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T w e n t y  t ubes  were i n c u b a t e d  for two  weeks a t  37°C, 
10 closed w i t h  bac ter io logica l  c o t t o n  a n d  10 w i t h  our  A P  
discs. E v a p o r a t i o n  was  35% less for  t u b e s  s e a l e d  w i t h  
A P  discs as c o m p a r e d  w i t h  c o t t o n  plug. VChen t u b e s  
sealed w i t h  A P  discs were s ter i l ized for  2 h a t  200°C, t h e  
p a p e r  surface  of t h e  discs t u r n e d  o n l y  s l igh t ly  yellow. 
T h e  c o t t o n  p lugs  t u r n e d  d a r k  b r o w n  a n d  d i s t i l l a t ion  sub-  
s t ances  f rom t h e  c o t t o n  a d h e r e d  to  t h e  ins ide  of t h e  tubes .  

W h e n  tubes  of l iquid  m e d i u m ,  closed w i t h  t h e  A P  discs, 
were  s ter i l ized a t  30 p o u n d s  p ressu re  for  1 h,  a n d  e v e n  
t h o u g h  t h e  pressure  was  re leased  sudden ly ,  all  t h e  caps  
r e m a i n e d  in place,  whi le  m o r e  t h a n  ha l f  of t h e  c o t t o n  
plugs  in  t h e  con t ro l  t u b e s  came  out .  The  me ta l l i c  c o v e r  
p e r m i t s  v a p o u r s  to  leave  t h e  t u b e  a n d  equal ize  t h e  pres-  
sure  in  t u b e  a n d  au toc lave .  ( W h e n  t h e  p ressure  d rops  in 

t h e  a u t o c l a v e  i t  d rops  to  t h e  same  degree  in t h e  t u b e ,  a n d  
t h e  cover  s t ays  in  place.)  

O p en i n g  a n d  closing of t h e  t u b e  on  t h e  occas ion  of seed- 
ing or  w i t h d r a w i n g  colonies is also easier  t h a n  w i t h  a cot-  
t o n  plug.  Since t h e  m e t a l  c ap  does n o t  a d h e r e  pe r fec t ly  
to  t h e  walls  of t h e  t ube ,  i t  does  n o t  give rise, w h e n  re-  
m o v e d ,  to  t h a t  p h e n o m e n o n  of a n  a s p i r a t i o n  w h i c h  m a y  
b r i n g  a b o u t  a i r  i n fec t ion  of t h e  m e d i u m .  

T h e  e x t e r n a l  surface,  t h e  p a p e r  side, of t h e  A P  disc is 
whi te ,  a n d  serves  for a n y  des i red  a n n o t a t i o n s  w i t h  i n k  or  
o therwise .  Such  no tes  a re  m u c h  more  re l iab le  t h a n  t hose  
m a d e  o n  t h e  t u b e ,  w h i c h  m a y  be  effaced b y  r e p e a t e d  
h a n d l i n g  or  b y  s te r i l i za t ion  in t h e  au toc lave .  Besides,  t h e  
c lean  t u b e  r ep re sen t s  a n  e c o n o m y  of w a s h i n g  t ime .  

A single size of A P  disc  will f i t  a wide  r a n g e  of t u b e  a n d  
f lask sizes; t h e y  are  m u c h  c h e a p e r  t h a n  c o t t o n  plugs,  
a n d  requ i re  on ly  z/100 t h e  space  for  s torage.  

Discs  of t h i s  ma te r i a l ,  as ide  f rom se rv ing  as caps,  are  
v e r y  useful  for  h o l d i n g  m a t e r i a l  to  be  weighed  on  p h a r -  
m a c e u t i c a l  or a n a l y t i c a l  scales, r ep lac ing  t h e  u sua l  w a t c h  
c rys t a l  in  m a n y  cases. 

Rdsumd. U n  n o u v e a u  t y p e  de couverc le  p o u r  t u b e  de 
microbio logie  ou b ioch imie  a dtd d~crit .  I1 s ' a g i t  d ' u n  
d i sque  d ' a l u m i n i u m  doubl6  de  papier .  I1 f e r m e  plus  
d t a n c h 6 m e n t  que  les bouchons ,  r6siste  ~ 200°C, conse rve  
la  stdri l i td,  o n  p e u t  dcrire dessus  e t  il es t  b o n  marchd .  

V. LORIAN ~ 

Institute/or Pathology o] Tuberculosis, Ca]~, 
Rio de Janeiro (Brazil), January 13, 1964. 

A B C 
A, The disc (metallic side) is applied to the mouth of the tube. B, it 

is pressed down with the palm of the hand. C, Ready. 2 Present address: Boston Sanatorium, Mattapan (Mass. USA). 

S T U D I O R U M  

T h e  M e c h a n i s m  o f  A c t i o n  o f  G l y c e r a l d e h y d e - 3 -  
P h o s p h a t e  D e h y d r o g e n a s e  

I n  our  r ecen t  work  on  t h e  h y d r o l y t i c  r e a c t i o n  ca t a ly sed  
b y  G A P D  1, i t  was  a s s u m e d  t h a t  owing  to  i t s  nuc leoph i l i c  
c h a r a c t e r  a p a r t i c u l a r  t h i o l  g roup  ha s  a n  essen t i a l  role 2. 
I t  was  e s t ab l i shed  t h a t  t h e  f o r m a t i o n  of a n  i n t e r m e d i a t e  
ace ty lLenzyme d u r i n g  hydro lys i s  of a n  a c y l - c o m p o u n d  
d e p e n d s  b o t h  on  t h e  e lec t roph i l i c  c a r b o n y l  c a r b o n  a t o m  
of t h e  a c y l - m o i e t y  of t h e  s u b s t r a t e  a n d  on  t h e  s t r u c t u r e  
of t h e  l eav ing  g roup  or ig ina l ly  b o u n d  to  t h e  acyl  c a r b o n y l  
c a r b o n  a t o m .  T h e  p r e s e n t  p a p e r  is a n  a t t e m p t  to  s t u d y  
t h e  n a t u r e  of  t h e  in f luence  w h i c h  t h e  s t r u c t u r e  of sub-  
s t r a f e  a n d  c o e n z y m e  h a s  on  t h e  r e a c t i o n  of G A P D ,  a n d  to  
ana lyse  in  de t a i l  t h e  c a t a l y t i c  process.  

I n  t h e  r e a c t i o n  w i t h  a ldehydes ,  s u c h  as  G A P ,  GA, or  
a ce t a ldehyde ,  t h e  f o r m a t i o n  of t h e  i n t e r m e d i a t e  acyl-  
e n z y m e  is a c c o m p a n i e d  b y  d e h y d r o g e n a t i o n  a n d  is fol- 
lowed b y  phospho ro ly s i s  a-7 as s h o w n  below. 

O O 
n II 

E - S ~ +  N A D  @ + C - R  ~ E - S - C - R  + N A D H  (1) 

P R O G R E  S SU S 

O 
II 

E - S - C - R  + HOPO8 2 e  ' - E_S  e + 

O 
II 

R - C - O P O 3  2 e  + H ~ (2) 

z Abbreviations: GAPD = glyceraldehyde-3-phosphate dehydro- 
genase; GAP = glyceraldehyde-3-phosphate; GA = glyceraldehyde; 
p-NPA=p-nitrophenyl acetate; IAA=iodoacetic acid; NAD 
= nicotine amide-adenine dinucleotide; NADH = reduced nicotine 
amide-adenine dinucleotide; AMP=adenosine monophosphate; 
IMP = inosine monophosphate. 
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Hypocatalys is .  The reaction catalysed by GAPD is a 
rather complex one. In order to elucidate the mechanism 
of the action, dehydrogenation and acyl-enzyme forma- 
tion should be studied separately. In the case of the reac- 
tion of aldehydes, however, the separation of these two 
elementary steps has not yet  been achieved. 

I t  was shown 840 tha t  GAPD reacts not only with 
aldehydes, but  also catalyses many other processes, like 
the ~P-exchange of acetyl-phosphate and inorganic 
phosphate, the acetyl transfer from acetyl-phosphate to 
arsenate, or to thiol-compounds, the hydrolysis of p- 
NPA, etc. When compared with GAPD, the turnover  
numbers of the reactions mentioned are lower by ap- 
proximately three orders of magnitude. All the catalytic 
processes are inhibited by IAA, suggesting that  at least a 
part of the same active site participates in all catalytic 
processes. Study of the simpler processes, such as hy- 
drolysis, has the advantage tha t  it may help us to gain 
an insight into the mechanism of more complex reactions. 
I t  may lead to better  understanding of the mechanism of 
a reaction catalysed i n  vivo to s tudy a group of reactions 

which might be called hypocatalytic reactions - catalysed 
by .the same enzyme in  vitro, and which will provide 
chemical evidence for the interpretation of the process 
occurring in nature. 

By hypocatalysis we understand the enzymatic trans- 
formation of a non-specific substrate, carried out by a 
part  of the active centre of the enzyme. This reaction does 
not necessarily include all the steps of the natural  
enzymatic process. The non-specific substrate should 
contain a functional group identical with tha t  of the nat- 
ural substrate. On the other hand, both substrates have 
to interact with the same amino acid residue of the en- 
zyme. 

According to the definition suggested, hydrolysis of 
P-NPA by chymotrypsin appears to be a hypocatalytic 
process. I t  has been shown tha t  the same serine residue 
of the enzyme is involved in the hydrolysis of both p-NPA 
and the proteins 11. From the chemical point of view 
there is an obvious relationship between peptide and 
ester bonds. In the case of GAPD, the same cysteinyl 
residue of the enzyme is required for the acyl-enzyme 
formation with both GAP and p-NPA 10 The relationship 
between these two substrates is, at  first sight, not quite 
obvious. The pre-requisite of acyl-enzyme formation is a 
substrate which contains both an electrophilic carbonyl 
carbon atom and a good leaving group attached to this 
carbon atom ~. These structural requirements are in- 
herent in p-NPA. In the case of GAP, however, they are 
only formed during the catalytic process. Consequently, 
the hydrolysis of p-NPA by GAPD may be regarded as a 
hypocatalytic process. The study of this phenomenon 
dre~v our at tention to this potential  property of the 
natural  substrate, which may explain phospho-glyceryl- 
enzyme formation. 

The Acy l -enzyme  Format ion .  GAPD holds a position of 
particular interest among the dehydrogenases, as it firmly 
binds three NAD molecules (presumably consisting of 
three subunits), resulting in the formation of a yellow 
enzyme-coenzyme complex with an absorption maximum 
at approximately 360 mt~, as was shown by RACKER and 
I~RIMSKY 8. Compounds which react with thiol  groups, 
Such as IAA, p-chloromercury benzoate, H~O~ and iodine, 
Cause this absorption band to disappear and, at the same 
time, inact ivate the enzyme. The substrates, 1, 3-diphos- 
phoglycerate and acetyl-phosphate, also abolish this ab- 
sorption band 12. These data  indicate a n  interaction be- 
tween NAD and the thiol group which is involved in the 
formation of the acyl-enzyme, though the possibility of 

this phenomenon being the result of an unspecified con- 
formational change due to the reaction of the thiol group 
cannot be excluded 4. This la t ter  possibility is improbable, 
however, taking into account tha t  after t rea tment  of the 
enzyme with various types of thiol reagents the absorp- 
tion band at 360 m~ uniformly disappears. On the other 
hands the different rates of IAA reaction in the presence 
and in the absence of NAD indicates a close proximity  
between the reacting thiol group and the coenzyme 12 A 
further indication for the existence of such interaction is 
the formation of a ternary complex with silver ion, NAD 
and the mercaptide group of GAPD 18. Accordingly, the 
assumption of an interaction between NAD and the thiol 
group of GAPD seems to b0 quite justified. 

There are considerable discrepancies in opinions con- 
cerning the nature of the bond between GAPD and NAD. 
Covalent s as well as non-covalent 14 types of bonds have 
been suggested for the bond between the NAD pyridinium 
ring and the acyl-enzyme forming thiol group. The most 
probable way of interaction is a kind of charge-transfer 
as described by KOSOWER 15 who suggested the possibility 
of a charge-transfer interaction between the pyridinium 
ring of NAD and the sulfhydryI groups of the enzymes. In 
the case of GAPD this appears to be possible on ~the fol- 
lowing grounds : 

(1) The enzyme-NAD complex has, due to the multi- 
plicity of the vibrational states associated with the weak 
bond between donor and acceptor, a fairly wide absorp- 
tion band which is also characteristic of charge-transfer 
interaction. 

(2) I t  was observed tha t  donors, which form complexes 
with the pyridinium ring, become associated with the 4- 
position, while those which do not form such complexes, 
or do so only moderately, react at  the 2-position of the 
pyridinium ring xs. Dithionite, in contrast with other 
chemical agents and physical methods, reduces NAD to a 
N A D H  which is identical with the coenzyme reduced i n  
vivo. During this reaction the existence of a charge- 
transfer complex between the sulphoxylate ion and the 
pyridinium ring can be demonstrated xe 

On the basis of the fairly rapid reaction between the 
charge-transfer forming thiol group and IAA, the former 
may be supposed to be a mercaptide ion. This mercaptide 
ion is presumably located at the pyridinium ring near 
the positively charged nitrogen atom, adding its electron 
to the upper molecular orbital of the a-electron system of 
the pyridinium ring. This interpretation of the charge- 
transfer complex may explain on stereochemical grounds 
the act ivat ion at  the 4-position, namely the 2-position is 
probably masked by the large negative mercaptide ion 
located near the nitrogen atom. 

Stereochemical conditions favour the orientation of the 
aldehyde group of the substrate with respect to this 

8 j .  H. HARTING, and S. F. VELICK, J. biol. Chem. 307, 867 (1954). 
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12 E. RACKER and I. KRIMSKY, Fed. Proc. 17, 1135 (1958). 
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14 C, F. CORI, S. F. V~LICK, and G. T. CORI, Biochim. biophys. Acta 

4, 160 (1950). 
15 E. M. KOSOWER, J. Am. chem. Soc. 78, 3497 (1956). 
18 ~.  M. KOSO~VER, T]$g F~zymg$ (Ed. P. D. BOYER, H. LARDY) and 

K. MYRBXCK, Academic Press, New York and London 1960), voL 
3, p. 171. 
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c h a r g e - t r a n s f e r  complex .  I t  c an  be  seen f rom F igu re  1 
t h a t  b o n d s  m i g h t  be  fo rmed  b e t w e e n  t h e  c a r b o n y l  c a r b o n  
a t o m  a n d  t he  m e r c a p t i d e  ion o n  t h e  one  h a n d ,  a n d  be-  
t w e e n  t h e  a l d e h y d e  h y d r o g e n  a n d  t h e  4 - ca rbon  a t o m  of 
t h e  p y r i d i n i u m  r ing  on  t he  o t h e r  h a n d .  The  pos i t i ve ly  
cha rged  p y r i d i n i u m  r ing  exer t s  a n  a t t r a c t i o n  on  t h e  
h y d r o g e n  e lect ron.  Accordingly ,  t h e  c a r b o n y l  c a r b o n  
a t o m  o b t a i n s  a pos i t ive  c h a r g e  a n d  c a n  t h u s  r eac t  w i t h  
t h e  nuc teophi t ic  m e r c a p t i d e  ion,  f o rming  a n  i n t e r m e d i a t e  
a d d i t i o n - c o m p o u n d .  A t  t h i s  s tage  t he  e l ec t ron -pa i r  be-  
t w e e n  t h e  c a r b o n  a n d  t h e  h y d r o g e n  of t h e  a l d e h y d e  is 
t r an s f e r r ed  to t h e  pos i t ion  b e t w e e n  t h e  h y d r o g e n  a n d  t h e  
4 -ca rbon  a t o m  of t h e  p y r i d i n i u m  r ing .  I n  t h i s  s t a t e  t h e  
h y d r o g e n  a t o m  can  be  r e g a r d e d  as a good l eav ing  group.  
I n  fact ,  a h y d r i d e  t r a n s f e r  t akes  p lace  whi le  S-acyl-  
e n z y m e  is fo rmed .  H y d r i d e  t r a n s f e r  is a well  k n o w n  
p h e n o m e n o n  i n  o rgan ic  c h e m i s t r y  1~, a n d  is also a s s u m e d  
to  occur  in  N A D - N A D H  t r a n s f o r m a t i o n  ~s I t  s h o u l d  be  
e m p h a s i z e d  t h a t  d e h y d r o g e n a t i o n  a n d  f o r m a t i o n  of t h e  
acy l - enzyme  t ake  p lace  s i m u l t a n e o u s l y  a n d  in close cor- 
r e l a t i o n  w i t h  each  o ther .  Such  a n  i n t e r p r e t a t i o n  of t h e  
two  processes  is in  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a  
w h i c h  s u p p o r t  t h e  a s s u m p t i o n  of a d i r ec t  t r a n s f e r  of t h e  
h y d r o g e n  f rom t h e  a l d e h y d e  g roup  to  t h e  coenzyme  ~,  
a n d  t h e  unsuccessfu l  effor ts  to  s epa ra t e  e x p e r i m e n t a l l y  
d e h y d r o g e n a t i o n  f rom acy l - enzyme  f o r m a t i o n  also sup-  
p o r t  t h e  m e c h a n i s m  discussed  above .  T h i s  m e c h a n i s m  
ho lds  in  t h e  case, too,  if  a g r o u p  o t h e r  t h a n  t h e  m e r c a p t i d e  
ion, a d j a c e n t  to  t h e  p y r i d i n i u m  ring,  serves  as e l ec t ron  
d o n o r  in  t h e  c h a r g e - t r a n s f e r  complex .  

Phosphorolysis .  T h e  arsenolys i s  of 1 ,3 -d iphospho-  
g lyce ra t e  *, t h e  p h o s p h a t e  e x c h a n g e  of a c e t y l - p h o s p h a t e  s 
a n d  t he  r e d u c t i o n  of 1, 3 -d iphosphog lyce ra t e  b y  NADI-1,0 
r equ i re  N A D  for a n  o p t i m a l  r eac t ion  ra te .  These  exper i -  
m e n t a l  o b s e r v a t i o n s  i nd i ca t e  t h a t  N A D  is r equ i r ed  for 
t h e  p t iosphoro ly t i c  s t ep  too.  Recen t ly ,  d i r ec t  ev idence  h a s  
b e e n  o b t a i n e d  o n  t h e  t r a n s f e r  of t h e  ace ty l  g roup  of 
ace ty [ -enzyme,  f o r m e d  d u r i n g  t h e  r eac t i on  w i t h  p - N P A ,  
to  t h e  p h o s p h a t e  ion i t / t h e  p resence  of N A D  ~1. Our  d a t a  
in  t he  Tab le  are  c o n s i s t e n t  w i t h  t h i s  resul t .  Moreover ,  
t he se  d a t a  p r o v e  t h a t  N A D H  is n o t a b l e  t o  p r o m o t e  t h e  
s p l i t t i n g  of t h e  ace ty l - enzyme .  Th i s  is also in a g r e e m e n t  
w i t h  t h e  resu l t s  of KOEI~PE e t  al. 6 a n d  of KRIMSKY a n d  
RACXER .2, accord ing  to  wh ich  N A D H ,  fo rmed  in t h e  

course  of e n z y m a t i c  r eac t i on  is r ep laced  before  phos-  
phoro lys i s  b y  N A D  on  t h e  surface  of t h e  enzyme .  

P a r t i c i p a t i o n  of N A D  in t h e  p h o s p h o r o l y t i c  s t ep  is a 
r a t h e r  u n e x p e c t e d  p h e n o m e n o n .  So fa r  t h e  on ly  e x p l a n a -  
t i o n  for  t h i s  p h e n o m e n o n  h a s  b e e n  t h e  ch an g es  i n d u c e d  
b y  N A D  1.,23,24 in t h e  c o n f o r m a t i o n  neces sa ry  for the  
c a t a l y t i c  ac t iv i ty .  I t  m a y  be  expec ted ,  however ,  t h a t  a 
d i r ec t  i n t e r a c t i o n  wil l  occur  b e t w e e n  t h e  pos i t i ve ly  
ch a rg ed  p y r i d i n i u m  r ing  a n d  a su i t ab l e  an ion .  I t  is k n o w n  
t h a t  I A A  reac t s  w i t h  t h e  t h io l  g roups  of G A P D  m u c h  
more  r a p i d l y  in t h e  p resence  t h a n  in t h e  absence  of NAD,  
whi le  t h e  r e a c t i o n  r a t e  of i o d o a c e t a m i d e  is s lower  a n d  no t  
in f luenced  b y  N A D  1,  W e  m a y  i n t e r p r e t  t h i s  p h e n o m e n o n  
as a n  e x a m p l e  of i n t r a m o t e c u l a r  ca ta lys is .  T h e  e lect ro-  
phi l ic  c a r b o n  a t o m  of t h e  I A A  is d i r ec t ed  i n to  close 
p r o x i m i t y  to  t h e  nuc leoph i l i c  s u l p h u r  a t o m  as a r e su l t  of 
t h e  i n t e r a c t i o n  b e t w e e n  t h e  n e g a t i v e l y  c h a r g e d  ca rboxy l i c  
g roup  a n d  t h e  p y r i d i n i u m  r ing  of t h e  c h a r g e - t r a n s f e r  
complex ,  A n o t h e r  c o n f i r m a t i o n  of t h e  ex i s t ence  of a n  
i n t e r a c t i o n  b e t w e e n  an ions  a n d  t h e  p y r i d i n i u m  r ing  is t he  
h i g h  increase  in t h e  a b s o r p t i o n  of t h e  c o m p l e x  of t h e  3- 
a c e t y l - p y r i d i n e  ana logue  of N A D  b y  G A P D  in p h o s p h a t e  
bu f f e r  .5. On  t h e  bas is  of t h e  a b o v e  e x p e r i m e n t a l  resul ts ,  

The effect of NAD and NADH on the phosphorolysis of acetyl- 
enzyme 

Reaction No, of Addition No. of 
mixture aeetyl after acetyl 

groups 30 sec groups 
after after 
30 sec 30 see 

GAPD+ phosphate+p-NPA 1.60 none 1.56 
GAPD+ p-N PA 1.57 + NAD 1.53 
GAPD+p-NPA +NADH 1.53 
GAPD+ phosphate+p-NPA + NAD 0.16 
GAPD+phosphate+p-NPA +NADH 1.39 

The reaction mixture contained: 0.264 ~.M of NAD-free swine muscle 
GAPD; 2,78 ~tM of p-NPA; 3.0 ~tM of phosphate of NAD and 
NADH, respectively. The coenzymes were added after 30 sec, when 
the acetyl-enzyme had already been formed. The numbers represent 
the acetyl groups per mole of enzyme (M.w. I40,000) at the time 
indicated. The acetyl groups were determined by hydroxamie acid 
test after precipitation of the aeetyl-enzyme and washing with 
triehloroaeetic acid. 

Fig. 1. A possible arrangement of the pyridinium ring of NAD, of 
the aldehyde group of the substrate and the mercaptide ion of GAPD 

at the beginning of the catalytic process (see text). 
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it  m a y  be suggested t h a t  N A D  can p r o m o t e  phosphoro-  
tysis no t  on ly  by  s tabi l iz ing the  s t ructure ,  b u t  b y  its 
e lec t ros ta t ic  a t t rac t ion ,  too.  

Helical structure o/ the Active Centre. R e c e n t  d a t a  h a v e  
revealed the  sequence a round the  thiol  group which forms 
with the  subs t ra te  the  acy l -enzyme 2s, 27. 

Lys-Ileu-Val-Ser-Asp(NH,)-Ala-Ser-Cys-Thr-Thr-  
1 2 3 4 5 6 7 8 9 10 

Asp(NH~)-Cys-Leu-AIa-Pro-Leu-Ala-Lys  

This  is an  i m p o r t a n t  basis on which  to  bui ld  a mode l  of 
the ac t ive  pa r t  of t h e  enzyme.  The  low n e g a t i v i t y  of 
specific opt ical  ro ta t ion  of G A P D  ~3,~4 indicates  a h igh  
con ten t  of helices in the  molecule.  I t  was suggested t h a t  
the par t  of t he  po lypep t ide  chain  of cy tochrome  c, which 
binds beam,  conta ins  two  cysteine residues in an ar range-  
m e n t  resembling the  ac t ive  site of GAPD,  and has a 
hel ical  s t ruc tu re  ~s. W e  m a y  assume, accordingly,  t h a t  the  
pa r t  of  t he  po lypep t ide  chain  which  includes t he  two  
cysteine residues (Nos. 8 and  12) has  a helical  conf igura-  
tion. I n  this  case the  Asp(NHz)-Cys (Nos. 11 and  12) 
double t  m a y  be n e x t  to the  the  reac t ive  cyste ine No. 8. 
By such an a r r angemen t  of the  two  cysteine residues, i t  
is possible to in te rpre t  the  cont r ibu t ion  of zinc and N A D  
to the  ac t ive  site. 

Zinc-enzyme Complex. I t  was shown by  VALLEE et  al. ~9 
t h a t  G A P D  conta ins  zinc, and a possible rote of t he  me ta l  
ion in the  enzyme  func t ion  was discussed by  KELETI et  
al. 3°,31. Zinc is no t  r e m o v e d  by  dialysis agains t  wa te r ;  
moreover ,  in the  na t ive  enzyme,  there  is no exchange  
be tween  the  bound  zinc and  85Zn82. These observat ions  
indica te  a s t rong  bond be tween  the  meta l  ion and the  
protein.  There  are  only two amino  acid residues which 
have  a high a f f in i ty  for zinc ion:  the  thiol  group and the  
imidazole  r ing as. I t  is reasonable  to suppose t h a t  this  
s t rong bond is a zinc-thiol  bond.  This  is suppor ted  by  
the  observat ions  of FRIEDRICH e t  al. s4, who  found t h a t  
dur ing  pho toox ida t ion  of G A P D  three  of the  th iol  groups 
are more  p ro tec ted  t h a n  the  others.  This  phenomenon  
migh t  be due to the  mask ing  effect  of zinc bound  p robab ly  
to these  thiol  groups. Fu r the rmore ,  t ak ing  into accoun t  
the  effect  of phenan th ro l ine  on the  hydrolys is  of p - N P A  
by G A P D ,  i t  is probable  t h a t  i t  is cysteine No. 12 which 
binds the  meta l  ion. I t  was found t h a t  phenanthrol ine ,  
which read i ly  forms a complex  wi th  zinc ion, inhibi ts  the  
hydrolys is  of p - N P A  ~ which  l a t t e r  forms an in t e rmed ia t e  
ace ty l -enzyme reac t ing  wi th  cys te ine  No. 8. The  role of 
zinc in th is  ca ta ly t i c  process indica tes  tha t ,  to  p romo te  
hydrolys is  of the  th io l  ester ,  t he  me ta l  should be s i tua ted  
in t he  p r o x i m i t y  of the  acy l -enzyme forming th iol  group. 
Assuming the  helical  s t ruc ture  men t ioned  above,  the  zinc 
ion m a y  indeed be located be tween  the  two cysteine 
residues. 

The  role of zinc in the  hydrolys is  of p - N P A  by  G A P D  
is in ag reemen t  wi th  the  observa t ion  of SCHWYZER and 
HI3RLIMANN a~ t h a t  the  r eac t i v i t y  of th io l  esters is s t rongly  
enhanced  by  me ta l  ions which possess an  af f in i ty  towards  
the  su lphur  a tom.  The  a t t a c h m e n t  of zinc ion  to  t he  hel ix  
m a y  fu r ther  expla in  t he  increased nucleophi l ic  cha rac te r  
of t he  cyste ine No. 8 residue. The  exis tence of a mercap-  
t ide ion in a solut ion of p H  7 becomes unders tandable ,  
because a pos i t ive ly  charged ion would  t end  to repel  
pro tons  and a t t r a c t  nega t ive ly  charged ions. I n  this  way  
a mic roenv i ronmen t  wi th  a p H  higher  t h a n  t h a t  of the 
bu lk  of the  solut ion can develop a round  the  zinc ion 86. 
The  poss ibi l i ty  canno t  be excluded,  however ,  t h a t  the  
ac t iva t ion  of t he  th iol  group is b rough t  abou t  by  an amino  
acid residue. 

The Binding o / N A  D. The  complex  fo rmat ion  be tween  
the  py r id in ium r ing of N A D  and cyste ine  No. 8 was dis- 
cussed above.  This  in te rac t ion  is r a t h e r  w e a k  $7 and 
probab ly  occurs on ly  if a s t ronger  enzyme-coenzyme  bond 
has  a l ready  been formed.  

The  pyrophospha te  m o i e t y  of N A D  was proposed  for 
such a bond as, wi th  the  possible pa r t i c ipa t ion  of zinc ap. 
An adenine-zinc in terac t ion  is, however ,  a more a t t r a c t i ve  
proposi t ion  in v iew of the  preference which  zinc has to-  
wards  n i t rogen over  oxygen  as a l igand. The  expe r imen ta l  
d a t a  g iven  be low are in suppor t  of our  assumpt ion .  

(1) Adenine  has a t e r t i a ry  imidazo le -N and  an amino  
group which can readi ly  form a complex  wi th  zinc ion 4°. 

Fig. 2. Comparison of the arrangement of nitrogen atoms in adenine 
and phenantroline. Above: phenantroline; below: adenine (see text). 
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(2) These two nitrogen atoms have a similar steric 
position as those of phenanthroline (Figure 2). 

(3) In contrast to the free coenzyme, the bound NAD 
is not  attacked by takadiastase deaminase4L 

(4) 3'-AMP and 5'-AMP have a much greater stabilizing 
effect on the NAD-free GAPD than 5'-IMP 42. 

I t  follows from the decreased affinity of the 'oxidized' 
form of GAPD towards the pyridinium and the adenine 
moieties of NAD 4x that  these two lat ter  groups should be 
next to the cysteine No. 8 and thus next to each other. 
This assumption is supported by spectrofluorometric 
measurements of VELICK 4s concerning NADH binding 
which suggest a folded conformation for the bound co- 
enzyme. 

The formation of a zinc-adenine complex seems pos- 
sible. The coordination number of zinc, usually 4 or 6, 
depends upon the ligand used. In the case of ethylene 
diamine, however, the first two bidentates are bound more 
readily than the third one a4. Presumably the adenine 
moiety of the coenzyme represents this weak type of 
ligand in the protein-NAD-zinc complex (see below). 

The Binding Site o/ Substrate. The specific acetylation 
of the amino group of a lysine residue has been demon- 
strated during the hydrolysis of p-NPA by GAPD ~5. 
Bromoacetic acid inhibits not only the hydrolytic reac- 
tion, but  also N-aeetyt-lysine formation. This observation 
suggests that  the acetyl group is transferred from the 
acetyl-enzyme forming thiol group to the lysine residue 
in the proximity of the active centre. Moreover, it was 
demonstrated tha t  the stable N-acetyl-enzyme exhibits a 
decreased act ivi ty  towards GAP as substrate while the 
GA oxidation and p-NPA hydrolysis remain intact. Re- 
cently an octapeptide (Nos. 1 to 8) with two acetyl groups 
was isolated from the peptic hydrolysate of the acetyl- 
enzyme formed with p-NPA ~. Although in the latter case 
it is not yet  known which residue is responsible for the 
binding of the other acetyl group, it is probable that, due 
to the acetyl transfer occurring during the catalysis, this 
acetyl group is bound to the amino group of the tyslne 
No. 1 residue, 

The significant decrease of act ivi ty of N-acetylated 
GAPD towards GAP suggests the lysine residue as a part  
of the active centre which binds the phosphate moiety of 
GAP. This assumption is supported by our recent obser- 
vation 42 that  p-NPA hydrolysis by N-acetylated GAPD 
can be inhibited by a significantly higher concentration 
of GAP than the concentration required for inhibiting the 
native enzyme. 

The Relation o/ the Active Site to the Whole o/ the Protein. 
I t  may appear from this paper tha t  the helical peptide 
part  discussed above is able to catatyse all processes. This 
helix may indeed be the most important  part  of the active 
site, which is required for all of the reactions mentioned. 
There should, however, be other parts of the polypeptide 
chain contributing other groups to form the complete 
active centre. There is no histidine residue in the helix, 
though its participation has been postulated in the cata- 
lysis no. On the basis of the effect of photooxidation on 
GAPD 34, it is not impossible that  one imidazole is actually 
situated near the active centre. The enormous loosening 
of the structure, which occurs at  the beginning of photo- 
oxidation, suggests tha t  should such a histidine really 
exist, it will contribute first of all to the formation of the 
stable structure of the active centre. According to a very 
at t ract ive hypothesis, another part  of the potypeptide 
chain is bound to the zinc ion through this histidine. In 
this case the capacity of the zinc ion to form a bridge is 
similar to that  of a disulphide bond. In fact, GAPD is de- 
natured if the metal  ion is removed by dithiols~L 

With respect to the relation of the active centre to the 
whole of the protein, the participation of bound NAD in 
the stabilization of the ter t iary structure should first be 
considered. Optical rotation and proteotytic digestibility 
studies have demonstrated that  NAD-free GAPD pos- 
sesses a significantly looser structure than the enzyme 
with bound NAD12,23,~4. Moreover, a rapid denaturation 
of GAPD can be observed even at 0°C, after removal  of 
NAD with charcoal. As mentioned above, 3"-AMP and 
5'-AMP protect effectively NAD-free enzyme at room 
temperature against spontaneous denaturation, while 
5 '-IMP is a weaker stabilizing agent ~2. In the light of the 
model of the active site, i t  seems to be probable that  
coenzyme binding influences the structure of the GAPD- 
metal complex, resulting in a change of protein conforma- 
tion. In the NAD-free enzyme, the zinc ion is apparently 
bound through its 4s4p ~ tetrahedral  orbitats, which change 
for octahedral bonds once the coenzyme has joined the 
GAPD-metal  complex. In Figure 3 a possible arrangement 
of the ligands around the zinc ion is shown. On the basis 
of model experiments 47 we at t r ibute a role to the oxygen 
atom of the Asp(NH~) (No. 11), since owing to its position 
it  is capable of joining the zinc ion, together with the 
sulphur atom of cysteine No. 12, in the form of a biden- 
rate. X~ and X= are unknown ligands originating from a 
different part  of the polypeptide chain; they too are il- 
lustrated as bidentate. One of them is probably the ter- 
t iary nitrogen atom of a histidine residue. If  we regard the 
different sections of the polypeptide as components of the 
whole protein, the latter might be considered as a tetra- 
dentate, responsible for the strong enzyme-metal  bond. 
The two nitrogens in the octahedron are parts of the 
adenine ring of the coenzyme. The acyl-enzyme forming 
thiot group is located above the polyhedron. Such an 
arrangement of the ligands offers an explanation for the 
inhibition of the acyl-enzyme hydrolysis by phenanthro- 
line or by AMP, since these reagents penetrate between 
the zinc and the thiol ester. 

0 . . . . . . . . . . . .  8 t'8 

X1 N 

x~ x2 

Fig. 3. Zinc complex formations in GAPD. On the left: tetrahedral 
form; on the right: octahedral form (see text). 
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The proper conformation and the stabilization of the 
active centre is ensured by the forces which hold together 
the active parts in the polypeptide chain, Consequently, 
a small change in the ter t iary structure may alter the 
position ot the polypeptide sections, which participate in 
the formation of the active centre and might thus have a 
far-reaching influence on the enzymatic activity.  

Zusammen/assung. Zur Erforschung des ~Virkungsme- 
Chanismus einer komplexen Enzymreakt ion vom Typus 
der GAPD k6nnen die mi t  der W'irkung dieses Enzyms 
verkntipften hypokatalytischen Vorgiinge gewisse An- 
haltspunkte geben. Als hypokatalytische Vorg~nge wer- 
den die Reaktionen bezeichnet, die durch einen Teil des 
nattirlichen aktiven Enzyms GAPD auf unspezifische 
Substrate ausgetibt werden. Auf Grund der Analyse einer 

solchen Reaktion,  d.h.  der Hydrotyse des p -NPA durch 
GAPD, wird die natiirliche Funkt ion des Enzyms disku- 
tiert. 

W/ihrend der Hydrolyse des p-NPA wird die e-Amino- 
gruppe eines Lysinrestes der GAPD spezifisch acetyliert, 
die m6glicherweise einen Tell des Bindungsortes der 
GAPD bildet. 

Auf Grund unserer Experimente und mit  Hinblick auf 
frtihere Publikationen anderer Forscher wird ein m6gli- 
ches Modell des aktiven Bereichs der GAPD vorge- 
schlagen. 

L. POLG~R 

Institute o/Biochemistry, Hungarian d cademy o[ Sciences, 
Budapest (Hungary), September 19, 1963. 

COGITATIONES 

G r a p h i s c h e s  R e c h n e n  auf  n o r m a l e m  
W a h r s c h e i n l i c h k e i t s p a p i e r  

Das bei der Auswertung yon Versuchsergebnissen oft 
gebrauchte normale \Vahrscheinlichkeitspapier findet vor 
allem Anwendung bei der (wenn auch nicht mathematisch 
exakten, so dennoch Itir die Praxis hinreichenden) Schnell- 
priifung auf die Normalverteilung und bei der Abschgt- 
zung des Mittelwertes und der Standardabweichung der 
Messwerte ~. Zweck der vorliegenden 1Hitteilung ist es, zu 
zeigen, class sich bei Vorliegen der Normalvertei lung die 
vorgedruckte lineare Teilung des normalen Wahrschein- 
lichkeitsnetzes besonders gut  dazu eignet, verschiedene 
graphisch-arithmetische Operationen, vor allem die gra- 
phische Multiplikation und Division, mit dem auf fibli- 
ehe Weise graphisch gefundenen Mittelwert bzw. der 
Standardabweichung vorzunehmen. Dadurch wird es 
m6glich, gewisse Signifikanzprtifungen bzw. statistische 
Masszahlen, die auf demselben Mittelwert bzw. derselben 
Standardabweichung beruhen bzw. von diesen "~Verten als 
Grundmasszahlen abgeleitet werden kSnnen, direkt auf 
dem Wahrscheinlichkeitspapier auf eine anschauliche und 
bequeme \¥eise zu berechnen. 

Als Beispiel mSge vor allem die graphische Durch- 
fiihrung der Signifikanzprtifung auf den Unterschied 
zweier Standardabweichungen beschrieben werden. Diese 
besteht in ihrer Konfidenzintervallform nach DAVIES et 
al. 2 darin, zu untersuchen, ob sich der ~,¥ert 1 ausserhalb 
oder innerhalb des KonfidenzintervMls des Quotienten der 
zwei Standardabweichungen befindet. Die genannte Si- 
gnifikanzpriifung ist zum Beispiel beim VergIeich der 
l~eproduzierbarkeiten zweier Messverfahren yon Bedeu- 
tung. 

Falls ein normales Wahrscheinlichkeitsnetz vorliegt, in 
dem die Abszissenachse die lineare Teilung trggt, w~hrend 
die Summenhgufigkeitsprozente auf der Ordinatenachse 
aufgezeichnet sind a, so empfiehlt es sich, die genannte 
Prtifung in der linken oberen Ecke des Netzes durchzu- 
ftihren. Man lege am oberen Netzrand eine im Punkt  0 
(siehe Figur) als dem Nullwert beginnende und nach 
reehts fortschreitende lineare Skala an mit  numerierten 

Teilstrichen und einem Modul, der demjenigen gleich ist, 
der bei der Eintragung der Messwerte gebraucht wird. 
Diese wird im folgenden als die obere horizontale Skala 
bezeichnet. Analog denke man sich in der Richtung nach 
unten eine Zahlengerade mit  dem Punkt  0 als Ursprung 
und mit  dem gleichen Modul, die als linke senkrechte 
Skala bezeichnet wird. Auf ihr sehe man jedoch yon der 
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Graphisehe Signifikanzprfifung fiber den Unterschied zweier Stan- 
dardabweichungen, o---o Summenh~tufigkeitsprozente ffir x l; 
e - e  Summenh~iufigkeitsprozente Ifir x v Weitere ErUiuterung im 

Text. 

1 ER~CA WEBER, Grundriss der biologischen Statistik, 4. AufL (VEB 
Gustav Fischer Verlag, Jena 1961), p. 109. 

2 0 . L .  DAVIES et el., Sta~is~ca~ Methods in Research and Production*, 
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