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SU 3I.MA R Y  

An alanine dehydrogena te  (AlD) has been purified from cell-free extracts  of Hm 
H37Ra  strain of Myc, obacteriu~ t~bemulosis vat.  homv~ds. This enzyme catalyzes 
the react ion:  L-alanine + DPN + ~- pyruva te  -+- NH4 + -i- DPNH.  I ts  sensi t ivi ty to 
cer ta in  inhibitors suggests tha t  free su l fhydryl  groups are necessary for enzymic 
ac t iv i ty .  In the reduct ive amina t ion  reaction pyruva te  and  NH4 ÷ are shown to 

"each affect the  Ks of the other.  A kinetic analysis  of the reductive aminat ion  reaction 
shows tha t  the mechanism of action of AID can be described as a modified THEORELL- 
CHANCF_ mechanism with  subst ra te  inhibition, A t t empts  to show the in termediat ion 
of  spontaneously-formed imino-propionate were unsuccessful. It is proposed tha t  
reduct ive amina t ion  reactions proceed in two steps. The first step is the enzymic 
format ion of enzyme-bound imino acid. This is followed by the enzymic reduction 
of the imino acid by D P N H  to the amino acid, 

INTRODUCTION 

I t  has often been proposed t h a t  the  b ios~. thes is  of ,~-amino acids occurs through the 
reduct i~e amina t ion  of ~-keto acids (reaction1 I). This reaction 

R C O C O O -  + N H ~  + + D P N H ~ - -  R C H ( N H o ) C O 0 -  + I ) P N  + + H a O  (~) 

is ca ta lyzed by  the amino acid dehydrogenases,  An example of this class of dehydro-  
genases is the  alanine dehydrogenase  (AID) which catalyzes the reductive aminat ion  
of py ruva t e  by  Dt~NH to form alanine. Up to now the I_)PN-specific glutamic dehydro-  
genase I was the only member  of this class of enzymes tha t  had  been purified and 
studi~d. * 

The reduct ive amina t ion  of py ruva te  has been demons t ra ted  in an urtequi~ocal 
fashion in on ly  two reports.  "VVIAME AND PIf~R=\RI) 2 obta ined a soluble alanine de- 
hydrogenase from cell-free ext rac ts  of Bacillus subtilis, The reaction was shown to 

A b b r e v i a t i o n s :  AID ( a l a n i n e  dehydrogen&se}  D P N  a ~ d  D P N H  (ox id ized  a n d  r e d u c e d  f o r m s  
o f  d i p h o s p h o p y r i d i n e  nuc l eo t ide ) ,  t r i s  ( t r i s ( h y d r o x y m e t h y I ) a m i n o m e t h a n e ) ,  d io l  (z ,3-propancdi{~0,  
T P N  a n d  T P N H  ( o x i d i z e d  a n d  r e d u c e d  f o r m s  of  t r i p h o s p h o p y r i d i n e  n u c l e o t i d e ) .  

Rvlerenoe~ p. 538]539. 
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be freely reversible. FAIRHVRST et a[. :~, alSO using a s train of/3.  subl i l i s ,  showed tha t  
washed wlmle-cell suspensions of this organism catalyze the reductive amina t ion  of  
pyruva te  to i>L-alanine. In a later report SHAH et el .  4 demons t ra ted  tha t  only  the  
~_-amino acids were foIrned by  the reductive amina t ion  of a-ketoisovaleric ~nd a- 
I¢etoisocaproic acids. They proposed t h a t  the format ion of D-alanine in their  sys tem 
was due to the presence of a DL-alanine racema.~e. 

K RITZM:~N 5 has shown tha t ,  in crude systems,  the reduct ive aminat ion  of py rnva te  
can result from the l'ollowing Hnked sys tem:  

p y r u v a t e  -4- C(),., ~-- o x a l a c e t a t e  f,)  

o x a l a c e t a t e  + N H  3 ~ - a s p a r t a t e  + H~() [3) 

a .qpar ta te  -I- p y r u v a t e  ~ ~ x a l a c e t a t e  q- a l a n i n e  . {4) 

which is present in most  animal  tissues and  in bacteria.  FAn~HuRs]" et el. a were able 
to rule out  the possibili ty that ,  in their  system, the format ion of alaninc was due to 
this ieaction sequence. 

Another  system whose overall effect is tha t  of an amino acid dehydrogenase  
has been suggested by  I:~I~.~.t'NSTEIN 6 and NIsM,.XNL This linked sys tem consists of art 
~,-keto acid-glutamic acid t ransaminase  (reaction 5) and  glutamic dehydroge~ase 
(reaction 6). 

RCI- t INH~)CO~)-  + a - k e t o g l u t a r a t c  ~ R C O C O O -  + g l u t a m a t e  {5) 

g l u t a m a t e  4- I )PN "~-~ a - I e e t o g l u t a r a t e  + DPN]~I + N I l e  ~" I6} 

R C H t N I - l z ) C O ( ) -  -b D[ 'N~  ~ - R ( ' ( ) C O 0 -  + I ) I ' N I t  - -  NI-[ a" (sun 0 

The presence of ca ta ly t ic  amounts  of either glutamic or a-ketoglutar ic  acid would 
allow thi.~; overall reaction, ostensibly due to an "amino  acid dehydrogenase" ,  to  
proceed. 

These two linked reaction sequences probably  account  for the-results of POLLAK 
A~D F:~Im~AH~.< s wh.o reported tha t  homogenates  of ovaries of d s c a r i s  l u m b r i c o i d e s  
cata lyzed the reductive amina t ion  of py ruva t e  to alanine. In their  sys tem bicarbonate  
enhanced the format ion  of aianine. 

This article describes the isolation, purification and some properties of a soluble 
AID from t:m H 3 7 R a  strain of ~llycobacter iurn tubercu los i s  var. h o m i n i s .  The AID 
of H37Ra was described in a recent communica t ion  from this l abora to ry  as one of 
several enzymes associated with  a soluble pyruvic  dehydrogena.~e% The AID was 
origin'ally thought  to be a lactic dehydrogenase  since its presence was  demonst ra te : i  
solely by  the reduction of py ruva te  by D P N H .  Subsequent analysis of this reaction 
sh~wed a requirement for NH,~+; the enzyme was then recognized as an AlD. A kinetic 
analysis of the reaction cata lyzed by this ,;nzyme has enabled us to g ,m some insight  
into the mechanism of reductive aminaf :on.  

MATERIAL AND METHODS 

1)PN and D P N H  were obtained from Sigma Chemical Company,  St. Louis, Mis~ur i  
and J_-alanine from Mann Laboratories,  New York. L i -pyruva te  was prepared by  
the method  of \"(E.~DEL t~. Protein was determined by  the biuret  reaction n.  

Rcfl'J~encr.~ #. -~S/.'~39- 
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A ssay .~] A l D  

A1D is most  convenient ly  assayed by following the reductive amina~ion of py ruva te  
by D P N H  and NH3. Under the assay condit ions described the reaction is about  
xo t i m e s / a s t e r  in this direction than  in the reverse direction. 

The assay mixture  for the reduct ive aminat ion  reactiem contains,  in j~moles, 
t r i s -NHs  buffer* of pH 8,6 (60), D P N H  (o.o8o), Li -pyruvate  (31', bovine serum albumin 
(o. 9 nag) and  AID (2 to 8o/zg). The final volume is ~.o ial. The reaction is run at  zx °. 
A recording spec t rophotomete r '*  is used to measure the rate  of D P N H  oxidat ion b y  
following the change in optical dens i ty  at  340 m#. The reaction is foUowed for 2-3 rain. 
No-substrate  blanks are always used. One uniL of A1D ac t iv i ty  is defined as the amount  
of enzyme which catalyzes the oxidat ion of ~.o/zmole of DPNH per min under  the 
above conditions.  Specific ac t iv i ty  is defined as units per mg of protein. 

The assay  mixture  hw the oxidat ive deamina t ion  reaction contains,  in ~moles: 
diol buffer of pH 9.8 (lOO), DPN (i), L-alanine (xo) and A1D (zo to 2o0 ~g), The fi~al 
volume is I.O ml;  the  reaction is carried ou¢ at  z x ~. One unit  of A1D ac t iv i ty  is defined 
as the a m o u n t  of enzyme which catalyzes the reduction of r.o t~molc c,f DPN per rain 
under  the above conditions.  

The molar  abs0zbancy index of DPN ~ is taken as 6.22. xo a l/mole/era. 

R E S U L T S  

Purification o] A ID  

All steps are carried out at  x to 3°, The preparat ion o[ cell-free ext rac ts  of H37Ra 
has been described '~. 

First anv~onium sul]ate st@ 

The crude cell-free ext rac t  is f rac t ionated  at  pH  7-5 with (NH~) ~.SO4. The fraction 
(AS-I} precipi tat ing between the satt~ration limits of o.4o and o.60 is separated by 
centr ifugation at  5,ooo :: g and  retained. AS-I is dissolved in alzd dialyzed against  
o.Io ll~ phosphate  buffer of pH 7.o. 

Seaond ammo~ium s2tl/ate step 

The dialyzed solution of AS-I i s / r ac t i ona t ed  with alkaline ,INH4)2SO4"**. The 
fract ion obta ined  by  raising the (NH4) ~SO~ concentrat ion to o.3e z a tu ra t ed  is removed 
by  centr i fugat ion for 40 rain at  5,000 ::." g and  discarded. The (NH~)2SOn sa tura t ion  
of the superna tan t  is raised to o.38 by the fur ther  addi t ion of alkaline (NH4)2SO~. 
This precipitate (AS-2) is removed by  centr ifugation for 60 m i n ' ~ t  5,000 ~," g and  
retained, AS-z is dissolved in and dialyzed against  0. xo M phosphate  buffer of pH 7.o. 

Gel adsorptio~ a ~ t  elutio~ 

An equal volume of water  is added to the dialyzed solution of AS-2 and  the pH 
is reduced to 6.0. Enough  calcium phosphate  gel is added to this solution to obta in  
a gel. protein rat i  of o.5 o. The gel is removed by  centrifugation and discarded.  

* T h e  t r i s - N l d  a bul : fe r  is 0 . 3 o  .~1 t r i~  a n d  0 . 5 0  .11 (Nl-l~)oS{)~, r e s p e c t i v e l y .  
** D r o c e s s  a n d  I n . ~ t r L t m e n t s  Co. ,  !-~r(~c*klyn, N .V . . .Mc~ , | e l  ['~S-3- T h i s  i n s t r u m e n t  w a s  s p e c i a l l y  

a d a p t e d  f ~ r  k i n e t i c  m e a s u r e m e n t s .  
***  P r e p a r e d  b_v t h e  a d d i t i o n  ~f  5 m l  o f  c , , n c e n t r a t e d  N ~ ] s ( } H  to  t o o  . a l  o f  s a t u r a t e d  ;NH~}2'.4(> ~ 

a t  pI-I 7 .5 .  

l~elerences p. 538]239. 
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E s s e n t i a l l y  al l  t h e  A I D  r e m a i n s  in  t h e  s u p e r n a t a n t .  C a l c i u m  p ixospha t e  gel  i5 a d d e d  
in  s m a U  i n c r e m e n t s  a n d  r e m o v e d  b y  c o n t r i f u g a t i o n  u n t i l  b e t w e e n  50 a n d  55 % o f  
t h e  AS-2  p r o t e i n  h a s  b e e n  r e m o v e d .  ( T h e  gel :  p r o t e i n  r a t i o  r e q u i r e d  for  5o % a d s o r p -  
t i o n  will  d e p e n d ,  a m o n g  o t h e r  f a c t o r s ,  o n  t h e  a g e  o f  t h e  gel. W e  h a v e  f o u n d  t h a t  
re l ,~ t ively  f r e sh  gel  g i v e s  b e t t e r  r e s u l t s  in  t h i s  s t ep . )  T w o  m g  of  gel  a r e  n o w  a d d e d  
fo r  e a c h  m g  of  p r o t e i n  r e m a i n i n g  in  s o l u t i o n .  T h e  gel  is r e m o v e d  b y  c e n t r i f u g a t i o n  
a n d  r e t a i n e d .  T h e  A I D  is r e c o v e r e d  f r o m  t h e  gel  b y  e l u t i o n  w i t h  s e v e r a l  s m a l l  w a s h e s  
o f  4 % (NHd)2SO4 a t  p H  5-4- T h e  e l u a t e s  a r e  a s s a y e d  s e p a r a t e l y ;  t h o s e  e .on ta in ing  
t h e  h i g h e s t  a c t i v i t y  a r e  p o o l e d  (Ge) El) .  

Third ammonium s ul/atv step 

I : i ne ly  p o w d e r e d  ( N H a ) z S O  4 (o.~-5 g /ml)  is s l o w l y  a d d e d  to  t h e  G e l  El.  T h e  p r e -  
c i p i t a t e  (AS-3) is p e r m i t t e d  t o  f o r m  o v e r  a 3 h p e r i o d  a n d  is r e c o v e r e d  b y  cer t~r i fuga-  
t i o n  fo r  zo  ra in  a t  20 ,000 × g. 

T h e  r e s u l t s  of a t y p i c a l  I r a c t i o n a t i o n  fo r  A I D  a r e  s h o w n  in T a b l e  I .  

"FABLE I 
p U R | I : I C A T I O N  O F  A E , & N [ N E -  D ] E F I ~ r ' L I R O G E N A S F .  

'Fracttot: no. Vah tme  (mO 

Protein  UttMs 

.llg m l  To&t! ntg Pcrccrtt Specific Total  uni ts  Peycen¢ 
recovered act RJily* rt'¢ovcrvd 

C r u d e  e x t r a c t  5 0 0  *6,t)  8 4 5 0  z o o  o . o 7 o  591 z o o  
.XS-I 91 3 ° , 4 _  " 276 f i  33  o.x 3 .360 6 t  
AS-- '  8 , 5  3 ° . 2  -'57 3 . o  0 . 4 4  I 13 19  
( ; e l  E l  1,5,4 4 . o i  6 1 , 8  o . 7 3  0 . 7 ,  t 4 6  7 .8  
A S -  3 2 .0  14-4 2 8 . 8  o , 3 4  1.32 38  6 . 5  

* Reductivo amination assay. 

Characteristics of the assay systems 

T h e  e f fec t s  o f  p y r u v a t e  a n d  N H 4  + c o n c e n t r a t i o n s  a n d  of  p H  on  t h e  r a t e  of  t h e  
r e d u c t i v e  ~,minatim,,  r e a c t i o n  a r e  s h o w n  in  F i g .  x. 

T h e  e f fec t s  of  L - a l a n i n e  a n d  D P N  c o n c e n t r a t i o n s  a n d  of p H  o n  t h e  r a t e  of  t h e  
o x i d a t i v e  d e a m i n a t i o n  r e a c t i o n  a r e  s h o w n  in Fig .  2. 

T i m  r a t e s  of  b o t h  t h e  o x i d a t i v e  a n d  r c d u c t i v e  r e a c t i o n s  a r e  l i n e a r  w i t h  r e s p e c t  
t o  t i m e  a n d  to  e n z y m e  c o n c e n t r a t i o n  (Fig .  3)- 

Formation o /pyma,  ate ]ro~ L-alardne 

T h e  o x i d a t i v e  d e a m i n a t i o n  of  L - a l a n i n e  t o  f o r m  p y r u v a t e  in  s t o i ch iome t r i c .  
a m o u n t s  is s lxown in T a b M  I I .  D P N F I  f o r m a t i o n  w a s  d e t e r m i n e d  b y  t h e  c h a n g e  in  
o p t i c a l  d e n s i t y  a t  34 ° m~z; p y r u v a t e  w a s  m e a s u r e d  c o l o r i m e t r i c a l l y  as  th6  2 , 4 - d i n i t r o -  
p h e u y l h y d r a z o n e  v~. T h e  d i n i t r o p h e n y l h y d r a z o n e  of t h e  k e t o  a c i d  f o r m e d  in" t h e  
o x i d a t i v e  r e a c t i o n  w a s  c h r o m a t o g r a p h e d  o n  p a p e r  u s i n g  w a t e r - s a t u r a t e d  n - b u t a u o l  
as  t h e  s o l v e n t .  A s ing le  s p o t  w a s  o b t a i n e d  w i t h  a n  R e  of  0.36, i d e n t i c a l  w i t h  t h a t  o f  
a c o n t r o l  s p o t  of  t h e  2 , 4 - d i a i t r o p h e n y l h y d r a z o n e  of  a u t h e n t i c  p y r u v i c  ac id .  

Formation o /a la~dne/re in  pyruvate. 

T h e  r e d u c t i v e  a m i n a t i o ~ l  r e a c t i o n  w a s  c a r r i e d  o u t  o n  a ~o- fo ld  sca le  in  o r d e r  t o  

References p. 53,S'/539. 
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Fig .  i .  R a t e  o f  r o d u c t i v e  a m i n a t i ~ m  of  p y r u v a t e  a s  a 
[unc , : ion  ~Jf sub .~ t r a t e  c u n c e n t r a t i o n  a n d  pl-l. ( 1 a) P y r u -  
r a t e  ¢ o n c e n t r a t i t ~ n  c u r v e :  2.~ p g  A l l )  o f  spec i f i c  a c t i -  
v i t y  1,8 p e r  t e s t .  t t b )  N H n *  c t m c e n t r a t i o n  c u r v e ;  
4 .2  /zg A l l )  tff ~pecific a c t i v i t y  1,8 p e r  t e s t .  (Ic) p H  
c u r v e ;  i i . ' - , t t g  A l l )  c~f spec i f i c  a c t i v i t y  0 .56  p e r  t e s t .  
O - - - - O ,  o.t~8 .l l  p h o s p h a t e ,  o . z o  , l t  ~I[ .~ !-. / . . - - - - / . ,  
o .o  4 ,~l pyrc~pht)sph,~±e,o .2o 31 N | [ I  ÷, g - -  O ,  o,o,~ 3l  

t r i s ,  o , 2o  , '1[ N H a ~ ,  
F ig .  z. R a t 2  {~f c~xidative~ d e a m i n a t i o n  o f  L - a h m i o e  a s  ,x 
f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o t  L - a r a m n e  (za) a n d  o f  
l ) t ' N  (_,b) a n d  o f  t h e  r e a c t i o n  p H  (2e). C o n d i t i o n s  as  
d e s c r i b e d  in t h e  t e x t  : ] I. z I~R of  AID  o f  spec i f i c  a c t i v i t y  
¢~-7 p e r  t e s t ,  F{)r t h e  p H  c u r v e  t h e  fo l l owing  b u f f e r s  
w e r e  u s e d :  O ~  0 .  o.o631 t r i s ;  x ~ - - : ~ ,  o.o63I  

diul  ; ~ - - - ~ ,  0 , 06  AI glycir~e. 

F ig .  3. E f f e c t o f t i m e a n d o f e n z y m e c o n c e n t r a t m n o n t h e  
A l l )  r e a c t i o n .  E n z v m e c o n c e n t r a t i o n s  ( / ,g jml )  a s s h o w n .  

I l a t e s  h a v e  b e e n  c o r r e c t e d  fo r  n o - e n z y m e  btan~es. 

T A I q L ~ ,  I [ 

FORMATION Ot 7 Pm,'RUI~,~.TF, FI~OM L-AL±m~NINE BY REDUCI"IVI-; A.~II~ATION 

ln~,~Oatto~l tone D P N H  ]ormed Pl,rUvate [vrme~l 
i ;  x jSt, no. PTaleipJ ( m gJ (mln)  ( ¢on,ges) ( gemule~) 

I o , o 5 5  45 o . 4  t~0 0 , 4 2 9  
2 o . 0 5 5  3 ° 0 . 2 8 0  0 . 3 2 3  
3 ° - ° 5 5  6 0  0 . 4 2 3  o . 4 3 o  
4 o, t l o  3 ° 0 . 4 3 0  0 . 4 7 5  
5 o. r l o  6 o  o . 6 o q  0 . 6 0 5  

isolate the product. After a 15 min incubation period the enzyme was inactivated by 
t he  addi t ion  of 0.5 ml of absolute  alcohol. The tube  contents  were evapora ted  to  
d r y n e s s ,  t h e  r e3" - ' dues  w e r e  e x t r a c t e d  t w i c e ,  e a c h  t i m e  w i t h  0 . 5 0  m l  o f  e t h a n o l .  T h e  

alcohol ex t rac t s  were combined  and evapo ra t ed  to abou t  o.z ml. The concent ra te  was 
spotted o n  p a p e r ;  a s c e n d i n g  c h r o m a t o g r a p h y  w a s  c a r r i e d  o u t  u s i n g  t w o  d i f f e r e n t  

solvent  systems.  Solvent  x consis ted of i sopropanol - formic  ac id-H=O (75:z3 :I2). 
Solvent z was methyiethyl ketone-propi0nic acid-H20 (75:25:30). The amino acid 
spots were developed by a ninhydrin spray followed by heating at r io  = for I 5 rain. 
A single spot of Rv 0.62 (solvent x) and Rr o.zz (solvent z) appeared in the track of 
the spot from each of the complete reaction tubes. Control tube samples (no-enzyme 

gegeren~es p. 538t539. 
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or no-substrate) yielded no n inhydr in- reac t ing  spots. Under  these condit ions au thent ic  
L-alanine produced spots wi th  RF values identical  wi th  those of the unknown.  Co- 
ch romatography  of a complete react ion mix tu re  concentra te  and  L-alanine in a two- 
dimensional ascending system (water-saturated phenol followed by  solvent I ,  above, 
in the second dimension) yielded a single n inhydr in- reac t ing  spot. 

While the optical  ac t iv i ty  of the alanine formed by  reduct ive amina t ion  of pyru-  
ya te  has not  been de te rmined  the subs t ra te  specificity (see helow) of the AID indicates 
t h a t  the L-frown is produced.  

Equilibrium o/ lh¢ alanine/pyruvatc reaction 

The equilibrium constant  of the a lan ine /pyruva te  sys tem was determined.  Typical  
results are shown in Fig. 4. The apparen t  equil ibrium constant ,  K'eq, is defined as 
follows" 

[ p y r u v a t e ~  F I ) t ' N  |"I " [NH£-"  
IC'eq = [ a t a n i n e ~  [ I ) P N +  ~ 

At pH 9.8, and making no correction for ionization of reac tan t s  or products ,  [ ' $ ' e q  ---~ 

5.5 :h a.8. Io -n .  
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F i g .  4- E q u i l i b r i u r , ~  ~JI the oxidzLtive d e a m i n -  
a t i o n  r e a c t i o n .  E a c h  c u v e t t e  c o n t a i n e d ,  in  
H r n o l e s ,  d io l  }Juf fer  t~f p H  9 .~  ( t o o ) ,  L ~ a l a n i n e  
(2 .o)  a n d  A I D  (0 .29  nag  o I  s p e c i f i c  a c t i v i t y  6 .7) .  
I n i t i a l  I ) P N  c o n c c n t r a t i o n s w e r e ,  c u r v e  x (o,~ oz  
0 m o l e s ] ,  c u r v e  _- ( o . 2 o  4 p m o l e s )  a n d  c u r v e  3 
( o . 3 o 6  p m o l e s } ,  r e s p e c t i v e l y ,  F i n a l  v o l u m e  w a s  
t . o o  m l . - T h e  o p t i c a l  d e n s i t y  a t  34  ° m t t  w a s  
t ,~ l lowed  u n t i l  n o  f u r t h e r  c h a n g e  w a s  o b s e r v e d .  

I0 20 30  4 0  
Idin0~es 

F i g .  5- R e v e r s a l  b y  L - a l a n i n e  o f  t h e  r e d u c t i v e  
a m i n a t i o n  o f  p y r u  r a t e .  F . a c h  c u v e t t e  c o n t a i n e d ,  
i n  i t m o l e s ,  t r i s  b u f f e r  o t  p H  8. 5 (6o) ,  N ] q 4 +  (5),  
D P N H  (0 .08)  a n d  A l l )  (o, l o z  m g  o f  s p e c i f i c  
a c t i v i t y  6 .7},  T h e  f i n a l  v o l t . m e  w a s  t . oo  m l .  T h e  
c o n t r o l  c l , v e t t e  [ c u r v e  I } c o n t a i n e d  n o  p y r u v a t e ,  
t h e  o t h e r  c u v e t t c s  e a c h  c o n t a i n e d  0 . 0 8  t ~ m o l e s  
o f  p y r u v ~ t t e .  A f t e r  2 0  r a i n  23 I t m t d e s  o f  L- 

a l a n i n e  w e r e  & d d e d  t o  c u v e t t e  2,  

Reversctl o/ the reductive ami~atio~ reaction 

Fig. 5 shows the  reversal by  alanine of the  reduct ive amina t ion  react ion carried 
out  a t  pH 8.5. As expected f rom the  equil ibrium cons tan t  a large a m o u n t  of L-alanine 
produces bu t  a small  reversal. 

Specificity o[ the reaotants 

TPN or T P N H  cannot  replace DPN or D P N H ,  respectively,  as the AID coenzyme.  
The following a-keto- and  a-amino-acids are not  subs t ra tes  for  the A1D: oxalaceta te ,  
a-ketoglutarate ,  L-phenylalanine,  ~-alanine, DL-a-aminobutyric  acid and  L-serine. 
D-alardne is neither a subs t ra te  nor  an inhibitor.  The lack of ac t iv i ty  of a -ke toglu tara te  
in this  sys t em rules out  BRAU,','STEIS's 6 mechanism of " amino  acid dehydrogenase"  
action. 

.Re/ere~c,zs p, 53,~]539. 
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Effect o/inhibitors on the alanine dehydrogcnase 

Table  I I I  shows the  effects of several  inhibi tors  on the reduct ive  arninat ion assay.  
The  necessi ty of - S H  groups for enzymic  ac t iv i ty  is suggested b y  the  ex t r eme  
sens i t iv i ty  of the  enzym e  to PCMBA. T h i s ' m a y  also explain  the  s t imula t ion  of 
ac t iv i ty  no ted  when the  enzyme is t r e a t ed  with E D T A  which could remove  metals  
causing the ox ida t ion  of enz, yroe-bound - S H  groups. "When the enzyme is di luted 
in o.o2 M tris buffer  of p H  7-5 it Tapidly loses ac t iv i ty .  When the  dibl t ion is made  
at  p H  7.0 in e i ther  o . io  M tris buf[er  or in o.oz 31 tris buffer wi th  a lbumin (3 mg/ml.) 
present ,  the  inac t iva t ion  is no t  observed.  Similarly, glutamic dehydrogenase  has  been 
shown to conta in  --SH grmtps z6-~s which have bc,:n shown to ~ar t ie ipa te  in the 
binding of subs t ra tes  and  p roduc t s  1~. 

- r  t ~w T- 

E I - ' F E C T  O F  I N | I I B I T O R ~  o N  T I l E  2 ~ L : ' ~ N I N E  D F I ~ J Y I ) I ~ O G I ~ N ) k S E  R E A C T I O N  

Inhibitor ( !~mvlc~ ~d) c~n t  r¢)¢ 

N o n ~  i o o  

F l u o r i d e  2 o  ] ~tt3 
~ . i ' s t ~ n a t  t ~  I o t o o  

I:A ) ' t ' . \  t 1 4 0  
P C M B A  o . o i  o 

o . o o t  4 ~ 
0 - o o 0 3  '~7 

2 - a l n i r t o - l l t t o r e n e "  o .  -, ,~ 72  
2 - a c e t y l a r l | i i l o - f l  t l o r e n e  * O, 2 3 7 2 

t g E P  ° "  0.<)5 : o o  
l ' r o p i ( , n i c  a c i d  t . o  t o o  
. M a h m i c  a c i d  t . o  z o o  

1. 

* T h e  g e , m r o u s  g i f t  ctf I ) r .  J.~.x~Es A . . X [ I L L E R .  ( ' n l v e r ~ i i . v  o f  V ~ i s c ~ n s i n  . M e d l e y !  % c l l o , d .  
* * B i s -  [ . 3 - / ~ - e t h y l h e x y l -  5 - m e t h y l  - 5 - ~ m i n o -  h e x a h y d r o p . v r i m i d i n e ,  t h e  g e n e r o u s  g i i : :  o~ D r .  

H A R L Y N  ] - I A L V O R . ~ O N .  D e p a r t m e n t  o f  I ~ c t e r i o h , g y ,  U u i v e r s i t v  o f  VVisco r~n i~ .  

KIELLEY z° repor ted  the inh ib i to ry  effect of i luorene carcinogens on both  mito-  
chondr ia l  a nd  crystal l ine g lu tamic  dehydrogenase .  Two fluorene der ivat ives  inhibit  
t h e  ~lanine dehydrogena te .  

Bis -  1,3 -fl - e t hy lhexy l  - 5 - me thy l  - 5 - amino-  hexahydropyr imid ine  is a po ten t  in- 
h ib i to r  of spore  ge rmina t ion  zx. The  cent ra l  role of py ruv~ te  in spore germina t ion  m 
suggested  t ha t  th is  inh ib i tor  might  ac t  in the  atanine dehydroger tase  reaction.  This 
hypo thes i s  was no t  borne  out .  

IWATSUBO el al. 18 have  shown t ha t  giutar ic  acid inhibits  g lu tamic  dehydrogenase .  
The  mono-  a nd  d icarboxyl ic  acid analogs of alanine (propionie and  malonie acids) 
are  w i thou t  effect in the  A1D s y s t e m .  

Meahanisra o/ the reductive amination reaction 

The  mechan ism proposed  by  YON EULER t for the reduct ive  amina t ion  of a-keto-  
glutar ic  acid to  g lu tamic  acid, as ca t a lyzed  by  the  g lutamie  dehydrogenase ,  involves 
a two-s tep  react ion.  !v. t he  first s tep  a -ke toglu ta r ic  acid reacts  non-enzymica l ly  with 
N H  3 to  fo rm imino-glutar lc  acid (ga). This is followed (gb) by  the  enzymic  reduc t ion  
of the  imino acid to  g lu tamic  acid by  D P N H .  

Re]ar*~aaa p. 53t~]539. 
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- O O C ( ( ' H ~ ) 2 C O C O O -  + Nl[1 a ~ - - O O C ( C H I ) z C { N H ) C O O -  + H 2 0  (9.a) 

O OC (CH~)2C(NH)COO + D P N H  + II  + , ~ - O O C ( C H 2 ) a C H ( N H 2 ) C O O -  + D P N  + (gb) 

No d i r ec t  e v i d e n c e  fo r  t h i s  p r o p o s e d  m e c h a n i s m  has  been  a v a i l a b l e  2~. W h e n  o u r  
i n v e s t i g a t i o n  o f  t h e  Al l )  i n d i c a t e d  t h e  ba s i c  s i m i l a r i t y  of  t h i s  e n z y m e  to  the  g l u t a m i c  
d e h y d r o g e n a s e  t h i s  m e c h a n i s m  w a s  s t u d i e d .  

A c c o r d i n g  to  t h e  m e c h a n i s m  s h o w n  in (ga, b) a b o v e ,  t h e  i m i n o  ac id  is t h e  a c t u a l  
s u b s t r a t e  for  the  d e h y d r o g e n a s e .  T h e  c o n c e n t r a t i o n  of  t h e  i m i n o  ac id  s h o u l d  be  a 
f n n c t i o n  of  the  p r o d u c t  o f  t h e  c o n c e n t r a t i o n s  of  t he  k e t o  ac id  a n d  NI t3 .  I t  w a s  
p r e d i c t e d ,  t h e r e f o r e ,  t h a t  if  the  p r o d u c t  o f  t h e  c o n c e n t r a t i o n s  of  t h e  r e a c t a n t s  is h e l d  
c o a s t a n t  t h e  r a t e  of  D P N H  o x i d a t i o n  b y  a g i v e n  a m o u n t  of  e n z y m e  wiit be  c o n s t a n t .  
" E x p e r i m e n t s ,  h o w e v e r ,  fa i led  to  c o n f i r m  th i s  r e l a t i o n s h i p .  A t  a n y  g i v e n  c o n c e n t r a t i o n  
p r o d u c t  the  r a t e  of  I ) P N I t  o x i d a t i o n  fell off  as  the  p y r u v a t e  c o n c e n t r a t i o n  w a s  r e d u c e d  
a n d  N H 4 +  c o n c e n t r a t i o n  inc reased .  T h i s  w a s  t r u e  for  c o n c e n t r a t i o n  p r o d u c t s  of  I 3  
to  I i O  ([/~moles/ml]~).  T h e  d a t a  s h o w e d  t h a t  t h e  r a t e  of  D P N H  o x i d a t i o n  a t  a g i v e n  
e n z y m e  c o n c e n t r a t i o n  w a s  a f u n c t i o n  of  b o t h  t h e  p r o d u c t  a n d  t h e  r a t i o  of  t h e  s u b s t r a t e  
c o n c e n t r a t i o n s .  T h e s e  d a t a  a re  s h o w n  in Fig.  6. I t  was  c o n c l u d e d  t h a t  t h e  s i m p l e  
m e c h a n i s m  p r o p o s e d  b y  YON EULER c o u l d  n o t  a d e q u a t e l y  e x p l a i n  th i s  r e a c t i o n .  A n y  
m e c h a n i s m  p r o p o s e d  fo r  t h e  r e d u c t i v e  a m i n a t i o n  r e a c t i o n  m u s t  a c c o u n t  fo r  t h e  
c o m p l e x  r e l a t i o n s h i p  b e t w e e n  the  s u b s t r a t e s  ~2. 

0.I0 . 

o.og ! .'~;, 
• , 

l 
5 0  IO0 150 2 0 0  
p y  I" U'ClI".: N H i :  

ALBERTY ~a, in a r e c e n t  d i s c u s s i o n  of  c o e n z y m e  m e c h a -  
n i sms ,  ba s ed ,  in p a r t ,  on  t h e  w o r k  of THEOItELL AND 
C HAXCE ~4, d e s c r i b e d  a ~eries of  r e a c t i o n  m e c h a n i s m s  ap-  
p i i cab lc  to  t h e  o v e r a l l  e n z y m e - c a t a l y z e d  r eac t i on .  

A + tl~-a C + 1) ( to)  

Fig.  (,. R a t e  of  D P N H  o x i d a t i o n  as  a f u n c t i o n  of  b o t h  t h e  p r o d u c t  
a n d  t i l e  r a t i o  of  subs t t - a t e  c o n c e n t r a t i o n s .  O - - - O .  N H , 4 / P Y r  

97:  O . . . . .  C), x N H 4 + / P y r - ~  tg(J; ? - : - - - - X ,  N H 4 * / l ' y r  = 292. 

T h e  TIIEORELL-CHANCI': (T-C..) m e c h a n i s m  of  c o e n z y m e  f u n c t i o n ,  d e r i v e d  f r o m  t h e i r  
i n v e s t i g a t i o n s  of  the  m e c h a l d s m  of  a c t i o n  of t h e  l i ve r  a l coho l  d e h y d r o g e n a s e ,  m a y  
be  r e p r e s e n t e d  as  

E A  + B ~ -  E C  + D ( i i )  

EC~,-~- E + C 

H i g h  s u b s t r a t e  c o n c e n t r a t i o n s  m a y  c a u s e  i n h i b i t i o n  of  c e r t a i n  d e h y d r o g e n a s e s  a s  
w a s  d e s c r i b e d ,  for  e x a m p l e ,  b y  T t t E O R E L L  et al. 25. T h e  bas i c  T - C  m e c h a n i s m  w a s  
e x p a n d e d  b y  DAI.ZIEL 2B a n d  ALBERTY 23 to  a f o r m  a c c o u n t i n g  fo r  t h e  s u b s t r a t e  in-  
h i b i t i o n  

E + A ~  E A  [ I 2 - I )  

E + B ~ - - - E B  {t2-z) (t±} 

EA + B._~_ F.C + D (1x-3) 

Re/erences p. 538]539. 
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T h e  r e l a t i o n  b e t w e e n  tile in i t ia l  c o n c e n t r a t i o n  of e n z y m i c  s i tes ,  (E)0, t he  in i t ia l  s t e a d y  
s t a t e  v e l o c i t ~  V, a n d  the  r a t e  c o n s t a n t s ,  k, is g i v e n  in e q u a t i o n  (i3) a3 

[lifo , _ L  ' [ ,1¢-"1 ' I... , l , . t ,  
v = -),~/ ;'~-,~ ' + k _ # ~ ]  r- k ~ ,  ~ ~,,k:, i . ;  + k;.f-:~7, ( ,3 )  

T h e  p o s i t i v e  s u b s c r i p t s  re fe r  to  t h e  i n d i v i d u a l  f o r w a r d  r e a c t i o n s  a n d  the  n e g a t i v e  
s u b s c r i p t s  i nd i ca t e  the  c o r r e s p o n d i n g  rever~e r e a c t i o n s  : a a n d  b a re  tile c o n c e n t r a t i o n s ,  
r e s p e c t i v e l y ,  o f  t h e  t w o  s u b s t r a t e s .  Th is  is t he  s imp le s t  m e c h a n i s m  in wh ich  V is a 
f u n c t i o n  of  a,b,  ab, a n d  a/b. Ce r t a in  r e l a t i o n s h i p s  ,:an be  An t i c ipa t ed  f r o m  m e c h a n i s m  
(12) a n d  e q u a t i o n  (13). F i r s t ,  V wiU be a f u n c t i o n  of the  c o n c e n t r a t i o n  of  t he  t w o  
s u b s t r a t e s ,  th0  p r o d u c t  of  the  c c n c e n t r a t i o n s  a n d  Um ra t i o  of  the  c o n c e n t r a t i o n s .  
S e c o n d ,  t h e  K s / 0 r  one  s u b s t r a t e  is a func t ion  of  t h e  concentrat ic , :a  of  t he  o t h e r  sub-  
s t r a t e .  T h i r d .  t h e  s lope  of  t h e  LINE~VEAVER-BI! I,~I¢. g~" p l o t  for  e a c h  s u b s t r a t e  is a l inear  
f u n c t i o n  of  t he  r e c i p r o c a l  o f  t he  c o n c e n t r a t i o n  of  the  o t h e r  s u b s t r a t e .  F o u r t h ,  t he  
y - i n t e r c e p t  of  t h e  LINEWEAVER-BuRK p lo t  is a l inear  f unc t i on  of the  r ec ip roca l  of  t h e  
c o n c e n t r a t i o n  of  the  o t h e r  s u b s t r a t e .  [ f  e q u a t i o n  (~3) is u s e d  to  p r e d i c t  (E)0 /g  a t  con-  
s t a n t  a it  is s een  t h a t  (E)t~/V will be  a f u n c t i o n  of ~I/b + b]. T h e  l i n e a r i t y  of  the  
L I N I g ~ , V E A X ' E R - B U I I I - :  p l o t  s lopes  a n d  y - i n t e r c e p t s  as a f u n c t i o n  of r /b  wilt be  o b s e r v e d  
a t  t h o s e  low c o n c e n t r a t i o n s  of  b w h i c h  do  no t  s h o w  s u b s t r a t e  i nh ib i t i on  (b ~: 1:%). 
As t h e  b t e r m  increases  a n d  b e c o m e s  i n c r e a s i n g l y  i m p o r t a n t  in t h e  d e t e r m i n a t i o n  
o f  (E)o/V t h e n  s u b s t r a t e  i n h i b i t i o n  w o u l d  be p r e d i c t e d  s ince t h e  b t e r m  will  b e c o m e  
s ign i f i can t .  I n  the  e x p e r i m e n t s  d e s c r i b e d  be low,  s u b s t r a t e  c o n c e n t r a t i o n s  were  lield 
b e l o w  i n h i b i t o r y  levels  and ,  a c c o r d i n g l y ,  l i n e a r i t y  for  b o t h  the  s lope  a n d  i n t e r c e p t  
p l o t s  w a s  o b t a i n e d .  

Data [or pyzuvale 

Fig.  7 a  s h o w s  the  effect  of  p y r u v a t e  c o n c e n t r a t i o n  on V a t  d i f fe ren t  N H 4 +  
c o n c e n t r a t i o n s .  T h e  i n h i b i t i o n  of !" b y  h igh  p y r u v a t e  c o n c e n t r a t i o n s  will be  d i scussed  
be low.  LJNEWI:.wER-Bt'RI-:  p lo t s  for  t h e s e  d a t a  a re  s h o w n  in Fig.  7 b. T h e  r e l a t ion -  
sh ip s  b e t w e e n  t h e  L I N I g V , ' E A X ' E R - B U R K  p lo t  s lopes  a n d  t h e  y - i n t e r c e p t s  as  f u n c t i o n s  
of  t h e  r e c i p r o c a l  of  N H ,  l ~ c o n c e n t r a t i o n  a re  s h o w n  in Fig. 8a ,b .  T h e  l i n e a r i t y  is 
a p p a r e n t .  

Data [or ao~rno.uia 

I n  Figs .  9 a , b  a n d  I o a , b  d a t a  simi]a,_" to  t hose  a b o v e  a r e  s h o w n  fo r  a m m o n i a  a t  
s e v e r a l  p y r u v a t e  c o n c e n t r a t i o n s .  A g a i n  t h e  e x p e c t e d  r e l a t i o n s h i p s  a re  rea l ized .  In  
a l l  i n s t a n c e s  t h e  m e t h o d  of l eas t  s q u a r e s  was  used  to  o b t a i n  t h e  b e s t  s t r a i g h t  line. 

Form o/ the  ammonia added to the keto acid 

M e c h a n i s m s  for  t h e  r e d u c t i v e  a m i n a t i o n  of p y r u v a t e  c a n  be  w r i t t e n  in s u c h  a 
w a y  t h a t  e i t h e r  N H , +  or  N H  a can  be a d d e d  to  the  k e t o  ac id  t o  f o r m  the  i m i n o  acid .  
A t  a c o n s t a n t  N H ~ +  c o n c e n t r a t i o n  the  c o n c e n t r a t i o n  of N H  3 is a f u n c t i o n  of p H .  
I n  t h e  p H  r a n g e  o£ 8. 3 to  8. 9 o n l y  a sma l l  a m o u n t  of  N H  a w i !  t be  p r e s e n t  in  r e l a t i o n  
t o  t h e  N ~1..~ + *-,~,*-~,~*rntion= . . . . .  ~ _ ,  . . . . . . .  Since  t h e  p H  o p t i m u m  of  t h e  2 l i d  is n o t  sharp_ a n y  c h a n g e  
in  the: r e a c t i o n  v e l o c i t y  a t  c o n s t a n t  e n z y m e  a n d  N H ~  + c o n c e n t r x t i o n  m a y  b e  l :eferable 
to  t he  c h a n g e  in N H a  c o n c e n t r a t i o n .  E x p e r i m e n t s  w e r e  c a r r i e d  o u t  in wh ich ,  a t  p H  
8. 3, 8.6 a n d  8. 9, t he  N H ~  + c o n c e n t r a t i o n s  were  v a r i e d  f r o m  25 t o  I o o  ~moles : 'ml .  T h e  

Re/e~e~zces p. 5.1a/5 ~ q. 
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Fig .  7. E f f e c t  of  N H ~ -  o n  t h e  K~ v a l u e  f o r  p y r u v a t e .  E a c h  c u v e t t e  c o n t a i n e d ,  in  l t m o l e s ,  t r i s  
b u f f e r  of  p l I  8.5 (6o),  D P N H  {o.o8), b e e f  s e r u m  a l b u m i n  (o.9 rag) ,  A I D  o f  s p e c i f i c  a c t i v i t y  12 
(1.8 t4g), a n d  p y r u v a t e  a s  s h o w n .  N I : 4 +  c o n c e n t r a t i o n s ,  in  i tmoles ,  w e r e  O O ,  16o;  X X ,  
8o ;  O - - O ,  4 ° a n d  A - A ,  20. l q n a i  v o l u m e  w a s  z . o o  rid, L]NEWE.~V~R-BUr~v: p l ~ t s  s h o w n  

o n  t h e  r i g h t .  
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Fig .  lo ,  E f f e c t  of p y r u v a t e  o n  t h e  s l o p e s  (a)  
and y - i n t e r c e p t s  (b) of  t h e  LINBWr'-AVEIt- 
BURK p l o t s  fo r  NH~*.  D a t a  t a k e n  f r o m  Fig_ 9, 

N H z  c o n c e n t r a t i o n  at  p H  8. 9 is a b o u t  f o u r  t i m e s  t h a t  a t  p H  8. 3. A t  e a c h  p H  t e s t e d  
t h e  r e a c t i o n  v e l o c i t y  w a s  a f u n c t i o n  o f  N H a +  c o n c e n t r a t i o n .  H o w e v e r ,  a t  a c o n s t a n t  
N H a  + c o n c e n t r a t i o n  t h e r e  w a s  l i t t le  o r  n o  c h a n g e  in t h e  r e a c t i o n  v e l o c i t y  a s  t h e  p H  
w a s  v a r i e d  o v e r  t h e  r a n g e  d e s c r i b e d .  W h i l e  th i s  l a c k  o f  c h a n g e  o f  r e a c t i o n  rate  w i t h  
p H  u n d e r  t h e s e  c o n d i t i o n s  l e n d s  s u p p o r t  t o  t h e  i d e a  t h a t  N H 4 +  is t h e  a c t u a l  s u b s t r a t e  
in t h e  r e d u c t i v e  a m i n a t i o n  r e a c t i o n ,  a f inal  c o n c l u s i o n  c a n n o t  be  r e a c h e d  u n t i l  t h e  
i o n i z a t i o n  o f  t h e  A1D i t se l f  c a n  be  t a k e n  i n t o  c o n s i d e r a t i o n .  

I ) ISCUSSlOIq  

T h e  m e c h a n i s m  p r o p o s e d  in (xz)  a b o v e  is t h e  s i m p l e s t  m e c h a n i s m  w h i c h  f i ts  o u r  d a t a .  
A L B ~ R T Y  2s h a s  e x p a n d e d  r e a c t i o n  ( zz )  to  e n c o m p a s s  m o r e  c o m p l e x  r a e e h a n k s m s ,  
viz .  (a) a t e r n a r y  c o m p l e x  m e c h a n i s m  w i t h  s u b s t r a t e  i n h i b i t i o n ,  (b) t h e  T-C m e c h a n i s m  

Re]exences p. 538[539. 
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w i t h  s u b s t r a t e  a n d  p r o d u c t  i n h i b i t i o n  a n d  (e) a t e r n a r y  c o m p l e x  m e c h a n i s m  w i t h  
s u b s t r a t e  a n d  p r o d u c t  inh ib i t ion .  I n  t he  a b s e n c e  of a m o r e  e x t e n s i v e  k ine t i c  a n a l y s i s  
o f  t h e  A I D  r e a c t i o n  it  is n o t  pos s ib l e  to  s p e c i f y  wh ich  of these  m e c h a n i s m s  is a p p l i c a b l e  
to  t h i s  e n z y m e .  A t  the  p r e s e n t  t i m e  we will  b a s e  o u r  i n t e r p r e t a t i o n  on  t h e  s i m p l e s t  
f o r m ,  t h a t  s h o w n  in ( I2) .  I n  the  e v e n t  a m o r e  c o m p l e x  m e c h a n i s m  is s h o w n  for  the  
A I D  t h e  bas i c  conc lu s ions  d r a w n  he re  will st i l l  be  val id.  

A m e c h a n i s m  i n v o l v i n g  s u b s t r a t e  i n h i b i t i o n  implie~ t h a t  b o t h  s u b s t r a t e s  c o m p e t e  
for  t h e  a c t i v e  s i te  of  t h e  e n z y m e .  Since  we p r e d i c t  t h a t  

EA_ + 15~-  F C  -[- D ( l l )  

i t  fo l lows  t h a t  o n e  s n b s t r a t e  m u s t  b i n d  to  the  e n z y m e  be fo r e  t h e  second  s u b s t r a t e  
c a n  b e  a c c e p t e d  b y  E A  t o  f o r m  t h e  p r o d u c t .  T h e  d a t a  s h o w n  in Figs .  9a  a n d  7a  in-  
d-~c~te th.~t a t  a g i v e n  p y r u v a t e  c o n c e n t r a t i o n  inc reas ing  a m o u n t s  of  N H ~  ÷ lead  to  
l i t t l e  o r  no  i n h i b i t i o n  of  t h e  r a t e  of  r e d u c t i v e  a m i n a t i o n ,  A t  a g iven  N H 4  +, c o n c e n t r a -  
t i on ,  h o w e v e r ,  p y r u v a t e  &cts as  a p o t e n t  i n h i b i t o r  of  t h e  A1D. W e  m a y  t h e r e f o r e  
desig~nate N H ,  + a~ " A "  a n d  p y r u v a t e  as " B "  in m e c h a n i s m  (r2) .  

A n o t h e r  m e c h a n i s m  a c c o u n t i n g  fo r  s u b s t r a t c  i n h i b i t i o n  s h o u l d  be  cons ide red .  
I t  is pos s ib l e  t h a t ,  r a t h e r  t h a n  c o m p e t i n g  for  the  s a m e  s i te  on  t h e  e n z y m e  sur face ,  
t h e  s u b s t r a t e s  b i n d  t o  c lose l#  a d j a c e n t  e n z y m e  si tes .  I n  s o m e  m a n n e r  the  b i n d i n g  
of  p y n w a t e  b y  A1D on  the  one  s i t e  p r e v e n t s  t h e  b i n d i n g  of N H ,  ~ o n  t h e  a d j a c e n t  si te,  
b u t  n o t  v i c e  v e r s a .  N o  evide0_ce as  y e t  ex i s t s  r e l a t i v e  to  th is  p o s s i b i l i t y  

A p r o b a b l e  m e c h a n i s m  of  r e d u c t i v e  a m i n a t i o n  m a y  be w r i t t e n  as  fol lows:  

E + NH4+~ [E--NH4÷ j 

E -,- CH~C()C(~O-  ~ [t2 ~ C H 3 C ~ ) ( ' ( ) O -  ~ 

i F - -  NH**]  + C t [ a C O C O O  ~ [ E  - -  C F t ~ C ( N t f ) C O O  ] + H , O  + H -  

[ E ~ C H a C ( N H ) C O ( ) -  ! + I ) P N H  + H + ~ [E x - C F I ~ C H ( N H . , ) C O ( ) - ]  + I ) P N -  

[bT_. - - C H a C H ( . ~ E I ~ ) C O O -  ] ~ -  E H- CH:~CH{NHz)C( ) ( ) -  

T h i s  m e c h a n i s m  req t l i res  the  i n t e r m e d i a t e  f o r m a t i o n  of i m i n o - p r o p i o n a t e  wh ich  is 
t h e n  r e d u c e d  to  a l a n i n e  b y  D P N H .  } I o w e v e r ,  as  d i s t i n g u i s h e d  f r o m  t h e  mech.xtf ism 
p r o p o s e d  b y  y o n  EULER a t h e  i m i n o  ac id  is no t  f o r m e d  s p o n t a n e o u s l y  b u t  e n z y m i c a l l y .  
S ' I 'RECKER 22, f r o m  a n  a n a l y s i s  of  t he  k ine t i c s  of  the  g l u t a m i c  d e h y d r o g e n a s e  r eac t i on ,  
c o n c l u d e d  t h a t  t h e r e  w a s  no e v i d e n c e  s u p p o r t i n g  the  n o n - e n z y m i c  f o r m a t i o n  of 
i m i n o - g l u t a r i c  ac id  f r o m  a - k e t o g l u t a f i c  ac id  a n d  N H 4  +. W e  c a n n o t  y e t  d e t e r m i n e  
ff o n e  e n z y m e  ca r r i e s  o u t  t h e  f o r m a t i o n  of t h e  i m i n o - a c i d  a n d  t h e  r e d u c t i o n  of t h e  
i m i n o  t o  the  a m i n o  ac id  o r  if t w o  e n z y m e s  a re  i n v o l v e d .  O u r  d a t a  so  fa r  g ives  no  
e v i d e n c e  of a d i s s o c i a t i o n  of t h e  a l an ine  d e h y d r o g e n a s e  i n t o  t w o  e n z y m e s .  S imi l a r l y ,  
e l e c t r o p h o r e t i c a l l y - p u r e  g l u t a m i c  d e h y d r o g e n a s e  a p p e a r s  to  be  a s ing le  p r o t e i n  
specieslT, xS. I f  t h e  r e d u c t i v e  a m i n a t i o n  of p y r u v a t e  is, indeed ,  c a t a l y z e d  b y  o n l y  
one  e n z y m e  t h e n  it  is r e a s o n a b l e  to  a s s u m e  t h a t  i m i n o - p r o p i o n a t e  is an  e n z y m e - b o u n d  
i n t e r m e d i a t e  d u r i n g  t h e  r e a c t i o n .  

Alx a l t e r n a t e  m e c h a n i s m  for  r e d u e t i v e  a m i n a t i o n  z*,2~ i n v o l v e s  t h e  f o r m a t i o n  of  
d e h y d r o a l a n i n e  r a t h e r  t h a n  i m i n o - p r o p i o n a t e .  T h e  r e d u c t i o n  of dehyd_~oa!anine 
( > C  ~-- C ( N H , ) ~ )  w o u l d  f o r m  a l an ine .  W e  h a v e  no  e v i d e n c e  bear i r ig  o n  th i s  poss i -  
b i l i t y .  E v i d e n c e  h a s  r e c e n t l y  been  p r e s e n t e d  b y  HOIiERMAN el al .  'tO a n d  b y  F I S H E R  at  

t h a t  d e h y d r o g l u t a m a t e  is n o t  a n  i n t e r m e d i a t e  in t h e  r e d u c t i v e  a m i n a t i o n  of a - k e t o -  
g l u t a r a t e  as  c a t a i y z e d  b y  c r y s t a l l i n e  g l u t a m i c  d e h y d r o g e n a s e .  I f  t he  a n a l o g y  m a y  b e  

Relerences p. 5381539. 
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d r a w n  be tween  g l u t a m i c  a n d  a lan ine  d e h y d r o g e n a s e s  t h e n  t h e  i n t e r m e d i a r y  role of 
d e h y d r o a l a n i n e  m a y  be d i s coun t ed ,  

Thus  f a r . i n  this  d i scuss ion  of the  m e c h a n i s m  of  r e d u c t i v e  a m i n a t i o n  we h a v e  
no t  deal t  w i th  the  effect of the  D P N H  c o n c e n t r a t i o n  on  g .  T h e  j u s t i f i c a t i o n  of  th is  
omiss ion  is t h a t  z e ro - t ime  t eae t l on  veloci t ies  were  m e a s u r e d  in all e x p e r i m e n t s .  
A c c o r d i n g l y ,  the  c o n c e n t r a t i o n  of  D P N H ,  for  all p r ac t i c a l  pu rposes ,  d id  n o t  v a r y  
du r ing  an e x p e r i m e n t  and  m a y  be t a k e n  as  a c o n s t a n t •  All c h a n g e s  in V m a y ,  the re fore ,  
be a t t r i b u t e d  d i r ec t l y  to  the  v a r i a t i o n s  in c o n c e n t r a t i o n s  of  p y r u v a t e  a n d / o r  NHa+.  
An express ion  c o n t a i n i n g  the  k ine t ic  c o n s t a n t s  for  the  overa l l  t h r e e - s u b s t r a t e  r eac t i on  
will be e x t r e m e l y  complex .  The  effect on  V of v a r i a t i o n s  in the  D P N } I  c o n c e n t r a t i o n  
a n d  the  pos i t ion  of  D P N H  in the  r eac t i on  m e c h a n i s m  wilt be the  sub j ec t  of  a f u t u r e  ' 
s t udy .  

I t  is impl ic i t  in t.his d i scuss ion  t h a t  we  a s s u m e  a bas ic  s i m i l a r i t y  e l  m e c h a n i s m  
of ac t ion  b e t w e e n  the  g ! u t a m i c  a n d  a l an ine  d e h y d r o g e n a s e s .  A k ine t i c  ana lys i s  of  
the  g l u t a m i c  d e h y d r o g e n a s e  s imi la r  to  t h a t  desi : r ibed a b o v e  for  the  A I D  has  n o t  y e t  
been car r ied  out .  S'rRV_'CK|:R, h o w e v e r ,  has  r e p o r t e d  t h a t ,  in the  g l u t a m i c  d e h y d r o -  
genase  reac t ion ,  one  s u b s t r a t e  has an  effect  on  the  I ~  of  the  o t h e r  s u b s t r a t e  ~.  SINGER 
AXI) I{EARNEY a2 have  d r a w n  a t t e n t i o n  to  the  large  d i sc repanc ie s  be tween  the  r e p o r t e d  
L-, va lues  Ior  tile s u b s t r a t e s  of g l u t a m i c  d e h y d r o g e n a s e .  Since s imi la r  o b s e r v a t i o n s  
were m a d e  s h o w i n g  the  effect  of one  s u b s t r a t e  on  the  k inet ic  c o n s t a n t s  of  t h e  o t h e r  
s u b s t r a t e  in the  A iD  r eac t i on  it aptSears r ea sonab le  to  a s s u m e  t h a t  a k ine t i c  a n a l y s i s  
of the  g l u t a m i c  d e h y d r o g e n a s e  r eac t ion  will y ie ld  d a t a  s imi lar  to  t hose  o b t a i n e d  
f rom the  A1D reac t ion .  

AC I~.NOXVLE I)(; l  g ~115 N TN 
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T h e  b r e a k d o w n  o f  a d e n o s i n e  a n d  i n o s i n e  n u c l c o t i d e s  a n d  n u c l e o s i d e s  h a v e  b e e n  s t  t i d i e d  

i n  a r t i c u l a r  a n d  e p i p h y s e a l  c a r t i l a g e ,  e p i p h y s e a t  a n d  m e t a p h y s e a l  c a n c e l l o u s  b o n e ,  

d i a p h y s e a l  c o m p a c t  b o n e  a n d  p e r i o s t e u m ,  l ) e p h o s p h o r y l ~ t  i n g ,  d c a m  i n a t i n g ,  a l n i n a t i n g  

a n d  a d e n y l a t e - k i n a s e  a c t i v i t i e s  h a v e  b e e n  d e m o n s t r a t e d .  

~NTROI}UCTION 

M u c h  a t t e n t i o n  has  r e c e n t . y  b e e n  g i v e n  to  the  role of  A T P  in b o n e  f o r m a t i o n ,  l ' h e  
e n z y m e  m e c h a n i s m  r e s p o n s i b l e  for  this  p h e n o m e n o n .  ]lox~ ever ,  is n o t  d e a r .  S u g g e s t e d  

A b b r e v i a t i o n s :  A T P ,  a d e n o s i n e t r ~ p h o s t } h a t e  : A D I ' ,  a{1on~Jsi ,~ediphosphate;  A31P, xxmsclB 
i ldeny l i c  a c id  ; .kS ,  a d e n o - ~ i n e  : Ad, a d e n i n e  ; I T P, in~ Js inea" iph,~sphate  : I D P ,  i n o s i n e d i p l m ~ p h a t e  ; 
I M P ,  i n o s i n e m o n o p h o s p h a t e ;  IS, int~Mnc. 

R e [ e m n c e s  p .  545.  


