i f y  i t ,  

i t  was d i s s o lv e d  in  3 N s u l f u r i c  a c id .  I n s o lu b l e  im p u r i t i e s  were removed 

by f i l t r a t i o n .  Dropwise a d d i t i o n  o f  c o n c e n t r a te d  ammonium h y drox ide  

caused  th e  amino a c id  to  p r e c i p i t a t e .  P r e c i p i t a t i o n  began a t  about pH 2. 

The f i n a l  pH was 5. The m a t e r i a l  m e lte d  a t  242-243° dec .

A nal. C a lc ,  f o r  CigH2 yN0 2 S: C, 66 .8 0 ; H, 5 .9 6 ;  N, 4 .8 8 ;  S , 11 .16 .

Found: C, 67 .12 ; H, 5 .6 7 ;  N, 5 .0 9 ;  S ,  11 .13 .

0 ( -A lk y l  C y s t in e s

A method used  by A rn s te in  (110) and Wood and du Vigneaud (111) was 

fo llow ed  w ith  s l i g h t  m o d i f i c a t io n s .  The p r e p a r a t i o n  o f  tX -n-p ropy l-D L  

- c y s t i n e  i s  t y p i c a l  o f  th e  p ro ced u re  u se d .  Sodium m e ta l  (7 .5  g . , 0 .33  

m o le ) ,  c u t  in t o  sm a ll  p ie c e s  and f r e s h l y  d r i e d  S -b e n z y l -X -n -p ro p y l -D L  

- c y s t e i n e  (25 g . , 0 .077 mole) were added a l t e r n a t i v e l y  i n  sm all  amounts 

w i th  s t i r r i n g  to  about 500 m l. o f  l i q u i d  ammonia o v er  a p e r io d  o f  t h i r t y  

m in u te s .  A f te r  one hour th e  b lu e  c o lo u r  o f  th e  m ix tu re  was d is c h a rg e d  

w ith  3 g . o f  ammonium c h l o r i d e .  The r e a c t i o n  m ix tu re  was l e f t  a t  room 

te m p e ra tu re  o v e rn ig h t  to  a l low  th e  ammonia to  e v a p o ra te .  The w h ite  

p a s t e  which remained was d i s s o lv e d  in  350 m l. o f  c o ld  w a te r .  The i n 

s o lu b le  m a t e r i a l  was removed by f i l t r a t i o n .  The f i l t r a t e  was th e n  ex

t r a c t e d  w ith  35 m l. o f  e t h e r .  The pH o f  th e  f i l t r a t e  was a d ju s t e d  to

7 .5  w ith  c o n c e n t r a te d  h y d ro c h lo r ic  a c id  and a t r a c e  (about 5 mg.) o f  

f e r r i c  c h l o r i d e  was added. The d a r k - v i o l e t  s o lu t i o n  was a e r a t e d  f o r  

t h i r t y  h o u r s .  A f te r  t h i s  p e r io d  no s u l f h y d r y l  groups were p r e s e n t  as 

t e s t e d  by sodium n i t r o p r u s s i d e .  The pH was th e n  a d ju s t e d  to  6 . When 

t h i s  s o l u t i o n  was e v a p o ra te d  on a steam  b a th  to  a volume o f  about 2 0 0  m l . ,
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t h e  cX -n -p ro p y l -D L -c y s t in e  p r e c i p i t a t e d  as a yellow , amorphous powder. 

A f te r  r e c r y s t a l l i z a t i o n  from b o i l i n g  w a te r  which c o n ta in e d  a sm a ll  amount 

o f  d e c o lo u r iz in g  c h a r c o a l ,  a w h ite  s o l i d  was o b ta in e d ,  m .p . 260° dec .

The m e l t in g  p o in t  was found to  v a ry  w i th  v a r i a t i o n  in  r a t e  o f  h e a t in g .

A y i e l d  o f  11.6 g. (72%) was o b ta in e d .

A nal. C a lc ,  f o r  C1 2 H2 4 N2 O4 S2 : C, 4 4 .4 2 ;  H, 7 .46 ; N, 8 .6 3 .

Found: C, 44 .1 1 ;  H, 7 .5 4 ;  N, 8 .5 0 .

In  a s i m i l a r  manner CX - e th y l - D L - c y s t in e  was o b ta in e d  as th e  d isodium  

s a l t  from S -b e n z y l - (X -e th y l -D L -c y s te in e  i n  72% y i e l d  by a f i n a l  p r e c i p i 

t a t i o n  a t  a pH o f 7 .5 .  The m a t e r i a l  p r e c i p i t a t e d  as  a w h i te  s o l i d ,  which 

began to  tu r n  dark  in  c o lo u r  a t  about 250° and decomposed a t  254-258°.

A nal. C a lc ,  f o r  C]^o’̂ 20^2°4^2^^2= C, 35 .06 ; H, 5 .8 7 ;  N, 8 .1 8 ;  S ,  18 .73 . 

Found: C, 34 .64 ; H, 6 .1 5 ;  N, 8 .1 3 ;  S , 18 .64 .

O C -n-B u ty l-D L -cys tine  was o b ta in e d  from S -b en z y l-X -n -b u ty l-D L -c y s -  

t e i n e  i n  70% y i e l d .  The w h i te  s o l i d  s t a r t e d  to  darken  s low ly  a t  about 

220°. D ecom position took  p la c e  a t  245-249°.

A nal. C a lc ,  f o r  C1 4 H2 8 N2 O4 S2 : C, 4 7 .7 0 ; H, 8 .0 1 ;  N, 7 .9 5 ;  S ,  18 .16 .

Found: C, 47 .5 2 ;  H, 7 .8 6 ;  N, 7 .8 4 ;  S ,  17 .89 .

In  th e  s y n th e s i s  o f  c X - is o p ro p y l-D L -c y s t in e  from S -b e n z y l-c X - iso -  

p ro p y l -D L -c y s te in e , th e  s o l u t i o n  o b ta in e d  in  th e  u s u a l  manner a f t e r  o x i 

d a t io n  and ad ju s tm en t o f  t h e  pH to  s i x ,  was a llow ed  to  e v a p o ra te  to  

d ryness  on a s team b a th .  The w h i t e ,  amorphous powder th u s  o b ta in e d  was 

s t i r r e d  w ith  a l i t t l e  w a te r .  S e p a ra t io n  by f i l t r a t i o n  y ie ld e d  4 .35  g. 

o f  a w h ite  s o l i d ,  m .p . 281-284° dec . The f i l t r a t e  was a l low ed  to
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e v a p o ra te  to  d ry n e s s .  The r e s id u e  was a g a in  s t i r r e d  w ith  a l i t t l e  w a te r .  

A f te r  s e p a r a t io n  by f i l t r a t i o n , a n o t h e r  1 .9 g. o f  p ro d u c t  were re c o v e re d .  

C r y s t a l l i z a t i o n  o f  th e  t o t a l  amount o f  p r o d u c t ,  6 .25  g . , 51%, from hot 

w a te r  y ie ld e d  5 .9  g. o f  a w h i t e ,  c r y s t a l l i n e  powder, m .p . 286-289° dec .

A nal. C a lc ,  f o r  C1 2 H2 4 O4 N2 S2 : C, 44 .4 2 ;  H, 7 .4 6 ;  N, 8 .6 3 ;  S , 19 .77 .

Found: C, 44 .1 8 ;  H, 7 .6 2 ;  N, 8 .5 0 ;  S ,  19 .94 .

CX -P h en y l-D L -cy s tin e

This  amino a c id  was i s o l a t e d  i n  57% y i e l d  as  a l i g h t - y e l lo w  s o l i d ,  

m .p . 241-243° dec . by fo l lo w in g  a p ro c e d u re  s i m i l a r  to  t h a t  u sed  f o r  th e  

a l k y l - s u b s t i t u t e d  c y s t i n e s .  A brown c o l o u r a t io n  was o b se rv ed  a t  210°.

The c y s t i n e  was f u r t h e r  p u r i f i e d  by d i s s o l u t i o n  i n  ho t h y d ro c h lo r ic  

a c id  (2 N) fo llow ed  by th e  a d d i t i o n  o f  a sm a l l  amount o f  N o r i t . F i l t r a 

t i o n ,  fo l lo w ed  by dropw ise  a d d i t i o n  to  th e  f i l t r a t e  o f  c o n c e n t r a te d  am

monium h y drox ide  (pH 5) p roduced  c o l o u r l e s s  c r y s t a l s ,  m .p . 243-245° dec .

A nal.  C a lc ,  f o r  C1 8 H2 0 N2 O4 S2 : C , 5 5 .0 8 ;  H, 5 .1 4 ;  N, 7 .1 0 ;  S , 16 .34 .

Found: C, 54 .84 ; H, 4 .9 4 ;  N, 7 .3 3 ;  S ,  16 .92 .

B. RESULTS

Enzyme P u r i f i c a t i o n

The i s o l a t i o n  and p a r t i a l  p u r i f i c a t i o n  o f  hom oserine deaminase was 

perform ed th r e e  t im e s .  In  th e  f i r s t  two p u r i f i c a t i o n  p ro c e d u re s  a t te m p ts  

were made to  ge t a c r y s t a l l i n e  p r e p a r a t i o n .  Both t im e s ,  how ever, a c t i v 

i t y  was l o s t  i n  th e  p ro tam ine  s u l f a t e  t r e a tm e n t ,  a p p a re n t ly  d u r in g  

d i a l y s i s .  T h e re fo re ,  th e  t h i r d  p r e p a r a t io n  was s to p p ed  a f t e r  th e  second 

e th a n o l  f r a c t i o n a t i o n  s t e p .  This  t im e a h ig h  s p e c i f i c  a c t i v i t y  was
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o b ta in e d  i n  th e  enzyme sample which was used  f o r  th e  fo l lo w in g  e x p e r i 

ments .

D uring th e  f i r s t  p r e p a r a t i o n ' s  p ro tam ine  s u l f a t e  s te p  th e  enzyme 

s o l u t i o n  was d ia ly z e d  a g a in s t  15 volumes o f  0 .2  M p o ta ss iu m  phospha te  

b u f f e r ,  pH 7 .2 ,  f o r  a t o t a l  o f  24 hours  a t  5 ° .  The b u f f e r  was changed 

every  8  h o u r s .  During t h i s  t r e a tm e n t  th e  a c t i v i t y  d e c re a se d  from 13,300 

u n i t s  to  8100 u n i t s ;  th e  s p e c i f i c  a c t i v i t y  went down from 61 to  24. 

D ia ly s i s  a g a in s t  15 volumes o f  c o ld  0 .02  M p o ta ss iu m  p hospha te  b u f f e r ,  

pH 7 . 2 ,  b rough t th e  number o f  u n i t s  down to  3600 and th e  s p e c i f i c  a c t i v 

i t y  t o  15.

The f i n a l  p r e p a r a t i o n  o f  enzyme i n  0 .2  M p o ta ss iu m  p h o sp h a te  b u f f e r ,  

pH 7 . 2 ,  was used  as such in  experim en ts  conce rned  w ith  th e  s u b s t r a t e  

b e h a v io r  o f  th e  s u b s t i t u t e d  c y s t i n e s .  This  s o l u t i o n  c o n ta in e d  6 .5  mg. 

p r o t e i n /m l .  and 95 u n i t s  o f  enzyme p e r  m i l l i l i t r e .  I t s  s p e c i f i c  a c t i v 

i t y  was 15. I t  was no t u sed  f o r  i n h i b i t i o n  s t u d i e s .

I n  t h e  second p u r i f i c a t i o n  th e  s p e c i f i c  a c t i v i t y  changed from 64 .8  

to  17 d u r in g  th e  p ro tam ine  s u l f a t e  s t e p .  The enzyme s o l u t i o n  u sed  in  

subsequen t experim en ts  c o n ta in e d  160 u n i t s / m l .  and 8 .3  mg. p r o t e i n /m l .  

S p e c i f i c  a c t i v i t y  was found to  be 1 9 .1 .  This sample was s to r e d  in  th e  

deep f r e e z e  f o r  50 days .  D uring t h i s  t im e th e  a c t i v i t y  d e c re a se d  from 

158 u n i t s / m l .  to  124 u n i t s / m l .  The s p e c i f i c  a c t i v i t y  went down from 19 

to  15. The p ro c e s s  o f  thaw ing and r e f r e e z i n g  r e s u l t e d  in  l o s s e s  o f  a c 

t i v i t y .  However, th e  t h i r d  p r e p a r a t io n  o f  enzyme l o s t  l i t t l e  a c t i v i t y  

d u r in g  two months o f  s to r a g e  in  th e  deep f r e e z e .

The p u r i f i c a t i o n  o f  th e  enzyme sample u sed  f o r  most o f  t h i s  s tudy  

i s  summarized in  TABLE 1. Note t h a t  a f t e r  th e  second e th a n o l  t r e a tm e n t  

th e  y i e l d  o f  u n i t s  i s  70% o f  t h a t  o b ta in e d  by G reenberg (12) , bu t  th e
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LEGEND TO TABLE 1

The enzyme was p re p a re d  from 950 g. o f  r a t  l i v e r s .  G reenberg  used  

1500 g. (1 2 ) .  V alues p r e s e n te d  i n  b r a c k e t s  a r e  th e  ones o b ta in e d  by 

G reenberg (1 2 ) .  P r o te i n  was de te rm in ed  as d e s c r ib e d  under  m ethods. One 

u n i t  o f  enzyme produces  1  m icromole o f  o ( - k e t o b u t y r i c  a c id  p e r  h o u r .  

S p e c i f i c  a c t i v i t y  i s  th e  number o f  enzyme u n i t s  p e r  m i l l ig r a m  o f  p r o t e i n .
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s p e c i f i c  a c t i v i t y  i s  h ig h e r .  G reenberg o b ta in e d  a c r y s t a l l i n e  enzyme 

sample w i th  a s p e c i f i c  a c t i v i t y  o f  346 in  a y i e l d  o f  14%.

The p u r i f i e d  enzyme was d iv id e d  in t o  1 ml. volume samples and 

s to r e d  in  th e  deep f r e e z e .  I t  c o n ta in e d  4 .6  mg. p r o t e i n /m l .  o f  0 .2  M 

p o ta ss iu m  p hospha te  b u f f e r ,  pH 7 .5  and 995 u n i t s / m l .  For u se  th e  sample 

was d i l u t e d  u s u a l l y  1:25 w ith  th e  same b u f f e r .

Assays

The a s sa y  1 ( a ) ,  b a sed  on th e  p ro d u c t io n  o f  p C -k e to b u ty r a te  from 

hom oserine ,  was a p p l ie d  c o n v e n ie n t ly  to  fo llo w  th e  p u r i f i c a t i o n  o f  th e  

enzyme p r e p a r a t io n .  With t h i s  a s s a y  th e  a c t i v i t y  c o u ld  be  de te rm ined  

r a p i d l y .  I t  showed t h a t  m e rc a p to e th a n o l  has l i t t l e  e f f e c t  on th e  a c t i v 

i t y  o f  th e  enzyme, b u t  t h a t  t h e  a d d i t i o n  o f  EDTA and PLP was r e q u i r e d  

f o r  f u l l  a c t i v i t y .

The p y ru v a te  a s s a y .  No. 2 ,  c o u ld  be  a p p l ie d  on ly  to  l a r g e  s c a l e  

in c u b a t io n s  a t  long  tim e i n t e r v a l s .  I t  was no t  s e n s i t i v e  o r  a c c u ra te  

enough to  d e t e c t  sm all  changes i n  k e to  a c id  p ro d u c t io n .  The c o lo u r  de

v e loped  te n d ed  to  be u n s t a b l e ;  t im in g  w as, t h e r e f o r e ,  v e ry  c r i t i c a l .  

Tubes c o n ta in in g  th e  com ple te  system  and t h e i r  b la n k s  had to  have t h e i r  

c o lo u r  developed  and re a d  a t  th e  same t im e .

The ArSSAr a s sa y  was found to  be most u s e f u l  f o r  th e  d e te rm in a t io n  

o f  s u l f h y d r y l  group p ro d u c t io n  d u r in g  in c u b a t io n  f o r  h a l f  an hour o r  

more and to  ge t com para tive  d a ta  f o r  r a t e s  o f  r e a c t i o n  o f  L - c y s t i n e  and 

s u b s t i t u t e d  c y s t i n e s .  When i t  was u sed  i n  k i n e t i c  s t u d i e s  o f  th e  r a t e s  

o f  r e a c t i o n  o f  L - c y s t i n e ,  i t  was found to  be in a d e q u a te ,  no t  becau se  i t  

was no t  s e n s i t i v e  enough, b u t ,  because  o f  i n t e r f e r e n c e  by im p u r i t i e s  i n  

th e  enzyme sample ( p r e p a r a t io n  I  o r  2 ) .
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Study o f  th e  Enzymatic System

S u b s t r a t e  B ehav ior  o f  C y s t in e s

The e f f e c t  o f  c y s t a t h io n a s e  on L - c y s t in e  and a l p h a - s u b s t i t u t e d  

c y s t i n e s  i s  summarized i n  TABLE 2. Pyruv ic  a c id  and s u l f h y d r y l  groups 

a r e  p roduced  on ly  when L - c y s t i n e  i s  t h e  s u b s t r a t e .  When th e  hydrogen 

atom i s  r e p la c e d ,  no k e to  a c id  o r  ArSH i s  formed d u r in g  in c u b a t io n ;  and 

th e  r a t e  o f  fo rm a t io n  o f  s u l f h y d r y l  i s  z e ro .

A ttem pts to  de te rm ine  th e  M ic h a e l is  c o n s ta n t  f o r  th e  enzyme w ith  

L - c y s t i n e  u s in g  th e  ArSSAr a s sa y  were n o t  s u c c e s s f u l .  I t  was n o t  p o s s i b l e  

to  de te rm ine  i n i t i a l  r a t e s  from th e  s lo p e s  o f  th e  abso rbancy  a t  412 

v s .  tim e p l o t s .  The l i n e s  were no t  s t r a i g h t ,  b u t  c u rv in g ;  t h e r e f o r e ,  

th e  drawing o f  t a n g e n ts  to  d e te rm in e  th e  i n i t i a l  r a t e  co u ld  no t  be a c 

com plished .  The r e a c t i o n  was com ple te  w i th in  about a m inu te  and had been 

underway f o r  about t h i r t y  sec o n d s ,  b e f o r e  a re a d in g  c o u ld  be ta k e n .  The 

change i n  r a t e  when th e  c o n c e n t r a t i o n  o f  amino a c id  was in c r e a s e d  o r  

d e c re a se d  was sm all  and im p o ss ib le  to  de te rm ine  a c c u r a t e l y ,  becau se  o f  

t h e  speed o f  th e  r e a c t i o n ,  th e  c u r v a tu r e  o f  t h e  l i n e ,  and th e  i n t e r f e r 

ence by th e  enzyme. The enzyme p r o t e i n  i t s e l f  r e a c t e d  w ith  ArSSAr. The 

r a t e  o f  fo rm a t io n  o f  s u l f h y d r y l  from t h i s  so u rce  was one h a l f  t h e  h ig h e s t  

r a t e  ob se rv ed  in  th e  p re s e n c e  o f  L - c y s t i n e .  With more d i l u t e  enzyme t h i s  

i n t e r f e r e n c e  d is a p p e a re d ,  b u t  th e  r a t e s  were to o  sm a ll  to  be measured 

now.

When th e  enzyme was p re in c u b a te d  w ith  ArSSAr, i n  o r d e r  to  e l im in a te  

th e  r a t e  due to  th e  enzyme p r o t e i n ,  t h e  c a t a l y s t  l o s t  i t s  a c t i v i t y .

P o la ro g ra p h ic  s tu d i e s  were made i n  o r d e r  to  d e te rm in e ,  w he ther  t h e r e  

was any a p p r e c ia b le  d e c re a se  i n  t h e  c o n c e n t r a t i o n  o f  a s u b s t i t u t e d  c y s 

t i n e  a f t e r  in c u b a t io n  w ith  c y s t a t h i o n a s e .  The r e s u l t s  o f  th e s e
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LEGEND TO TABLE 2

The t a b l e  c o n ta in s  th e  r e s u l t  o f  t h r e e  s e p a r a t e  e x p e r im e n ts .  

T h e re fo re  p y ru v a te  and m ercap tan  p ro d u c t io n  cannot be  compared. Exper

im e n ta l  c o n d i t io n s  v a r i e d  between th e  s e t s  o f  e x p e r im e n ts .

P y ru v a te  was de te rm ined  as d e s c r ib e d  under m ethods. M ercap tan , 

p roduced d u r in g  an in c u b a t io n  p e r io d  o f  90 m i n u te s , was de te rm in ed  w ith  

a s sa y  3 ( a ) .  The r a t e s  o f  m ercap tan  fo rm a t io n  were fo llo w ed  w ith  a ssay  

3 ( b ) .

The q u a n t i t i e s  o f  ArSH produced  w ere c a l c u l a t e d  u s in g  a m olar  

absorbancy  index  o f  1 2 0 0 0  ( 1 6 ) .
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TABLE 3

POLAROGRAPHIC DETERMINATION OF THE EFFECT OF 
CYSTATHIONASE ON ALPHA-SUBSTITUTED CYSTINES

Amino Acid C o n c e n t ra t io n  
(m M)

i  D 
Ou amp.) 

Complete System Blank®

1 . 0 6 . 0 2 6 .13

0 ( -n -P ro p y l-D L -C y s t in e 0.75 4 .66 4.75

0 .50 3 .21 3.25

-M ethyl-D L-Cystine 1 . 0 6 .30 6.53

OC -Phenyl-D L -C ystine 1 . 0 5 .7 0 5.89

a The "b lank" c o n ta in e d  amino a c id  in c u b a te d  in th e  absence  of
enzyme - see  METHODS.
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experim en ts  a re  summarized in  TABLE 3. I t  i s  a p p a re n t  t h a t  t h e r e  i s  no 

s i g n i f i c a n t  change in  th e  c o n c e n t r a t i o n  o f  (X -n -p ro p y l -D L -c y s t in e  when 

enzyme i s  p r e s e n t .  S i m i l a r l y ,  samples o f  o < -m e th y l-D L -c y s t in e  o r  th e  

phenyl amino a c i d ,  in c u b a te d  i n  t h e  absence  and p re s e n c e  o f  enzyme, 

produced  d i f f u s i o n  c u r r e n t s  w ith  on ly  sm a ll  d i f f e r e n c e s  i n  m agn itude .

P re l im in a ry  experim en ts  were perfo rm ed  to  f i n d  an in c u b a t io n  system  

w ith  no i n t e r f e r i n g  p o la ro g ra p h ic  waves. T r i c h lo r o a c e t i c  a c id  produced  

a l a rg e  wave in  th e  neighborhood o f  th e  c y s t i n e  r e d u c t io n  wave. T here

f o r e  h y d ro c h lo r ic  a c id  was used  to  s to p  th e  enzym atic r e a c t i o n .  The 

e f f e c t  o f  th e  enzyme on th e  c o n c e n t r a t i o n  o f  L - c y s t i n e  c o u ld  no t  be 

de te rm ined  w ith  th e  p o la ro g ra p h ,  s in c e  p y ru v a te ,  a r e a c t i o n  p r o d u c t ,  p r o 

duced an i n t e r f e r i n g  wave. When p y ru v a te  i t s e l f  was s tu d ie d  w ith  th e  

p o la ro g ra p h ,  a s i m i l a r  wave was o b se rv ed .  This  i n t e r f e r e n c e  was no t ob

s e rv e d ,  when th e  s u b s t i t u t e d  c y s t i n e s  were in c u b a te d  w ith  enzyme and 

reduced  p o l a r o g r a p h i c a l l y .

I n h i b i t i o n  o f  Homoserine Deaminase

The e f f e c t s  o f  L - c y s t in e  and a l p h a - s u b s t i t u t e d  c y s t i n e s  as  w e l l  as 

c y s t a t h io n i n e  on th e  d eam ina tion  o f  hom oserine by th e  enzyme s tu d ie d  a re  

summarized in  TABLE 4 and 5 and FIGURES 8 , 9 ,  10.

Form ation  o f  o< - k e to b u t y r i c  a c id  from hom oserine was s tu d ie d  as a 

f u n c t io n  o f  t im e .  With 5 x 10"^ M amino a c id  th e  re sp o n se  was l i n e a r  

f o r  a t  l e a s t  60 m in u te s .  Lower c o n c e n t r a t i o n s  o f  hom oserine were no t 

u se d .  However, i n  FIG. 9 ,  a p l o t  o f  I /v ^  v s .  1 /s  w i th  hom oserine as  sub

s t r a t e  i s  l i n e a r  f o r  a l l  c o n c e n t r a t i o n s  o f  th e  amino a c id  u sed .  

v a lu e s  were th e  same, w he ther  an in c u b a t io n  p e r io d  o f  30 m inu tes  o r  60 

m inu tes  was u sed .

FIG. 8  shows th e  e f f e c t  o f  d i f f e r e n t  c o n c e n t r a t i o n s  o f  L - c y s t in e
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FIG, 8

INHIBITION OF HOMOSERINE DEAMINASE 

Legend

The r a t e s  of p ro d u c t io n  o f  a lp h a -k e to  a c id  w ere d e te rm ined  by 

assay  1 (b ) .  A l l  c o n c e n t r a t i o n s  used  a r e  p r e s e n te d  under  Methods excep t 

f o r  th e  c o n c e n t r a t i o n s  o f  L - c y s t i n e  which were as fo l lo w s :  4 .5  mM,

3 mM, 2 mM, 1 .5 mM, and I  mM.

The r a t e s  (v) a r e  e x p re s sed  as p .  moles o f  (X. - k e to  a c id  produced  

p e r  60 m inu tes  in c u b a t io n .  The i n h i b i t i n g  s u l f u r  amino a c id  c o n c e n t r a 

t i o n s  I ,  a r e  e x p re s sed  as p  moles p e r  m l. (mM).

The c y s t i n e s  used  a re :

(o) (X -m e th y l-D L -c y s t in e ,

(o) cX - e th y l - D L - c y s t in e ,

( a )  O t- b u ty l - D L - c y s t in e ,

( • )  o ( -p h e n y l -D L -c y s t in e ,

(■) L - c y s t i n e .

The i n h i b i t i o n  by o C -n -p ro p y l-  and p C -iso p ro p y l-D L -c y s t in e  was 

a l s o  s t u d i e d ,  b u t  i s  no t r e p r e s e n te d  h e r e ,  becau se  th e  e f f e c t  o f  th e s e  

two amino a c id s  was v e ry  much l i k e  t h a t  o f  th e  e t h y l  o r  b u t y l  compound.

S in ce  experim en ts  were perfo rm ed  on d i f f e r e n t  days and w i th  d i f f e r 

ences i n  th e  a c t i v i t y  o f  th e  enzyme samples u s e d ,  v a lu e s  o f  v i n  th e  

f i g u r e  a r e  n o rm alized .
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F IG . 9

COMPETITIVE INHIBITION OF HOMOSERINE DEAMINASE

Legend

Assay 1 ( c ) ,  was u sed  i n  th e  i n h i b i t i o n  s tu d ie s  w ith  r e s u l t s  i n  

t h i s  f i g u r e .  The r a t e s  (vq) a r e  e x p re s s e d  as yu moles o f  k e to  a c id  p ro 

duced p e r  60 m inu tes  o f  r e a c t i o n .  C o n c e n t ra t io n s  o f  DL-homoserine (s)  

a r e  ex p re s se d  as m o l e s / l i t e r  (M). Because th e  experim en ts  were p e r 

formed on d i f f e r e n t  d ay s ,  a f a c t  which e f f e c t e d  enzyme a c t i v i t y  t o  a 

sm a l l  d e t r e e ,  th e  v a lu e s  o f  Vq were n o rm a l iz e d .

The f o l l o w i n g  c y s t i n e s  w ere  u sed ;  (a ) L - c y s t i n e ,  (o )  o ( - p h e n y l - ,  

(o )  o C - e t h y l - ,  o C - m e t h y l - ,  o C - n - p r o p y l - , o t . - i s o p r o p y l - , and C < - n - b u t y l  

- D L - c y s t i n e .

The f i g u r e  r e p r e s e n t s  a summary o f  d a ta  o b ta in e d  i n  s e p a r a t e  ex

p e r im en ts  i n  which r a t e s  o f  p ro d u c t io n  o f  k e to  a c id  were m easured in  

th e  p re se n c e  o f  DL-homoserine a lo n e  ( • )  and DL-homoserine p lu s  s u l f u r  

amino a c id  ( 4 ,o,o ) .  The d a ta  from each experim ent was u sed  to  d e t e r 

mine th e  Kin and v a lu e s  summarized in  TABLE 5. The method o f  d e t e r 

m ining  Kjjj, t h e  M ic h a e l is  c o n s t a n t ,  i s  d e s c r ib e d  i n  th e  Legend to  TABLE 

5. K i , t h e  i n h i b i t o r  c o n s ta n t  ( s e e  Legend to  TABLE 5 ) ,  was de te rm ined  

u s in g  th e  f a c t  t h a t ,  f o r  c o m p e t i t iv e  i n h i b i t i o n ,  th e  s lo p e  o f  t h e  l i n e  

o b ta in e d  by a 1 /vq v s .  1 / s  p l o t  i n  t h e  p re s e n c e  o f  s u b s t r a t e  and i n h i 

b i t o r  equa ls  1  + — ( 1 1 2 )I  Ki I  V m a x
where i  = m olar  c o n c e n t r a t i o n  o f  i n h i b i t o r ,  = maximum v e l o c i t y  a t

i n f i n i t e  c o n c e n t r a t i o n  o f  s u b s t r a t e .  V^ax was o b ta in e d  by e x t r a p o l a t i o n  

o f  th e  1/ vq v s . 1 /s  p l o t s  (Lineweavei - Burk (1 1 3 )) .
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F IG . 10

DEAMINATION OF HOMOSERINE IN THE PRESENCE OF CYSTATHIONINE

Legend

Assay c o n d i t io n s  were th e  same as th o s e  used  f o r  t h e  s tu d i e s  o f  

th e  i n h i b i t i o n  o f  hom oserine deam inase by v a r io u s  c y s t i n e s  (No. 1 ( c ) ) .

V  i s  e x p re s se d  as ^  moles o f  k e to  a c id  p roduced  p e r  30 m inu tes  o f  

in c u b a t io n .  C o n c e n t ra t io n s  o f  DL-homoserine a re  i n  m i l l i m o l e s / l i t e r  

(mM). The r a t e  o f  k e to  a c id  fo rm a t io n  in  th e  absence  ( • )  and p re se n c e  

(o) o f  c y s t a t h io n i n e  i s  r e c o rd e d  in  th e  g raph .
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LEGEND TO TABLE 4

For experim en ts  a , b , c ,  a s sa y  No. 1(b) was u sed .  Keto a c id  p ro 

duced in  experim en ts  1 ,2 ,3  was d e te rm ined  by a s sa y  No. 1 ( c ) .  The v a lu e  

o b ta in e d  f o r  p e rc e n t  i n h i b i t i o n  i s  on ly  an a p p ro x im a tio n ,  s in c e  p y ru v ic  

a c id  p roduced was n o t  s u b t r a c t e d  from th e  t o t a l  k e to  a c id  de te rm in ed .
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TABLE 4

INHIBITION OF HOMOSERINE DEAMINASE BY 
L-CYSTINE AND -METHYL-DL-CYSTINE

E x p t .
No.

Amino Acids 
In cu b a ted

C o n c e n t ra t io n  
of Amino A cids 

(m M) 
Homoserine C y s t in e

yu m o les /60  min. 
of pt -Keto 

Acid*

I n h i b i t i o n
(%)

Homo s e r in e 2 0.090
a Homo s e r in e  +

M ethy1-C ystine** 2 5 0.053 41

Homoserine 2 0.096
b Homo s e r in e  +

M ethy1-C ystine 2 2.5 0.067 30

Homo s e r in e 2 0.073
c Homoserine +

M ethy1-C ystine 2 1 0.055 25

Homoserine 2 0 0 2.70
1 L -C y s tin e 5 0 . 1 2 0

Homo s e r in e  +
L -C y s tin e 2 0 0 5 0.510 81

Homo s e r in e 1 0 0.819
2 L -C y stin e 0 . 0 2 0 . 0 0 0

Homo s e r in e  +
L -C y s tin e 1 0 0 . 0 2 0.726 1 1

Homoserine 1 0 0.660
3 L -C y s tin e 5 0.105

Homoserine +
L -C y s tin e 1 0 5 0.045 93

*  When DL-homoserine and L - c y s t i n e  a r e  in c u b a te d  t o g e t h e r ,  
o C -k e to b u ty r ic  a c id  and p y ru v ic  a c id  a r e  p roduced .

** M ethyl C y s t in e  = oC-M ethyl-DL-Cystine.
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LEGEND TO TABLE 5

The M ic h a e l is  c o n s ta n t s  and i n h i b i t o r  c o n s ta n t s  summarized in  

th e  t a b l e  were o b ta in e d  from Linew eaver-Burk (113) p l o t s ( 1 / vq v s .

1 / ( s u b s t r a t e ) ) ,  where

Vq = th e  i n i t i a l  v e l o c i t y  o f  th e  r e a c t i o n .

Km (moles l i t e r - 1 )  = th e  M ic h a e l is  c o n s t a n t ;  t h i s  i s  t h e  s l o p e / i n t e r 

ce p t  v a lu e  ta k e n  from th e  1 /vq  v s .  1 / ( s u b s t r a t e )  

p l o t s .  I t  i s  eq u a l  to  th e  s u b s t r a t e  c o n c e n t r a t i o n  

which g iv e s  ha lf-m ax im al v e l o c i t y .

Ki (moles l i t e r - 1 ) = i n h i b i t o r  c o n s t a n t , i s  th e  e q u i l ib r iu m  c o n s ta n t  o f

th e  r e a c t i o n  E + I  E l ,  where I  r e p r e s e n t s  an 

i n h i b i t o r .
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TABLE 5

INHIBITOR CONSTANTS FOR THE INHIBITION OF 
HOMOSERINE DEAMINASE BY CYSTINES

Amino Acid Ki
(M)

Ki average  
(M)

Km*
(M)

Ki/Km

L -C y s t in e 1 .6x10-3 1 .6x10-3 4 .5x10 -2 0 .04

0(-Pheny 1-DL-Cyst in e 1 . 0 x 1 0 - 2 1 . 0 x 1 0 - 2 5 .5x10-2 0 . 2

C<rn-Propyl-DL-Cystine 2 . 1 x 1 0 - 2 2 . 1x 1 0 - 2 5 .5x10-2 0 .4

Ob-Methyl-DL-Cystine 2 .9x10-2
3 .1x10-2 3 .0x10 -2 5 .6x10-2

5 .4x10-2
0.5
0 . 6

O trE thy l-D L -C ystine 2 .5x10-2
3 .3x10-2

2 .9x10-2 5 .5x10-2
5 .6x10-2

0 .5
0 . 6

CX-n-Buty1-DL-Cyst in e 2 .4x10-2
3 .1x10-2

2 . 8 x 1 0 - 2
5 .5x10-2
6 . 0 x 1 0 - 2

0 .4
0.5

O tIs o p ro p y l-D L -C y s t in e 3 .2x10-2
3 .4x10 -2 3 .3x10-2

5 .5x10-2
5 .4x10-2

0 . 6
0 . 6

* The ave rage  of th e  Km v a lu e s  p r e s e n te d  in  th e  t a b l e  i s
5 .4  X 10-2 M.
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and s u b s t i t u t e d  c y s t i n e s  on th e  deam ina t ion  o f  DL-homoserine by homo

s e r i n e  deam inase. For each amino a c id  t e s t e d ,  th e  r a t e  o f  r e a c t i o n  o f  

th e  s u b s t r a t e ,  hom oserine ,  d e c re a se s  as th e  s u l f u r  amino a c id  c o n c e n t r a 

t i o n  i n c r e a s e s .  Note t h a t  th e  r e a c t i o n  i s  i n h i b i t e d  most by L - c y s t i n e ,  

which i s  i t s e l f  a s u b s t r a t e ;  CK -p h e n y l-D L -c y s t in e  has th e  l a r g e s t  i n h i 

b i t o r y  e f f e c t  among th e  s u b s t i t u t e d  c y s t i n e s .  With th e  o t h e r  s u l f u r  

amino a c id  i n h i b i t i o n  in c r e a s e s  a l i t t l e  from - m e th y l - ,  to  - e t h y l - ,  

to  c K -n -b u ty l-D L -c y s t in e .  The c y s t i n e s  no t shown on th e  graph a r e  about 

as  e f f e c t i v e  as th e  b u t y l  compound. This  graph does no t show c o n c lu s iv e 

ly  t h a t  th e  sm a ll  d i f f e r e n c e s  between 0 (  - m e t h y l - , 0< - e t h y l - ,  p ( - n - p r o p y l - , 

0 ( - n - b u t y l -  , and o( - i s o p ro p y l -D L -c y s t in e  a r e  s i g n i f i c a n t  and no t  caused  

by e x p e r im e n ta l  e r r o r .  F u r th e r  e x p e r im e n ta l  ev idence  i s  needed ,  b e fo re  

one can  a s s ig n  th e  fo l lo w in g  o r d e r  o f  i n h i b i t i o n :  L - c y s t in e  >PC-phenyl-

> 0 ( - n - p r o p y l - = p ( - i s o p r o p y l - = o ( - n - b u ty l -  > O C -e thy l-  >(X -m e th y l-D L -c y s t in e .

TABLE 4 p r e s e n t s  th e  r e s u l t s  o f  experim en ts  perfo rm ed  to  o b ta in  

some id e a  o f  th e  degree  o f  i n h i b i t i o n  o f  hom oserine deam inase b y û ( -m ethy l 

-D L -cy s tin e  and L - c y s t i n e .  In  th e  l a t t e r  c a se  c o n c e n t r a t i o n s  o f  DL-homo- 

s e r i n e  above (200 mM) and below (10 mM) th e  s a t u r a t i o n  p o in t  o f  th e  

enzyme (100 mM, = 5 .4  x 10"2, were used  (see  TABLE 5 ) .  S i m i l a r l y ,  

L - c y s t in e  was used  above (5 mM) and below (0 .02  mM) th e  c o n c e n t r a t i o n  

which cau ses  maximum v e l o c i t y  o f  th e  r e a c t i o n  (K^ = 9 .3  x lO” ^ m ( 5 0 ) ) .

As e x p e c te d ,  th e  p e rc e n t  i n h i b i t i o n  by 0 ( -m e th y l-D L -c y s t in e  i n 

c r e a s e s  as th e  r a t i o  o f  i n h i b i t o r  to  s u b s t r a t e  i n c r e a s e s .

L - c y s t in e  i s  a very  e f f e c t i v e  i n h i b i t o r  o f  th e  enzyme. When bo th  

s u b s t r a t e s  a r e  a t  a c o n c e n t r a t i o n  above th e  s a t u r a t i o n  p o in t  o f  homo

s e r i n e  deam inase , th e  deam ina tion  o f  hom oserine i s  i n h i b i t e d  by a t  l e a s t  

81%. With th e  c o n c e n t r a t i o n  o f  hom oserine a t  1/5 and t h a t  o f  L -c y s t in e
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a t  1/5 Km th e  i n h i b i t i o n  i s  11%. When an excess  o f  amino a c id  i s  u s e d ,  

th e  r e a c t i o n  i s  a r r e s t e d  n e a r ly  c o m p le te ly .

The c o m p e t i t iv e  n a t u r e  o f  th e  i n h i b i t i o n  by th e  c y s t i n e s  becomes 

ap p a re n t  from an exam ina tion  o f  FIG. 9 . The p l o t s  o f  1/vq v s .  1 /s  have 

d i f f e r e n t  s lo p e s ,  b u t  converge on th e  same p o in t  o f  th e  1/vq a x i s .  The 

i n h i b i t i o n  by L - c y s t in e  i s  c o n s id e r a b ly  l a r g e r  th a n  t h a t  by 0 ( -p h en y l 

-D L -c y s t in e ,  th e  b e s t  i n h i b i t o r  among th e  s u b s t i t u t e d  c y s t i n e s .  I n h i 

b i t i o n  by th e  o th e r  s u l f u r  amino a c id s  i s  r e l a t i v e l y  sm a ll  and about 

th e  same f o r  each s u b s t i t u e n t .

The i n h i b i t o r  c o n s ta n t s  o b ta in e d  from p l o t s  o f  t h e  ty p e  shown in  

FIG. 9 a r e  p r e s e n te d  in  TABLE 5. These f i g u r e s  pe rm it  a b e t t e r  e v a lu 

a t i o n  o f  i n h i b i t i o n  th a n  FIG. 8 . The i n h i b i t o r  c o n s ta n t  f o r  L - c y s t i n e  

i s  about s i x  t im es  l a r g e r  th a n  t h a t  f o r  o i  - p h e n y l-D L -c y s t in e .  I n h i b i t i o n  

by th e  m e th y l ,  e t h y l ,  and b u t y l  amino a c id s  seems about th e  same, a l 

though i t  i s  tem p tin g  to  a s s ig n  an o r d e r  o f  b u t y l  >  e t h y l  > m e th y l.

I n h i b i t i o n  by - i s o p ro p y l -D L -c y s t in e  i s  th e  lo w e s t .  The fo l lo w in g  

in c r e a s in g  o rd e r  o f  i n h i b i t i o n  c o u ld  be t e n t a t i v e l y  a s s ig n e d ;  L - c y s t in e  

> cK -phenyl- >(?< -n -p r o p y l -  = 0 ( - n - b u t y l - =  0( - e t h y l - = 0( -m e th y l -  }  0( - i s o p r o p y l  

-D L -c y s t in e .

The e f f e c t  o f  a s a t u r a t i n g  q u a n t i t y  o f  c y s t a t h i o n i n e  (7 .5  x 10” 3 M,

Km = 3.7 X 1 0 ~ 3  (22)) on th e  d eam ina tion  o f  DL-homoserine i s  shown in

FIG. 10. The c o n c e n t r a t io n s  o f  th e  l a t t e r  v a r i e d  from 2 .5  x 10"3 m 

(1 /20  Kjjj) to  20 X 10-3 M (1 /3  Km). (Keto a c id  i s  p roduced  from b o th  sub

s t r a t e s . )  When c y s t a t h io n i n e  i s  p r e s e n t ,  p y ru v ic  a c id  (from c y s te in e )  

may be  formed in  a d d i t i o n  to (X  - k e to b u t y r i c  a c id .  T h e re fo re ,  th e  graph 

a l low s on ly  a q u a l i t a t i v e , i n t e r p r e t a t i o n .  S in ce  th e  K^ f o r  L - c y s te in e  

i s  5 .2  X  10"^ M (22) and c y s t e i n e  i s  produced  from c y s t a t h i o n i n e ,  l i t t l e
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p y ru v a te  shou ld  be p roduced  compared to  cK - k e to b u r y r a t e .  At low con

c e n t r a t i o n s  th e  amount o f  k e to  a c id  p roduced  in  th e  p re se n c e  o f  th e  

s u l f u r  amino a c id  i s  c o n s id e r a b ly  l a r g e r  th a n  i n  i t s  ab sen ce .  When th e  

hom oserine c o n c e n t r a t i o n  i s  about 1 0  x 1 0 ” 3  m, a d d i t i o n  o f  c y s t a t h io n i n e  

has l i t t l e  e f f e c t .  At a hom oserine c o n c e n t r a t i o n  o f  20 x 10-3 M, th e  

amount o f  k e to  a c id  p roduced  seems to  be  lowered by th e  a d d i t i o n  o f  th e  

o th e r  s u b s t r a t e .

S tudy o f  a Model System

B ehav io r o f  C y s t in e s

A ccording to  FIG. I I ,  c y s t i n e  r e a c t s  in  a model system  c o n s i s t i n g  

o f  p y r id o x a l  phospha te  and c u p r ic  i o n s .  S u l fh y d ry l  groups a r e  formed 

a t  d i f f e r e n t  r a t e s ,  depending on th e  tim e a f t e r  a d d i t i o n  o f  p y r id o x a l  

p h o sp h a te .  One sh o u ld  n o te  th e  b ip h a s i c  n a tu r e  o f  th e  c u rv e .

I t  i s  i n t e r e s t i n g  t h a t  t h e r e  i s  such a pronounced in c r e a s e  in  th e  

absorbancy  a t  412 inp a f t e r  about 25 m in u te s .

To check w hether ArSSAr i t s e l f  was a f f e c t e d  by th e  r e a c t i o n  mix

t u r e ,  i t  was in c u b a te d  i n  th e  absence  o f  c y s t i n e .  No s i g n i f i c a n t  i n 

c r e a s e  i n  o p t i c a l  d e n s i t y  was o b se rv ed .

In  th e  absence o f  c u p r ic  io n s  a change in  absorbancy  o f  0 .034  u n i t s / m in ,  

/ I . 5 m l. took  p la c e  f o r  th e  4 m inu tes  o f  o b s e r v a t io n .  When c u p r ic  

c h l o r i d e  was added, th e  r a t e  in c r e a s e d  to  0 .061  u n i t s / m i n . / I . 5 ml.

Copper io n s  a f f e c t e d  th e  r a t e s  o f  p ro d u c t io n  o f  ArSH from L -c y s t in e  

a t  d i f f e r e n t  t im es  s i g n i f i c a n t l y .  I n  th e  absence  o f  added m e ta l  t h i s  

r a t e  rem ained s te a d y  a t  3 .5  x 1 0 " 3 ^  m o le s /m in . /m l . f o r  about t h r e e  

m in u te s ;  th e n  th e r e  o c c u r re d  a s te a d y  in c r e a s e  f o r  about 15 m in u te s ,  un

t i l  a p la te a u  was reached  a t  6  x 1 0 “ 3 ^  m o le s /m in . /m l .  During 15 m inu tes
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FIG. 11

CLEAVAGE OF L-CYSTINE IN AN ENZYME MODEL SYSTEM

Legend

The ab so rb an cy ,  A, a t  412 r a y ,  which i s  due to  t h e  fo rm a t io n  o f  

ArSH, was de te rm ined  i n  a manner d e s c r ib e d  i n  th e  s e c t i o n  on m ethods.

"Time" i s  th e  p e r io d  i n  m in u te s ,  e la p se d  a f t e r  t h e  zero  tim e 

r e a d in g .  The l a t t e r  was ta k e n  0 .5  m inu tes  a f t e r  a d d i t i o n  o f  PLP. 

P y r id o x a l  p hospha te  was added a f t e r  10 m inu tes  o f  p r e in c u b a t io n  a t  37°.

A  A(412 up) i s  th e  d i f f e r e n c e  in  t h e  absorbancy  a t  412 mp between 

a re a d in g  a t  t im e t  and th e  i n i t i a l  abso rbancy  a t  " z e ro  t im e " .  The 

a b s o r p t io n  by PLP o r  th e  o th e r  components d id  no t change w ith  t im e .

The system  c o n ta in e d  6 .7  x 10-5 m c u p r ic  c h l o r i d e .
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LEGEND TO TABLE 6

P rocedu res  used  to  de te rm ine  th e  amounts o f  p y ru v a te  o r  ArSH 

produced a f t e r  in c u b a t io n  o f  c y s t i n e s  w i th  p y r id o x a l  p h o sp h a te  a r e  

d e s c r ib e d  under  th e  s e c t i o n  on m ethods. The way in  which m ercap tan  

fo rm a t io n  was fo llo w ed  i s  a l s o  p r e s e n te d  t h e r e .

In  t h e  k i n e t i c  a s sa y  th e  r a t e s  were c o r r e c t e d  f o r  spontaneous 

p ro d u c t io n  o f  m ercap tan  o r  abso rbancy  due to  PLP. These were n e g l i 

g ib l e  i n  most c a s e s .  The r e s u l t s  o b ta in e d  i n  th e  in c u b a t io n  e x p e r i 

ments were c o r r e c t e d  a l s o  f o r  spon taneous r e a c t i o n  and abso rbancy  due 

to  p y r id o x a l  p h o sp h a te .

For  th e  c a l c u l a t i o n  o f  th e  amounts o f  ArSH produced  a m olar  ab

so rbancy  index  of 12000 a t  412 mp was u sed  (1 6 ) .
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th e  r a t e  remained s te a d y .  F i n a l l y  a s te a d y  d e c re a se  was ob se rv ed  f o r  th e  

n ex t  15 m inu tes  t i l l  a r a t e  o f  3 x 10"^ yu m o le s /m in . /m l .  was reached  a t  

th e  end o f  th e  e x p e r im e n t .

In  th e  p re se n c e  o f  c u p r ic  c h l o r i d e  a s te a d y  r a t e  o f  7 .5  x 1 0 “ 3 ^  

m o le s /m in . /m l .  o c c u r re d  f o r  th e  f i r s t  2  m in u te s ,  fo l lo w ed  by a r a p id  de

c r e a s e  to  n e a r ly  z e ro ,  reached  a f t e r  about t e n  m in u te s .  Then a r a p id  

i n c r e a s e  i n  th e  r a t e  took  p la c e  u n t i l  9 x 10“ 3 ^  moles o f  ArSH were p r o 

duced p e r  m in . /m l .  F i n a l l y  a f a s t  d e c re a se  in  s u l f h y d r y l  p ro d u c t io n  to  

about 2 X 1 0 " ^ yi m o le s /m in . /m l . ,  reach ed  a f t e r  45 m in u te s ,  was o b se rv ed .

The b e h a v io r  o f  th e  s u b s t i t u t e d  c y s t i n e s  i n  th e  model system  i s  

compared w ith  t h a t  o f  L - c y s t i n e  i n  TABLE 6 . L - c y s t i n e  i s  th e  o n ly  amino 

a c id  from which s i g n i f i c a n t  amounts o f  s u l f h y d r y l  groups o r  p y ru v a te  a re  

p roduced . The b e h a v io r  o f  a l l  c y s t i n e s  i s  s i m i l a r  in  th e  enzym atic 

system  - se e  TABLE 2.

A b so rp t io n  S p e c t ra  o f  S c h i f f  Bases

The maxima in  th e  s p e c t r a  between 300 mp and 500 mp o f  p y r id o x a l  

p hospha te  and p y r id o x a l  phospha te  p lu s  L - c y s t in e  o r  D i -m e th y l-D L -cy s t in e  

a r e  reco rd ed  in  TABLE 7 ( a ) .  With PLP a sm a ll  a b s o r p t io n  peak i s  obse rved  

a t  328 nip and a much more pronounced one a t  388 mp. In  t h e  p re se n c e  o f

L - c y s t in e  t h e  p o s i t i o n  o f  th e  peak s h i f t s  to  412 mp and th e  absorbancy

d e c re a s e s .  When -m e th y l-D L -c y s t in e  i s  u s e d ,  t h e  change to  a lo n g e r  

w aveleng th  i s  no t as pronounced; and th e  d e c re a se  i n  absorbancy  i s  l e s s .  

S im i la r  r e s u l t s  were o b ta in e d  w ith  t h e  o th e r  s u b s t i t u t e d  c y s t i n e s  as w e l l  

as DL- o r  D -c y s t in e .  These r e s u l t s  a r e  summarized in  TABLE 7 ( a ) .  The

absorbancy  peak o ccu rs  a t  about t h e  same w aveleng th  f o r  a l l  s u b s t i t u t e d

amino a c i d s .  The absorbancy  i s  p r a c t i c a l l y  th e  same f o r  a l l  c y s t i n e s ,  

excep t f o r  P ( -p h e n y l-D L -c y s t in e .  With L - c y s t in e  t h e  o p t i c a l  d e n s i t y  i s
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LEGEND TO TABLE 7 ( a )

D e ta i l s  o f  th e  p ro ced u re s  used  to  o b t a in  th e  s p e c t r a  a r e  p r e 

s e n te d  under  m ethods. S p e c t ra  were c o r r e c t e d  f o r  a b s o rp t io n  due to  

t h e  amino a c id s  them se lves  o r  t h e  o th e r  components o f  t h e  s o l u t i o n .  

PLP was always added l a s t  and s p e c t r a  were t r a c e d  r a p i d l y ,  as  q u ic k ly  

as p o s s i b l e  a f t e r  a d d i t i o n  o f  PLP. Copper io n s  were n o t  added to  

th e s e  sy stem s.
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TABLE 7 ( a )

SCHIFF BASE FORMATION WITH CYSTINES AND PYRIDOXAL 
PHOSPHATE. POSITION AND MAGNITUDE OF 

THE MAXIMUM NEAR 400 mu.*

System
( ly )

O p t ic a l
D en s ity

PLP i n  0 .5  N HCl 
n e u t r a l i z e d  w ith  0 .5  N NaOH 388 0 .71

PLP in  2 N HCl n e u t r a l i z e d  
w ith  2 N NaOH 388 0.65

D -, DL-, or L - c y s t in e  + PLP 412 0 .61

o(-M ethyl-D L-C ystine  + PLP 396 0.63

oC-Ethyl-D L-C ystine + PLP 393 0 .64

cK -n-Propyl-D L-Cystine + PLP 396 0.63

oC -Isopropyl-D L -C ystine  + PLP 393 0 .64

OC-n-Butyl-DL-Cystine + PLP 396 0.63

^ -P h e n y l -D L -C y s t in e  + PLP 396 0.55

*  A sm a l le r  peak a t  328 mu was a l s o  o bserved  f o r  a l l  c y s t i n e s  
ex c e p t  o< -p h e n y l-D L -c y s t in e .  The h e ig h t  of t h i s  maximum was 0 .4 4  
f o r  PLP and v a r i e d  from 0 .4 5 -0 .5 0  u n i t s  of o p t i c a l  d e n s i t y  in  th e  
p re s e n c e  of c y s t i n e s  and co-enzyme. The c y s t i n e s  them se lves  showed 
maximum a b s o r p t io n  n e a r  300 mu, b u t  abso rbed  v e ry  l i t t l e  n ea r  400 mu.
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F IG . 12

ABSORPTION SPECTRA OF SCHIFF BASES 

Legend

The s p e c t r a  were o b ta in e d  as d e s c r ib e d  i n  th e  s e c t i o n  on m ethods.

When th e  s p e c t r a  o f  th e  b u f f e r  and th e  s o l u t i o n  o f  L - c y s t in e  were 

d e te rm in e d ,  th e  in s t ru m e n t  was b la n k ed  w ith  w a te r  and b u f f e r ,  r e s p e c 

t i v e l y .  S o lu t io n s  o f  PLP and PLP p lu s  amino a c id  were re a d  a g a in s t

b u f f e r .  Thus, in  th e  l a t t e r  c a s e  a b s o rp t io n  due to  th e  amino a c id  i s  

no t  com pensated f o r .  (However, t h i s  i s  v e ry  sm all  n e a r  400 n y ) . The 

f i g u r e  shows th e  a b s o rp t io n  s p e c t r a  i n  th e  range  o f  300 mp -  500 mp o f ;

( • )  L - c y s t i n e ,

(o) p y r id o x a l  p h o sp h a te ,

(o) p y r id o x a l  p hospha te  p lu s  L - c y s t i n e ,

( a )  p y r id o x a l  p hospha te  p lu s  (X -m e th y l -D L -c y s t in e .
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LEGEND TO TABLE 7 ( b )

Absorbancy o f  t h e  com ple te  system  was no t  c o r r e c t e d  f o r  a b so rp 

t i o n  by th e  amino a c i d s .  The maximum a b s o rp t io n  o f  t h e  l a t t e r  was

n e a r  300 mp and was v e ry  sm a ll  n e a r  400 mp.

Time was measured a f t e r  th e  a d d i t i o n  o f  PLP. At 300 mp no maxi

mum was o b se rv e d ,  b u t  changes i n  o p t i c a l  d e n s i t i e s  o c c u r re d  w ith  tim e 

when L - c y s t i n e  was a r e a c t a n t .

When th e  l a t t e r  amino a c id  was u s e d ,  a maximum formed a t  310 mp 

a f t e r  th e  a d d i t i o n  o f  PLP.

I n  th e  p re s e n c e  o f  2 .5  x 10"^ M L - c y s t i n e ,  b u t  w ith  no copper

io n s  added , a maximum was ob se rv ed  n e a r  400 mp. I t  changed from

402 mp to  405 mp w i th in  a t im e  p e r io d  o f  20 m in u te s .  However, no s i g 

n i f i c a n t  changes o c c u r re d  a t  300 mp o r  310 mp w i th in  t h i s  t im e .
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TABLE 7 (b)

SCHIFF BASE FORMATION WITH CYSTINES AND 
PYRIDOXAL PHOSPHATE.

EFFECT OF TIME AND COPPER IONS.

System Time
(m in .)

O.D . 3 0 0 O.D . 3 1 0 Absorbancy 
n e a r  400 mp 

(nju) O.D.

PLP + Cu++ 0.5 0 .46 388 0.41
2 0 0.46 388 0 .41

L - c y s t i n e  + Cu"*^ 0 .5 0 .06
15 0.06

0 .5 0 .51 0.48 392 0.38
5 0.57 0.55 392 0.37

L - c y s t in e  + PLP + Cu"*̂ ' 1 0 0.65 0 . 6 6 392 0.39
2 0 0 .83 0 .93 400 0.52
40 0.83 0 .93 400 0.52

o4-M ethyl-D L-Cystine + Cu’*"*’ 0 .5 0 . 1 2
2 0 0 . 1 2

0(-Methy 1-DL-Cyst ine+PLP+Cu"*^ 0 .5 0 .52 391 0 .40
2 0 0.55 393 0 .40

o(-Isopropyl-DL-Cystine+PLP-l-Cu++ 0 .5 0 .54 391 0 .46
2 0 0 .54 399 0.39

OC ~n-Buty 1-DL-Cyst ine+PLP+Cu"'^ 0 .5 0.57 390 0.37
2 0 0.57 396 0.39

0 ^ - Pheny 1-DL-Cyst ine+Cu"*^ 0.5 0.33
2 0 0.33

o( - Ph an y 1 -  DL - C y s t  in  e+P LP+Cu'Ff' 0 .5 0.67 392 0 .40
2 0 0.67 397 0.37
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low ered a l i t t l e .  When PLP i n  2 N HCl, n e u t r a l i z e d  by 2 N NaOH, i s  u s e d ,  

th e  peak h e ig h t  i s  lower th a n  i n  0 .5  N HCl, n e u t r a l i z e d  by 0 .5  N NaOH.

T his  might e x p la in  t h e  low ered absorbancy  f o r  (X -p h e n y l-D L -c y s t in e .

The absorbancy caused  by PLP o r  c y s t i n e s  i n  th e  p re s e n c e  o f  c u p r ic  

io n s  does no t change w ith  t im e .  N e i th e r  do th e  p o s i t i o n s  o f  t h e  a b s o rp 

t i o n  p eak s .  This  i s  shown in  TABLE 7 ( b ) .  When a l p h a - s u b s t i t u t e d  amino 

a c id s  a r e  added to  PLP and Cu++, t h e  a b s o rp t io n  maxima s h i f t  to  a s l i g h t l y  

h ig h e r  w aveleng th  i n  a 20 m inu te  t im e p e r io d .  The b e h a v io r  o f  th e  system  

c o n ta in in g  L - c y s t i n e  i s  q u i t e  d i f f e r e n t .  The absorbancy  a t  300 mp i n 

c r e a s e s  m arked ly , p a r t i c u l a r l y  between 10 and 20 m in u te s .  At 310 rap an 

a b s o rp t io n  peak b u i l d s  up . The changes h e re  a r e  a l s o  most pronounced in  

t h e  10 m inu te  to  20 m inu te  i n t e r v a l .  The p o s i t i o n  o f  th e  maximum n e a r  

400 mp s h i f t s  from 392 mp to  400 mp d u r in g  t h i s  same tim e p e r io d ;  and th e  

absorbancy  in c r e a s e s  s i g n i f i c a n t l y .

R a tes  o f  Form ation  o f  S c h i f f  Bases

A f te r  th e  s p e c t r a l  s tu d ie s  had g iven  an i n d i c a t i o n  o f  th e  w aveleng ths  

o f  maximum abso rbancy ,  th e  r a t e s  o f  th e  r e a c t io n s  o f  PLP w ith  c y s t i n e s  

were fo llo w ed  s p e c t r o p h o t o m e t r i c a l l y . The changes i n  absorbancy  w ith  

t im e  obse rved  in  th e s e  experim en ts  a r e  shown in  FIG. 13. The change in  

absorbancy  i s  p a r t i c u l a r l y  f a s t  w ith  L- o r  D L -cys tine  and o<-pheny1-DL 

- c y s t i n e .  With IX - i s o p ro p y l -D L -c y s t in e  i t  i s  r e l a t i v e l y  slow . With most 

amino a c id s  a s te a d y  p l a t e a u  i n  absorbancy  i s  r e a c h e d ,  excep t f o r  DL- and 

L - c y s t i n e  and th e  0(  -p h en y l  amino a c i d .  In  th e s e  c a s e s  a d e c re a se  i n  

absorbancy  i s  observed  a f t e r  a few m in u te s .

With cX -m e th y l-D L -cy s t in e  i n  t h e  p re s e n c e  o f  PLP a t  396 mp, a con

s t a n t  absorbancy  o f  0 .924  was o b se rv ed .  There o c c u r re d  no r a p id  changes 

as n o te d  a t  412 mp.
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FIG. 13 

SCHIFF BASE FORMATION 

Legend

The d e t a i l s  o f  t h e  p ro ced u re  used  to  fo llo w  th e  change o f  o p t i 

c a l  d e n s i t y  a t  412 w ith  t im e  a r e  re c o rd e d  under m ethods.

At zero  t im e PLP was added to  t h e  c u v e t t e .  Time i s  m easured in  

m in u te s .

The cu rv es  were u sed  to  o b ta in  pseudo f i r s t  o r d e r  r a t e  c o n s ta n t s  

f o r  th e  fo rm a t io n  o f  S c h i f f  b a se s  as d e s c r ib e d  under  m ethods.

The fo l lo w in g  system s were examined;

(a ) PLP a lo n e ,

( • )  L - c y s t in e  + PLP,

( • )  D L -cy s tin e  + PLP,

(a) o(  -m e th y l-D L -cy s t in e  + PLP,

( b) (X - e th y l - D L - c y s t in e  + PLP,

(«,) o ( -n -p ro p y l -D L -c y s t in e  + PLP,

(o) - i s o p ro p y l -D L -c y s t in e  + PLP,

(») tX -n -b u ty l -D L -c y s t in e  + PLP,

(x) (X .-phenyl-D L-cystine  + PLP.

The c o n c e n t r a t i o n  o f  L - c y s t i n e  was 2 .5  x 10-3 ^  compared w ith  

5 X  10-3 M f o r  a l l  t h e  o th e r  amino a c i d s .
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LEGEND TO TABLE 7 ( c )

The i n i t i a l  absorbancy  was d e te rm ined  about 0 .5  m inu tes  a f t e r  

th e  a d d i t i o n  o f  PLP.

The i n i t i a l  r a t e  was o b ta in e d  from th e  s lo p e  o f  t h e  l i n e  re c o rd e d .  

The c o n c e n t r a t i o n  o f  L - c y s t in e  was 2 .5  x 10"3 i n s t e a d  o f  th e  

u s u a l  5 X 10"^ M.

R ate  c o n s ta n t s  were d e te rm ined  as d e s c r ib e d  under  m ethods.
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TABLE 7 ( c )

SCHIFF BASE PRODUCTION WITH CYSTINES AND 
PYRIDOXAL PHOSPHATE. RATES OF FORMATION

1 0 3

System
Time to  Reach I n i t i a l

Maximum Maximum R ate
Absorbancy A bsorbancy ( A.O.D.4 i 2 M i n . )  k*

a t  412 191 (m in .)  (min"^)

PLP 0.625 0.5

DL-Cyst ine+PLP 0.877 2.5 0 . 2 3.07

L-Cystine+PLP 0.923 4 .5 0 .3 1.89

0 < -Methyl-DL-Cys t  ine+PLP 0.837 9 0 . 1 0.535

o<-Ethyl-DL-Cystine+PLP 0.903 14 0.07 0.300

e(-n-Propyl-D L-Cystine+PLP 0.932 1 2 0.09 0.345

oC-Isopropyl-DL-Cystine+PLP 0.895 37 0.03 0.123

Oi-n- Buty 1-DL-Cystine+PLP 0 . 8 8 8 15 0.07 0.313

oC-Phenyl-DL-Cystine+PLP 0 . 6 8 8 4 0.09 1.74
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This was a l s o  o bserved  w ith  t h e  o th e r  s u b s t i t u t e d  c y s t i n e s .  T here 

f o r e  th e  w aveleng th  o f  412 mp was u sed  to  fo llo w  r a t e s .  TABLE 7(c) shows 

th e  r e s u l t s  o f  th e s e  r a t e  s t u d i e s .  The im p o rtan t  f e a t u r e  o f  t h i s  t a b l e  

i s ,  o f  c o u r s e ,  t h e  l i s t  o f  pseudo f i r s t  o r d e r  r a t e  c o n s t a n t s .  The r a t e  

w ith  D L -cy s tin e  i s  c o n s id e r a b ly  h ig h e r  th a n  t h a t  o f  th e  s u b s t i t u t e d  

c y s t i n e s .  (The c o n c e n t r a t i o n  o f  L - c y s t in e  i s  one h a l f  t h a t  o f  D L -cys tine )  

Among th e  l a t t e r  th e  h ig h  r a t e s  w ith  th e  pheny l and m ethy l compounds as 

w e l l  as  t h e  low r a t e  w i th  c X - iso p ro p y l-D L -c y s t in e  s ta n d  o u t .  The r a t e s  

appea r  to  be in  th e  fo l lo w in g  o r d e r  o f  d e c re a s in g  m agnitude (min” l ) :  

D L -cy s tin e  (L -c y s t in e )  ^  U  - p h e n y l - ^  0< -m ethy l-  j> C <-n-propyl-  y  OC. - n - b u t y l -  

> c < - e t h y l -  i s o p ro p y l -D L -c y s t in e .
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CHAPTER I I I

DISCUSSION

The Enzymatic System

S u b s t r a t e  B ehav ior o£ C y s t in e s

S u b s t i t u t e d  c y s t i n e s ,  i n  which th e  a lpha-hyd rogen  atom i s  r e p la c e d  

by v a r io u s  a l k y l  groups o r  p h e n y l ,  a r e  n o t  c le a v e d  by c y s t a t h io n a s e  to  

y i e l d  p y ru v ic  a c id  o r  s u l f h y d r y l  groups (e q u a t io n  I I I ) .  The im portance  

o f  th e  a lpha-hyd rogen  atom in  d é s u l f u r a t i o n  r e a c t io n s  has  been  p o in te d  

ou t by S n e l l  and coworkers (70) and by B ra u n s te in  (67) ( see  a l s o  INTRO

DUCTION) . The d a ta  i n  TABLE 1 i s  i n  accordance  w ith  th e  mechanism p ro 

posed f o r  th e  c le a v a g e  o f  c y s t i n e  by e i t h e r  a model system  o r  t h e  enzy

m a tic  system  (3 8 ,1 6 ) .  No d e t e c t a b l e  amount o f  ArSH o r  k e to  a c id  i s  

formed when th e r e  i s  no hydrogen atom on th e  a lp h a -c a rb o n .

The a l p h a - s u b s t i t u t e d  c y s t i n e s  do no t  undergo any a p p r e c ia b le  r e 

a c t io n  when in c u b a te d  w ith  t h e  enzyme. The p o la ro g ra p h ic  s tu d i e s  sum

m arized  in  TABLE 3 i n d i c a t e  no s i g n i f i c a n t  change d u r in g  in c u b a t io n  in  

th e  c o n c e n t r a t i o n  o f  th e  s u l f u r  amino a c id s  examined. The sm a ll  d e c re a se  

in  th e  d i f f u s i o n  c u r r e n t  shown in  th e  t a b l e  might be caused  by some 

e f f e c t  by th e  enzyme p r o t e i n  on th e  r e d u c t io n  p r o c e s s .  I n  any c a s e  

these diffusion current differences are insignificant compared to the 

changes observed  when th e  c o n c e n t r a t i o n  o f  o (  - n -p ro p y l -D L -c y s t in e ,  f o r  

i n s t a n c e ,  i s  d ec re ase d  from 1 mM to  0 .75  mM.

A lthough la c k  o f  a hydrogen atom on th e  a lp h a -c a rb o n  makes th e

105
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c y s t i n e s  s tu d ie d  i n e r t  i n  d e s u l f h y d r a t io n  r e a c t i o n s ,  th e s e  amino a c id s  

m ight be r e a c t i v e  i n  o th e r  enzym atic  system s where an a lpha-hyd rogen  

atom i s  n o t  r e q u i r e d ,  f o r  i n s t a n c e ,  d e c a rb o x y la t io n  r e a c t io n s  (6 ) .

I n h i b i t i o n  o f  Homoserine Deaminase

The deam ina tion  o f  hom oserine by th e  enzyme s tu d ie d  i s  i n h i b i t e d  

by L - c y s t i n e  and , to  a s m a l le r  d e g re e ,  by th e  s u b s t i t u t e d  c y s t i n e s .

With every  c y s t i n e  used  c o m p e t i t iv e  i n h i b i t i o n  i s  o b se rv e d ,  t h a t  i s ,  

th e  i n h i b i t o r  combines w ith  th e  coenzyme. Homoserine and th e  s u l f u r  

amino a c id  compete f o r  p y r id o x a l  p h o s p h a te ,  which i s  p r e s e n t  i n  c y s t a 

th io n a s e  i n  th e  form o f  an i n t e r n a l  S c h i f f  b a se  (6 , 14 ) .  The r e v e r s i 

b i l i t y  o f  th e  i n h i b i t i o n  and i t s  dependence on b o th  th e  s u b s t r a t e  and 

th e  i n h i b i t o r  c o n c e n t r a t i o n  i s  shown by th e  r e s u l t s  p r e s e n te d  i n  TABLE 

4 and FIGURES 8  and 9 . L - c y s t in e  i s  a much more p o te n t  i n h i b i t o r  th a n  

Q ^-m ethy l-D L -cys tine ,  see  TABLE 4 . As th e  c o n c e n t r a t i o n  o f  s u l f u r  amino 

a c id  i n c r e a s e s ,  th e  r a t e  o f  p ro d u c t io n  o f  k e to  a c id  from DL-homoserine 

d e c re a se s  i n  a manner shown in  FIG. 8 . These r e s u l t s ,  as  w e l l  as th o s e  

p r e s e n te d  in  FIG. 9 ,  i n d i c a t e  c o m p e t i t iv e  i n h i b i t i o n  o f  th e  deam ina tion  

o f  hom oserine by th e  s u b s t i t u t e d  c y s t i n e s ,  as w e l l  as L - c y s t i n e .

The a f f i n i t y  o f  th e  enzyme f o r  DL-homoserine i s  r e l a t i v e l y  sm all  

as i n d i c a t e d  by th e  l a rg e  M ic h a e l is  c o n s ta n t  o f  5 .4  x 10“ ^ M(TABLE 5 ) .  

Kato (19) r e p o r t s  a K# o f  3 x 10-2 M f o r  L -hom oserine , G reenberg one o f  

2 X  10-2 ^  (1 4 ) .  L - c y s t in e  (Km = 9 .3  x 10“ ^ M (19))  i s  bound much 

t i g h t e r  by c y s t a t h io n a s e .

Among th e  c y s t i n e s  examined th e  n a t u r a l  s u b s t r a t e  o f  th e  enzyme, 

L - c y s t i n e ,  forms th e  most s t a b l e  e n z y m e - in h ib i to r  com plex, when one r e 

gards  DL-homoserine as th e  s u b s t r a t e .  The a f f i n i t y  o f  th e  enzyme f o r
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CX -phenyl-D L-cystine i s  a l s o  r e l a t i v e l y  h ig h .  The amino a c id  w ith  th e  

b ranched  s u b s t i t u e n t ,  - i s o p r o p y l - D L - c y s t in e , i s  removed most e a s i l y  

from th e  enzyme. Reasons f o r  th e s e  v a r i a t i o n s  i n  th e  i n h i b i t o r  con

s t a n t s  w i l l  be examined more c l o s e l y  i n  a g e n e ra l  d i s c u s s io n  a f t e r  a l l  

o f  th e  e x p e r im e n ta l  r e s u l t s  have been  i n t e r p r e t e d  b r i e f l y .

The Km f o r  L - c y s ta th io n in e  i s  3 .7  x 10-3 M compared to  3 x 10-2 ^  

f o r  L-hom oserine (1 9 ) .  This  d i f f e r e n c e  e x p la in s  th e  r e s u l t s  shown in  

FIG. 10. At low c o n c e n t r a t i o n s  o f  h o m o se r in e ,c y s t a t h i o n i n e  and th e  hy

d ro x y l amino a c id  a re  c le a v e d  to  produce k e to  a c i d .  As th e  c o n c e n t r a t i o n  

o f  hom oserine i n c r e a s e s ,  c o m p e t i t io n  between i t  and th e  s u l f u r  amino 

a c id  slows down th e  r a t e  o f  o ( - k e t o b u t y r a t e  fo rm a t io n  u n t i l  some o f  th e  

hom oserine m o lecu les  a r e  p re v e n te d  from re a c h in g  th e  a c t i v e  s i t e  and a 

sm a ll  degree  o f  i n h i b i t i o n  i s  o b se rv ed .  With c o n c e n t r a t i o n s  o f  homo

s e r i n e  h ig h e r  th a n  th o s e  u s e d ,  a h ig h e r  degree  o f  i n h i b i t i o n  sh o u ld  be 

o b se rv ed .

The Non-Enzymatic System

L - c y s t i n e  i s  c le a v e d  i n  a model sy stem , c o n s i s t i n g  o f  p y r id o x a l  

p hospha te  and c u p r ic  i o n s ,  i n  a r e a c t i o n  in  which s u l f h y d r y l  groups a re  

l i b e r a t e d  and k e to  a c id  i s  formed. The a l p h a - s u b s t i t u t e d  c y s t i n e s  a re  

i n e r t ,  becau se  o f  th e  absence o f  an a lp h a -h y d ro g en .  The model system  

t h e r e f o r e ,  resem bles  c l o s e l y  th e  enzym atic  r e a c t i o n .  TABLE 6  shows t h a t  

v e ry  sm a l l  q u a n t i t i e s  o f  ArSH c o u ld  have been produced  from £>< -p h en y l 

-D L -c y s t in e .  This c o u ld  be e x p la in e d  by a d e c a rb o x y la t io n  o f  th e  ty p e  

which S n e l l  (8 ) ob se rv ed  w ith  some a l p h a - s u b s t i t u t e d  amino a c id s  (equa

t i o n  XVIII - XXVI). A f te r  d e c a rb o x y la t io n  and rep lacem en t o f  CO2  by a 

hydrogen , th e  S c h i f f  b a se  c o u ld  undergo an e l im in a t io n  r e a c t i o n  w ith  th e
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p ro d u c t io n  o f  th io c y s te in e ( F I G .  4 ) .  The ex tend  o f  th e  r e a c t i o n ,  however, 

would be s m a l l ,  b ecau se  o f  th e  low te m p e ra tu re  u sed  and th e  p re s e n c e  o f  

m e ta l  i o n s ,  which i n h i b i t s  d e c a rb o x y la t io n  (8 ) .

I n  t h e  experim en ts  conce rned  w ith  th e  b e h a v io r  o f  c y s t i n e s  i n  th e  

model system  (TABLE 6 , FIG. 1 1 ) ,  s p e c tro p h o to m e tr ic  measurements were 

made a t  412 mp. At t h i s  w aveleng th  ArSH, p roduced  by th e  c le a v a g e  o f  

c y s t i n e s ,  and th e  S c h i f f  b a se s  formed from th e  amino a c id s  and PLP, 

abso rbs  s t r o n g ly .  However, th e  m o la r  absorbancy  index  f o r  th e  im ine 

formed i s  much s m a l le r  th a n  t h a t  o f  th e  m ercap tan ;  when 0 .1  M g ly c in e  

was u s e d ,  t h i s  c o n s ta n t  was 6600 a t  413 mp, f o r  0 .0 1  M amino a c id  i t  was 

o bserved  to  b t  5800 a t  405 nyi; w ith  PLP a lo n e  th e  v a lu e  o b ta in e d  was 

5700 a t  388 mp (7 8 ) .  The m o lar  abso rbancy  index  o f  ArSH, on th e  o th e r  

hand , i s  12,000 (1 6 ) .  In  th e  one h ou r  in c u b a t io n  experim en ts  r e p o r te d  

i n  TABLE 6 , no s i g n i f i c a n t  absorbancy  d i f f e r e n c e s  were ob se rv ed  between 

tu b e s  c o n ta in in g  amino a c id  p lu s  PLP and o th e r s  h av in g  no PLP, when th e  

s u b s t i t u t e d  c y s t i n e s  were u se d .  The c o n c e n t r a t i o n s  o f  coenzyme and 

amino a c id  used  were too  sm a ll  t o  c o n t r i b u t e  s i g n i f i c a n t l y  to  th e  a b s o r 

bancy a t  412 n y , a l th o u g h  s u b s t i t u t e d  c y s t i n e s  a l s o  form S c h i f f  ba se s  

as  shown in  FIG. 12 and TABLE 7 ( c ) .  T h is  a l s o  a p p l i e s  to  experim en ts  in  

which a c o n t in u a l  change in  absorbancy  a t  412 mp was fo l lo w e d .  When 

s u b s t i t u t e d  c y s t i n e s  were in c u b a te d  in  th e  p re se n c e  o f  PLP and copper 

i o n s ,  no a p p r e c ia b le  i n c r e a s e  o f  th e  abso rbancy  a t  412 rap was o b se rv ed .  

C onsequen tly  th e  changes ob se rv ed  w ith  L - c y s t i n e  were cau sed  by ArSH 

fo rm a t io n .

These c o n c lu s io n s  a r e  su p p o r te d  by th e  d a ta  o f  TABLE 7 ( b ) .  With 

a f i v e f o l d  in c r e a s e  i n  th e  p y r id o x a l  phospha te  c o n c e n t r a t i o n  and a l a r 

g e r  amount o f  L - c y s t i n e ,  th e  abso rbancy  a t  400 r jx  d id  no t  change f o r
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a t  l e a s t  10 m inutes  a f t e r  t h e  a d d i t i o n  o f  PLP.

D uring th e  enzym atic s tu d i e s  o f  s u l f h y d r y l  p r o d u c t io n ,  S c h i f f  b ase  

fo rm a t io n  c o u ld  no t c o n t r i b u t e  to  th e  absorbancy  a t  412 inp, because  th e  

s p e c tro p h e to m e te r  tu b e s  c o n ta in in g  PLP, enzyme, and amino a c id  were re a d  

a g a in s t  c u v e t te s  w ith  on ly  enzyme m is s in g .

As shown in  TABLE 7(b) t h e  fo rm a t io n  o f  a c h e l a t e  from L - c y s t i n e ,

PLP, and Cu"*^, w i th  maximum absorbancy  a t  400 becomes pronounced b e 

tween th e  t e n t h  and tw e n t i e th  m inu te  a f t e r  a d d i t i o n  o f  PLP. During ArSH 

p ro d u c t io n  from L - c y s t i n e ,  PLP and Cu++, experim en ts  d e s c r ib e d  under 

RESULTS, th e  r a t e  o f  m ercap tan  p ro d u c t io n  reached  n e a r ly  zero  around th e  

t e n  m inu te  m ark, b e f o r e  a f a s t  i n c r e a s e  i n  r a t e  was o b se rv e d .  This r e 

f l e c t s  t h e  changes i n  copper  c h e l a t e  fo rm a tio n  shown in  TABLE 7 ( b ) .  In  

t h e  absence  o f  copper a hydrogen-bonded S c h i f f  b a s e  i s  formed from PLP 

and amino a c i d ,  which b reak s  down a t  a s te a d y  r a t e .  The s u l f h y d r y l  groups 

p roduced r e a c t  w ith  ArSSAr; and a s te a d y  in c r e a s e  i n  absorbancy  i s  ob

s e rv e d .  The d ip h a s ic  cu rv e  p r e s e n te d  i n  FIG. 11 p ro b ab ly  r e f l e c t s  th e  

c y c l i c  n a t u r e  o f  th e  non-enzym atic  c le a v a g e  o f  L - c y s t i n e  su g g e s te d  by 

C a v a l l i n i  (3 8 ) ,  a r e a c t i o n  i n  which t h i o c y s t e i n e  i s  p roduced  f i r s t .  This  

u n s t a b l e  in t e r m e d ia te  th e n  decomposes to  c y s t e i n e ,  which i s  o x id iz e d  to  

c y s t i n e .  Both t h i o c y s t e i n e  and c y s t e i n e  can r e a c t  w ith  ArSSAr.

The absorbancy  in c re a s e s  a t  300 nya and 310 mp w ith  t im e ,  shown in  

TABLE 7 ( b ) ,  a r e  caused  by th e  fo rm a t io n  o f  p y ru v a te .  This  k e to  a c id  has 

an a b s o rp t io n  maximum in  t h i s  r e g io n  (114) .

The d a ta  o f  TABLE 7 (a )  and th e  s p e c t r a  i n  FIG. 12 show t h a t  S c h i f f  

b a se s  a re  formed from c y s t i n e  o r  s u b s t i t u t e d  c y s t i n e s  and PLP. An ab

s o r p t io n  maximum a t  388 ny i s  t y p i c a l  o f  p y r id o x a l  p hospha te  (7 8 ,7 9 ) .  

Im ines formed from PLP and amino a c id s  absorb  a t  a c h a r a c t e r i s t i c  wave
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le n g th  o f  414 ny (6 ) .  A bso rp t io n  peaks n e a r  400 ny have been r e p o r te d  

f o r  th e  r e a c t i o n  p ro d u c ts  o f  PLP and v a r io u s  amino a c id s  (7 8 ,8 0 ) .  The 

p o s i t i o n  o f  th e  maximum depends on th e  c o n c e n t r a t i o n  o f  th e  amino a c id  

u sed  and th e  r a t e  o f  t h e  im ine fo rm a t io n .  The s u b s t i t u t e d  c y s t i n e s  

a p p a r e n t ly  r e a c t  a t  a s low er r a t e  th a n  c y s t i n e .  The s p e c t r a  were r e 

co rded  w i th in  a few m inu tes  a f t e r  a d d i t i o n  o f  PLP. A s h i f t  o f  th e  ma

ximum to  a h ig h e r  w aveleng th  w ith  t im e  i s  ob se rv ed  on exam ina t ion  o f  

TABLE 7 ( b ) .  This i s  no t as pronounced as e x p e c te d ,  becau se  copper  io n s  

p r e s e n t  i n  th e  system  te n d  to  s h i f t  th e  a b s o rp t io n  peak o f  t h e  im ine to  

a s h o r t e r  w avelength  (8 0 ) .  The im ine o f  L - c y s t in e  ab so rb s  a t  400 mp in  

th e  p re s e n c e  o f  copper  i o n s ,  compared to  412 ny i n  t h e i r  absence  

(TABLE 7 ( a ) .

The maximum absorbancy  a t  412 inp (TABLE 7 (c ) )  i s  l a r g e r  in  th e  p r e 

sence  o f  PLP and amino a c id  th a n  w ith  t h e  form er a lo n e .  The amino a c id s  

them se lves  absorb  l i t t l e  a t  t h i s  w ave leng th .  These o b s e r v a t io n s  r e f l e c t  

S c h i f f  b a se  fo rm a t io n .  A c e r t a i n  amount o f  t im e i s  r e q u i r e d  to  reach  

th e  maximum abso rbancy .  The r e a c t i o n  fo llo w ed  a t  412 inp i s  r e l a t i v e l y  

f a s t  w ith  L - c y s t i n e ,  D L -c y s t in e ,  o r  o ( -p h e n y l-D L -c y s t in e .d -I s o p ro p y l-D L  

- c y s t i n e  and PLP r e a c t  a t  a r e l a t i v e l y  slow r a t e .  I n  th e  non-enzym atic  

r e a c t i o n  e i t h e r  th e  D- o r  th e  L-form o f  c y s t i n e  can form a S c h i f f  b a s e ,  

w h ile  i n  th e  enzym atic c le a v a g e  o f  c y s t i n e  th e  L-form i s  r e q u i r e d  f o r  th e  

subsequen t rea rrangem ent o f  th e  S c h i f f  b a s e  form ed, a p ro c e s s  which le ad s  

to  th e  c le a v a g e  o f  th e  amino a c id  and which i s  c a t a ly z e d  by th e  apoenzyme

( 6 ) .  Among th e  s u b s t i t u t e d  c y s t i n e s  s tu d ie d ,0 (  -p h e n y l-D L -c y s t in e  forms 

a S c h i f f  b a se  w ith  PLP a t  a s u r p r i s i n g l y  f a s t  r a t e ,  when one c o n s id e r s  

t h e  s t e r i c  h in d ra n c e  by th e  pheny l g roup. I n  a d d i t i o n  th e  b a s i c i t y  o f  

t h e  amino group shou ld  be d e c re a s e d ,  becau se  o f  th e  e le c t ro n -w i th d ra w in g
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pheny l s id e  group. Perhaps th e  r a t e  i s  in c r e a s e d ,  beca u se  o f  re sonance  

s t a b i l i z a t i o n .

The im portance  o f  s t e r i c  f a c t o r s  i s  p o in te d  ou t by th e  low r a t e  

w ith  - i s o p ro p y l -D L -c y s t in e  and th e  h ig h e r  r a t e  w i th  th e  m e thy l compound. 

There shou ld  be a c o r r e l a t i o n  betw een th e  r a t e  o f  S c h i f f  b a se  fo rm a tio n

i n  th e  non-enzym atic  r e a c t i o n  and th e  r a t e  o f  r e a c t i o n  o f  t h e  amino a c id s

w ith  t h e  COenzyme p a r t  o f  c y s t a t h i o n a s e ,  and hence th e  i n h i b i t i o n  o f  th e  

enzyme. This  q u e s t io n  w i l l  be examined i n  t h e  g e n e ra l  d i s c u s s io n .

FIG. 13 in d i c a t e s  th e  r a t e  o f  fo rm a t io n  o f  t h e  S c h i f f  b a se s  s tu d ie d  

and t h e i r  s t a b i l i t y .  The im ine o f  L - c y s t i n e  i s  no t  s t a b l e ,  bu t  decom

poses  i n t o  p ro d u c ts  and PLP. Very l i t t l e  s u l f h y d r y l  i s  formed from 

CK -phenyl-D L-cystine as p o in te d  ou t i n  TABLE 6 . The absorbancy  d e c re a se  

obse rved  w ith  th e  S c h i f f  b a s e  o f  t h i s  compound, as shown in  FIG. 13, i s

p ro b ab ly  due to  th e  fo rm a t io n  o f  th e  non-hydrogen-bonded form d e s c r ib e d

by C h r is te n s e n  (8 1 ) .  This  p ro d u c t  does no t  absorb  s t r o n g ly  a t  412 mp.

The pheny l group a p p a re n t ly  i s  a s u f f i c i e n t l y  s t r o n g  e l e c t r o n - a t t r a c t i n g  

group to  lower t h e  e l e c t r o n e g a t i v i t y  o f  t h e  im in e -n i t ro g e n  and p re v e n t  

s t r o n g  hydrogen  bonding w ith  th e  p h e n o l ic  hydrogen ( s e e  FIG. 3 ) .

G enera l D is c u s s io n

When H i l l  and C row ell s tu d ie d  t h e  r e a c t i o n  r a t e s  o f  p r im ary  amines 

w ith  p ip e r o n a l ,  th e y  o b ta in e d  th e  fo l lo w in g  r a t e  c o n s t a n t s ,  e x p re s se d  as 

1 m o l e ' l  s e c . " l  a t  25° C (83):  m ethylam in e ,  5 .5 5 ;  n -b u ty la m in e , 3 .3 7 ;

n -p ro p y lam in e ,  3 .1 5 ;  e th y la m in e ,  2 .8 8 ;  iso p ro p y la m in e ,  0 .8 9 5 .  These r e 

s u l t s  sh o u ld  be compared w ith  th e  r a t e s  o f  fo rm a t io n  o f  S c h i f f  b a s e s  from 

PLP and c y s t i n e s  (m in .“ ^):  D L -c y s t in e ,  3 .0 7 ;  O C -p h en y l- , 1 .7 4 ;  cK.-methyl-.
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0 .5 3 5 ; o ( - n - p r o p y l - ,  0 ,345 ; 0 ( - n - b u t y l - , 0 .3 1 3 ; - e t h y l - , 0 .3 0 0 ; and 

o( - i s o p r o p y l - D L - c y s t in e ,  0 .1 2 3 .  I f  one n e g l e c t s  D L -cy s tin e  and th e  

o ( -p h e n y l  amino a c id  f o r  th e  moment, one o b se rv es  t h a t  th e  r a t e s  d e c re a se  

i n  b a s i c a l l y  th e  same o r d e r .  The r a t e  i s  de te rm ined  by th e  b a s i c i t y  o f  

th e  amino group and s t e r i c  f a c t o r s .  For i n s t a n c e ,  a l th o u g h  th e  amino 

group i s  l e s s  b a s ic  w ith  a m ethy l s id e  group th a n  w i th  an i s o p r o p y l ,  th e  

s t e r i c  e f f e c t  o f  th e  l a t t e r  slows down th e  r e a c t i o n  r a t e .  D L -cy s tin e  i s  

ex p ec ted  to  r e a c t  a t  a f a s t  r a t e ,  s in c e  t h e r e  i s  o n ly  a hydrogen a t ta c h e d  

to  th e  a lp h a -c a rb o n .  The f a s t  r a t e  w ith  o C -p h en y l-D L -c y s t in e ,  however, 

canno t be e x p la in e d  in  t h i s  manner.

When one a t te m p ts  to  compare th e  o r d e r  o f  th e  f i r s t  o r d e r  r a t e  

c o n s ta n t s  o b ta in e d  w ith  th e  fo l lo w in g  s t a b i l i t y  c o n s ta n t s  o f  S c h i f f  ba se s  

m easured by Matsuo (80 );  v a l i n e  (R = i s o p r o p y l ) ,  4 .5 ;  n o r v a l in e  (R = 

p r o p y l ) ,  1 .2 ;  C < -a m in o -n -b u ty ra te  (R = e t h y l ) ,  1 .1 6 ;  n o r l e u c in e  (R = n 

- b u t y l ) ,  1 .1 ;  and a l a n in e  (R = CH3 ) , 0 .3 7 ;  one o b se rv es  t h a t  th e  im ine 

o f  a l a n in e  i s  l e a s t  s t a b l e ,  a l th o u g h  w ith  o ( -m e th y l-D L -c y s t in e  a r e l a 

t i v e l y  f a s t  r a t e  o f  S c h i f f  b a se  fo rm a t io n  i s  o b ta in e d .  The S c h i f f  b ase  

o f  v a l in e  i s  s t a b l e ,  b u t  0< - iso p ro p y l -D L -c y s t in e  r e a c t s  a t  t h e  s lo w es t  

r a t e  among th e  compounds examined. T h e re fo re  th e  e x te n t  o f  im ine f o r 

m a tion  does no t  seem to  have much in f lu e n c e  on th e  r a t e  o f  i t s  fo rm a t io n .

The fo l lo w in g  i n h i b i t o r  c o n s ta n t s  were o b ta in e d  (M x 1 0 ^ ) :

( J < - is o p ro p y l- , 3 .3 ;  0 ( - m e t h y l - ,  3; o C - e t h y l - ,  2 .9 ;  0 < - n - b u t y l - ,  2 .8 ;  

o ( - n - p r o p y l - , 2 .1 ;  &(-p h e n y l-D L -c y s t in e ,  1 .0 ;  and L - c y s t i n e ,  0 .1 6 .

I f  one compares th e s e  v a lu e s  w i th  th e  r a t e  c o n s ta n t s  f o r  S c h i f f  

b a se  fo rm a t io n ,  one o b se rv es  a n e a r ly  p e r f e c t  r e v e r s a l  i n  t h e  sequences 

from one to  th e  o t h e r .  A p p a re n t ly ,  t h e  h ig h e r  t h e  r a t e  c o n s ta n t  i n  th e  

model sy stem , th e  lower th e  i n h i b i t o r  c o n s ta n t  i n  th e  enzym atic  system .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



1 1 3

t h e  h ig h e r  th e  s t a b i l i t y  o f  th e  e n z y m e - in h ib i to r  complex. One might be 

a b l e ,  t h e r e f o r e ,  to  u se  a s tu d y  o f  th e  r a t e  o f  S c h i f f  b a se  fo rm a t io n  in  

an enzyme model sy s tem , to  p r e d i c t  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  th e  

amino a c id  used  as an i n h i b i t o r  o f  t h e  enzyme.

Matsuo (80) s t r e s s e d  th e  im portance  o f  t h e  s t a b i l i t y  o f  th e  S c h i f f  

b ase  to  t h e  o v e r a l l  a f f i n i t y  o f  t h e  amine to  th e  enzyme. Amino a c id s  

w i th  an -m ethy l group had low s t a b i l i t y  c o n s ta n t s  and were poor i n h i 

b i t o r s  compared to  th e  c o r re s p o n d in g  u n s u b s t i t u t e d  amino a c i d s .  This 

s tudy  has shown th e  im portance  o f  t h e  r a t e  o f  S c h i f f  b a se  fo rm a t io n  de

te rm in ed  i n  a non-enzym atic  system .

I n  an enzyme model system  s im u la t in g  th e  e f f e c t  o f  c y s t a t h i o n a s e ,  

L - c y s t i n e  forms a S c h i f f  b a se  w ith  PLP a t  th e  f a s t e s t  r a t e .  I n  th e  

co r re s p o n d in g  enzyme system  th e  same amino a c id  forms th e  most s t a b l e  

S c h i f f  b a se  w ith  th e  im ine o f  c y s t a t h io n a s e  and i s  th e  b e s t  i n h i b i t o r .

On th e  o th e r  hand o ( - i s o p r o p y l - D L - c y s t in e ,  p ro b ab ly  becau se  o f  th e  s t e r i c  

e f f e c t  o f  th e  b ranched  s id e  g roup ,  r e a c t s  w ith  PLP a t  a r e l a t i v e l y  low 

r a t e .  I n  th e  enzyme system  i t  i s  th e  p o o re s t  i n h i b i t o r .

The im portance  o f  th e  r a t e  o f  S c h i f f  b ase  fo rm a t io n ,  de te rm ined  in  

a non-enzym atic  sy s tem , w ith  r e g a rd  to  enzyme i n h i b i t i o n ,  i s  somewhat 

s u r p r i s i n g .  One would expec t th e  apoenzyme to  p la y  a more d e te rm in in g  

r o l e .  However, c y s t a t h io n a s e  a c t s  on a wide v a r i e t y  o f  s u b s t r a t e s  o f  

d i f f e r e n t  s i z e  and f u n c t i o n a l  g roups .  The apoenzyme i s  th o u g h t to  fu n c 

t i o n  m a in ly  i n  th e  rea rran g e m en ts  o f  th e  S c h i f f  b a s e  t h a t  l e a d  to  c l e a 

vage o f  t h e  s u b s t r a t e  (6 ) .  T h is  tau tom erism  canno t o ccu r  w i th  t h e  sub

s t i t u t e d  c y s t i n e s ,  which la c k  th e  a lp h a -h y d ro g en .  The f u n c t i o n a l  groups 

on th e  apoenzyme i n  t h e  v i c i n i t y  o f  th e  enzyme' s a c t i v e  c e n t r e  a p p a re n t ly  

do no t o f f e r  much s t e r i c  h in d ra n c e  to  t h e  approach o f  th e  s u b s t i t u t e d
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c y s t i n e s .  Even 0 ( -p h e n y l-D L -c y s t in e  reac h es  th e  a c t i v e  c e n t r e .  When i t  

has b lo c k ed  t h i s  s i t e  t h e  bu lky  pheny l group p ro b ab ly  p re v e n ts  m olecu les  

o f  hom oserine from re a c h in g  i t s  v i c i n i t y .

The r e p o r t s  o f  th e  i n h i b i t i o n  o f  PLP enzymes by amino a c id s  o r  

amines (6 7 ) ,  p a r t i c u l a r l y  M a tsu o 's  o b s e r v a t io n  o f  th e  i n h i b i t o r y  e f f e c t s  

o f  v a r io u s  amino a c id s  on hom oserine deaminase (80) , show r a t h e r  con

v in c in g ly  t h a t  i n h i b i t i o n  o ccu rs  by a r e a c t i o n  o f  t h e  amino a c id  w ith  

th e  coenzyme. The r e s u l t s  o f  t h i s  s tu d y  len d  su p p o r t  to  t h i s  p ro p o s a l .

The i n h i b i t i o n  o f  hom oserine deam inase by L - c y s t in e  was o bserved  

i n  t h i s  l a b o ra to r y  s h o r t l y  a f t e r  Kato had r e p o r te d  i t  (5 0 ) .  As was 

m entioned  b e f o r e ,c y s t e i n e  a r i s e s  from th e  c le a v a g e  o f  c y s t a t h i o n i n e .  In  

t h e  p re s e n c e  o f  th e  enzyme and sm all  amounts o f  c y s t i n e ,  i t  i s  c o n v e r te d  

to  th e  d i s u l f i d e  and th e n  c le a v e d  by c y s t a t h io n a s e  ( c y s t i n e  d e s u l f u r a s e ) . 

C y s t in e  i n h i b i t s  th e  enzyme c o n s id e r a b ly .  We h a v e ,  t h e r e f o r e ,  an example 

o f  n e g a t iv e  feedback  c o n t r o l  o f  t h e  a c t i v i t y  o f  an enzyme. T his  c o n t r o l  

i s  p a r t i c u l a r l y  im p o rtan t  w i th  r e g a rd  to  th e  breakdown o f  c y s t a t h i o n i n e ,  

an im p o rtan t  in t e r m e d ia te  i n  s u l f u r  amino a c id  m e tabo lism . The p ro c e ss  

o f  t r a n s s u l f u r a t i o n  i n  th e  c o n v e rs io n  o f  t h e  e s s e n t i a l  amino a c i d ,  

m e th io n in e ,  to  th e  im p o r tan t  s u l f u r  amino a c i d ,  c y s t e i n e ,  a p p a re n t ly  

r e q u i r e s  c a r e f u l  c o n t r o l  (5 0 ) .  S im i la r  examples o f  feedback  c o n t r o l  

have been r e p o r te d  i n  E. c o l i  i n  th e  enzyme system  c o n v e r t in g  c y s t e i n e  

to  m e th io n in e  (5 8 ,6 3 ) .

The s u b s t i t u t e d  c y s t i n e s  c o u ld  be p re p a re d  on ly  i n  a low t o t a l  c rude  

y i e l d ,  s in c e  th e  number o f  in t e r m e d ia te  s y n th e t i c  s t e p s  i s  c o n s id e r a b le .  

The t o t a l  y i e l d  d e c re a se d  from 47% f o r  th e  e t h y l  o r  n -p ro p y l  compounds, 

to  35% f o r  c < -n -b u ty l-D L -c y s t in e ,  to  31% when th e  s u b s t i t u e n t  was ph en y l .
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I s o p ro p y l -D L -c y s t in e  c o u ld  be p re p a re d  o n ly  in  22% t o t a l  y i e l d ,  becau se  

o f  th e  low y i e l d  o f  h y d a n to in  and S -b en zy l  amino a c i d .  As th e  s i z e  o f  

th e  s id e  group in c r e a s e d ,  th e  y i e l d  d e c re a se d .  The t - b u t y l  compound 

c o u ld  no t  be p re p a re d ,  b ecause  o f  th e  s t e r i c  h in d ra n c e  by th e  a lp h a - su b -  

s t i t u e n t .

C o n s id e ra b le  tim e was r e q u i r e d  to  p r e p a re  th e  s u b s t i t u t e d  c y s t i n e s ,  

beca u se  o f  th e  number o f  in t e r m e d ia te  s t e p s ;  and s in c e  s e v e r a l  r e a c t i o n s ,  

in v o lv in g  dangerous r e a g e n t s ,  c o u ld  o n ly  be a l low ed  to  p roceed  w ith  sm all  

q u a n t i t i e s  o f  r e a g e n t s .  The s y n th e s i s  o f  th e s e  compounds, t h e r e f o r e ,  

to o k  a c o n s id e r a b le  p a r t  o f  t h i s  s tu d y .

S e v e ra l  i n t e r e s t i n g  s tu d ie s  w i th  th e s e  a l p h a - s u b s t i t u t e d  c y s t i n e s  

o f f e r  them se lves  f o r  th e  f u tu r e :  one c o u ld  s tu d y  th e  k i n e t i c s  o f  t h e i r

a l k a l i n e  d e g ra d a t io n  to  get an id e a  o f  th e  s t a b i l i z i n g  e f f e c t s  o f  th e

s id e  g ro u p s .  I n  a model system  th e  e f f e c t  o f  h ig h  te m p e ra tu re  shou ld

be o f  i n t e r e s t ,  p a r t i c u l a r l y  w i th  r e g a rd  to  d e c a rb o x y la t io n  r e a c t i o n s .  

With (X -p h en y l-D L -cy s tin e  one m ight ge t  an a p p r e c ia b le  r a t e  o f  r e a c t i o n ,  

b eca u se  th e  bonds on th e  a lp h a  ca rbon  atom a r e  f u r t h e r  weakened by th e  

e l e c t r o n  w ithd raw ing  s id e  g roup.

The b e h a v io r  o f  c y s t i n e s  i n  o th e r  enzym atic system s sh o u ld  be o f  

i n t e r e s t .  For i n s t a n c e ,  a c y s t i n e  r e d u c ta s e  has been  p u r i f i e d  to  some 

e x te n t  (115 ) .  The enzyme, a f l a v o p r o t e i n , c a t a ly z e s  t h e  r e d u c t io n  of 

c y s t i n e  to  c y s t e i n e  i n  th e  p re s e n c e  o f  DPNH. S tu d ie s  w i th  an amino a c id

o x id a se  sh o u ld  a l s o  be  f r u i t f u l .
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CHAPTER IV

SUMMARY

S e v e ra l  a l p h a - s u b s t i t u t e d  c y s t i n e s  were s y n th e s iz e d  v i a  h y d an to in  

i n t e r m e d i a t e s .  These compounds, i n  which th e  hydrogen on th e  a lp h a  

-ca rb o n  i s  r e p la c e d  by l a r g e r  g ro u p s ,  a r e  i n e r t  i n  enzym atic d e s u lfh y -  

d r a t i o n  r e a c t io n s  by c y s t a t h i o n a s e , as w e l l  as a non-enzym atic  model 

sy stem , compared to  L - c y s t in e  which i s  c le a v e d  under  b o th  c o n d i t i o n s .

A l l  th e  c y s t i n e s  s tu d ie d  i n h i b i t e d  th e  deam ina tion  o f  hom oserine  by th e  

enzyme. The most e f f i c i e n t  i n h i b i t o r  was L - c y s t i n e ,  a n a t u r a l  s u b s t r a t e  

o f  t h e  enzyme. T h is  i n h i b i t i o n  seems to  be a means o f  c o n t r o l l i n g  th e  

l e v e l  o f  c y s t a t h i o n i n e  i n  t h e  r a t  l i v e r .  S c h i f f  b a s e  fo rm a t io n  between 

s u b s t i t u t e d  c y s t i n e  and p y r id o x a l  p h o s p h a te ,  bound to  th e  apoenzyme by 

an i n t e r n a l  S c h i f f  b a s e ,  cau ses  th e  i n h i b i t i o n .  The r e l a t i v e  r a t e  o f  

fo rm a t io n  o f  t h e  S c h i f f  b a s e  from th e  ( s u b s t i t u t e d )  c y s t i n e  and PLP in  

a non-enzym atic  sy stem , a l low s  a p r e d i c t i o n  about t h e  d eg ree  o f  i n h i b i 

t i o n  by t h e  s u l f u r  amino a c id  i n  th e  enzyme system .

D uring th e  s tu d y  th e  fo rm a t io n  o f  S c h i f f  b a se s  and t h e i r  s p e c t r a  

were s tu d i e d  s p e c t r o p h o to m e t r i c a l ly .

The enzyme c y s t a t h io n a s e  was i s o l a t e d  from r a t  l i v e r  and p u r i f i e d  

to  some e x t e n t .
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APPENDIX 

ENZYME PURIFICATION 

P r e p a r a t io n  o f  L iv e r  E x t r a c t

A t o t a l  o f  125 r a t  l i v e r s  w ith  a n e t  w eigh t o f  950 g . were c u t  i n t o  

sm a l l  p i e c e s ,  added to  2 volumes o f  1% KCl s o l u t i o n  c o n ta in in g  10"^ M 

EDTA, and homogenized in  a Waring b le n d o r  f o r  3 m inu tes  a t  low speed  a t  

room te m p e ra tu re  (c rude  homogenate, see  TABLE 1 ) .

C o n t ro l le d  Heat D é n a tu ra t io n

The c ru d e  homogenate (2700 m l. t o t a l  volume) was poured  in  1 - l i t r e  

b a tc h e s  i n t o  a 2 -1 .  Erlenm eyer f l a s k ,  equipped  w ith  a the rm om eter ,  and 

shaken i n  a w a te r  b a t h ,  m a in ta in e d  a t  65 1° .  When th e  te m p e ra tu re  o f

th e  m ix tu re  had reach ed  6 0° ,  th e  f l a s k  was t r a n s f e r r e d  to  a second w a te r  

b a th  w ith  a te m p e ra tu re  o f  60° . T h is  te m p e ra tu re  was m a in ta in e d  f o r  5 

m in u te s .  The f l a s k  was th e n  co o le d  r a p id l y  i n  an i c e - w a te r  b a th  to  

b r in g  th e  te m p e ra tu re  o f  i t s  c o n te n t  t o  about 20°. C e n t r i f u g a t i o n  f o r  

2 0  m inu tes  a t  2 0 0 0 xg y ie ld e d  about 600 m l. o f  a c l e a r  s u p e rn a ta n t  s o lu 

t i o n  from each l i t r e  o f  th e  c ru d e  homogenate. The voluminous sedim ent 

was e x t r a c t e d  once w ith  400 m l. o f  th e  KCl s o l u t i o n  c o n ta in in g  EDTA.

This  e x t r a c t  was added to  th e  s u p e rn a ta n t  from th e  f i r s t  c e n t r i f u g a t i o n .  

I n  t h i s  manner a t o t a l  volume o f  3130 m l. o f  c l e a r  r e d d is h  l i q u i d  were 

o b ta in e d  (h e a te d  e x t r a c t ,  see  TABLE 1.
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Ammonium S u l f a t e  F r a c t i o n a t i o n

The s o l u t i o n  o b ta in e d  a f t e r  h e a t  d é n a tu r a t io n  was a d ju s t e d  to  

pH 6 .5  by t h e  dropw ise a d d i t i o n  o f  c o n c e n t r a te d  ammonium h y d ro x id e .  A 

F i s h e r  Accumet pH M eter was used  f o r  pH m easurem ents. The s o l u t i o n  was 

b ro u g h t to  55% ammonium s u l f a t e  s a t u r a t i o n  by th e  a d d i t i o n  o f  351 g . / l .  

o f  s a l t  o v e r  a 10 - 15 m inu te  t im e  p e r io d  w ith  c o n s ta n t  s t i r r i n g .  A l l  

o p e r a t io n s  were c a r r i e d  ou t i n  th e  c o ld  room ( 4 ° ) .  The te m p e ra tu re  o f  

th e  s o l u t i o n  was k ep t  a t  0 -  2° ;  and th e  pH was no t a l low ed  to  v a ry  by 

more th a n  0 .2  u n i t s  from 6 .5 .  The m ix tu re  was s t i r r e d  f o r  s i x  h o u rs ;  

and th e  p r e c i p i t a t e  formed was removed by c e n t r i f u g a t i o n  a t  2 0 0 0 xg f o r  

20 m inu tes  a t  0° and d i s c a rd e d .  Ammonium s u l f a t e ,  131 g . / l . ,  was added 

to  th e  s u p e rn a ta n t  l i q u i d  i n  th e  manner d e s c r ib e d  above to  b r in g  i t  to  

73% s a t u r a t i o n .  The m ix tu re  was a l low ed  to  e q u i l i b r a t e  f o r  30 m in u te s .  

The dark  re d  p r e c i p i t a t e  was c o l l e c t e d  by c e n t r i f u g a t i o n  a t  2000xg f o r  

20 m inu tes  a t  0 ° .  I t  was th e n  suspended i n  about tw ic e  i t s  volume o f  

0 .2  M p o ta ss iu m  p h ospha te  b u f f e r ,  pH 7 .5 .  A r e d ,  i n s o lu b l e  p r e c i p i t a t e  

was removed by c e n t r i f u g a t i o n  i n  th e  u s u a l  manner. A d a rk - r e d  s u p e r 

n a t a n t  s o l u t i o n  ( 2 1 0  m l .)  was th u s  o b ta in e d  (ammonium s u l f a t e  f r a c t i o n ,  

see  TABLE 1 ) .

F i r s t  E th an o l F r a c t i o n a t i o n

To b r in g  th e  enzyme c o n c e n t r a t i o n  to  about 200 u n i t s / m l . ,  315 ml. 

o f  10% s a t u r a t e d  ammonium s u l f a t e  s o l u t i o n ,  b u f f e r e d  a t  pH 7 .2  w ith

0 .1  M p o ta ss iu m  p hospha te  b u f f e r ,  were added. In  t h i s  manner a t o t a l  

o f  525 m l. o f  a r e d ,  c l e a r  s o l u t i o n ,  pH 7 . 1 ,  were o b ta in e d .  The s o l u t i o n  

was co o led  to  about -1 °  i n  an e th a n o l - d r y  i c e  b a th  and 0 .95  volumes 

(499 m l . )  o f  c o l d ,  a b s o lu t e  e th a n o l  were added dropw ise  w i th  r a p id
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s t i r r i n g  from a s e p a r a to r y  fu n n e l .  The a lc o h o l  was co o le d  to  a t  l e a s t  

-20°  i n  a d ry  ic e - a c e to n e  b a th  b e f o r e  a d d i t i o n .  The speed  o f  a d d i t io n  

o f  a l c o h o l  was c o n t r o l l e d ,  i n  o r d e r  to  m a in ta in  th e  te m p e ra tu re  o f  th e  

m ix tu re  a t  -4  to  2 ° .  The a lc o h o l  was added over a p e r io d  o f  about h a l f  

an h o u r .

The m ix tu re  was s t i r r e d  a t  -3 °  f o r  30 m inu tes  a f t e r  a l l  a lc o h o l  

had been added. A re d  sedim ent was s e p a r a t e d  from a re d  s u p e rn a ta n t  by 

c e n t r i f u g a t i o n  a t  2000xg f o r  20 m inu tes  a t  -3 °  and ta k e n  up in  about 3 

volumes o f  c o ld  (5°) p o ta ss iu m  p h o sp h a te  b u f f e r ,  pH 7 .5 .  The m ix tu re  

was homogenized i n  a Waring b le n d o r  a t  h a l f  speed  f o r  2 o r  3 m in u te s .

The s u sp e n s io n  formed was th e n  c e n t r i f u g e d  f o r  20 m inu tes  a t  0° and 

7000xg. The p r e c i p i t a t e  s e p a r a t e d  i n  t h i s  manner was e x t r a c t e d  once w ith  

th e  b u f f e r  and d is c a rd e d .  This  e x t r a c t  was added to  t h e  p re v io u s  s u p e r 

n a t a n t .  The combined l i q u i d s  were th e n  b rough t to  75% s a t u r a t i o n  w ith  

ammonium s u l f a t e  by th e  a d d i t i o n  o f  515 .8  g . / l .  o f  s o l i d  s a l t .  During 

t h i s  a d d i t i o n  o ver  a p e r io d  o f  1 0  m inu tes  and a t  te m p e ra tu re  o f  0 ° ,  th e  

pH was m a in ta in e d  a t  7 u s in g  ammonium h y drox ide  s o l u t i o n  as  i n  th e  am

monium s u l f a t e  f r a c t i o n a t i o n  s t e p .  The m ix tu re  was s t i r r e d  f o r  90 m inu tes  

a t  0 ° .  C e n t r i f u g a t i o n  a t  7000xg f o r  20 m inu tes  a t  0° y ie ld e d  a p r e c i p i 

t a t e .  This  was d i s s o lv e d  i n  about 3 volumes o f  0 .2  M p o ta ss iu m  phosphate  

b u f f e r ,  pH 7 .5 .  A sm a ll  amount o f  in s o lu b l e  m a t e r i a l  was removed by 

c e n t r i f u g a t i o n  a t  7000xg f o r  20 m inu tes  a t  0 ° .  The f i n a l  120 m l. o f  t h i s  

s o l u t i o n  w ere used  f o r  th e  n ex t  s t e p .

Second E th an o l  F r a c t i o n a t i o n

A f te r  th e  d i l u t i o n  o f  t h e  s o l u t i o n  w ith  250 m l. o f  10% s a t u r a t e d  

ammonium s u l f a t e  s o l u t i o n ,  b u f f e r e d  a t  pH 7 .2  ( d i s s o lv e d  i n  0 .2  M
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p o ta ss iu m  phospha te  b u f f e r ,  pH 7 . 5 ) ,  to  ge t  a c o n c e n t r a t i o n  o f  about 

230 u n i t s / m l . ,  i t  was a g a in  su b m it te d  to  t h e  e th a n o l  f r a c t i o n a t i o n  s t e p .  

The f i n a l  p r e c i p i t a t e  was d i s s o lv e d  i n  0 .2  M p o ta ss iu m  p h ospha te  b u f f e r ,  

pH 7 .5 .  A t o t a l  volume o f  62 m l. o f  c l e a r ,  ye llow  s o l u t i o n  o b ta in e d  in  

t h i s  manner was d iv id e d  in t o  about f i f t y  t e s t  tu b e s  and s to r e d  f ro z e n  

a t  about - 2 0 ° .
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