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l imi ted  to  25 ra in  a n d  no  o the r  subs t ances  were added  b u t  
m e t h y l e n e  blue. The  effect  of m e t h y l e n e  blue on ly  
appea red  w h e n  a c o n c e n t r a t i o n  of 5 • 10-~ M was reached.  
The  increase  of Pb0 va lues  seems to be  the  consequence  
of a r ap id  increase  of 2, 3 D P G  levels, because  the  red cell 
c o n c e n t r a t i o n  of H + a n d  ca t ions  was no t  af fected b y  
m e t h y l e n e  blue, as h a p p e n s  for o the r  drugs  (like proprano- 
lol s). 

To the  o b s e r v a t i o n  t h a t  t he re  is a n  o p t i m a l  concen t ra -  
t ion  of m e t h y l e n e  blue  for a f fec t ing  Pb0 va lues  (as 
i nd i ca t ed  b y  DAWSON and  KOCHOLATY s' 4 and  as a p p e a r e d  
in our  exper iments ) ,  t h i s  m u s t  be cons idered  an  error. 
I n  fact ,  w h e n  Pb0 is m e a s u r e d  b y  m e a n s  of spec t ropho to -  
met r ic  techniques ,  t he  m e t h y l e n e  blue  a t  h igh  concen t ra -  
t i on  (5 • 10 -4 M) in ter feres  w i t h  t he  a b s o r p t i o n  s p e c t r u m  
of H b O  2 and  H b C O  (Figure 3). 

Riassu~nto. L ' a g g i n n t a  a sangue  u m a n o  di b lu  di met i l ene  
r iduce  l ' a f f in i t~  d e l l ' H b  per  1'O 2. Tale  ef fe t to  s e m b r a  
la conseguenza  di  u n  i n c r e m e n t o  dei  l ivel l i  i n t r ae r i t ro -  
c i ta r i  di  2, 3DPG.  La  concen t r az ione  in t r a -  ed ex t ra -  
cel lulare di  H +  Na+ e K + non  6 i n f l u e n z a t a  dal  b lu  di 
met i lene.  
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H20 ~ Oxid izes  an Aldolase  D ihy dr o x y a c e t one  Phosphate  Intermediate  to 
H y d r o x y m e t h y l g l y o x a l  Phosphate  

The aldol  c l eavage -condensa t i on  r eac t ion  ca ta lysed  b y  
f ruc tose  1, 6 - d i p h o s p h a t e  a ldolase  proceeds  v ia  a c a rban -  
ionic e n z y m e - b o u n d  i n t e r m e d i a t e  of d i h y d r o x y a c e t o n e  
p h o s p h a t e  ( - C H O H . C  = N H + R . C H ~ O P O ~ - ,  H~NR = 
ac t ive  s i te  lysyl  res idue  of aldolase)1. Recen t ly ,  we h a v e  
shown  t h a t  t h  is i n t e r m e d i a t e  is r ead i ly  oxid ized  to hy-  
d r o x y m e t h y l g l y o x a l  p h o s p h a t e  ( =  h y d r o x y p y r u v a l d e -  
h y d e  p h o s p h a t e ,  CHO.  CO" CH~OPO~-) b y  a n u m b e r  of ox- 
i d a n t s  such  as t e t r a n i t r o m e t h a n e 2  and  t he  ox ida t ion- re -  
duc t i on  i nd i ca to r s  h e x a c y a n o f e r r a t e  ( I I I ) ,  p o r p h y r i n d i n ,  
po rphy rex ide ,  2 , 6 - d i ch l o r opheno l - i ndopheno l  and  N- 
m e t h y l p h e n a z i n i u m  m e t h o s u l f a t e  3, 4. The  o x i d a t i o n  of t he  
i n t e r m e d i a t e  proceeds  w i t h  a b o u t  equa l  fac i l i ty  us ing  
f ruc tose  1 ,6 -d iphospha te ,  f ruc tose  1-phospha te ,  or di-  
h y d r o x y a c e t o n e  p h o s p h a t e  as t he  s u b s t r a t e  ~. W h e r e a s  t he  
s u b s t r a t e  is c o n s u m e d  s to i ch iomet r i ca l ly  b y  t he  reac t ion ,  
t he  e n z y m e  serves  solely as a ca ta lys t .  O x i d a t i v e  a c t i v i t y  
in  t h e  p resence  of su i t ab l e  e lec t ron  accep tors  is e x h i b i t e d  
b o t h  b y  t h e  class I Schiff  base  f o r m i n g  a tdolases  ( r a b b i t  
muscle,  l iver  a n d  b ra in  5) and  t h e  class I I  me ta l loa ldo lase  
f rom yeast% Since t h e  r eac t ion  a p p a r e n t l y  is non-  
specific w i t h  respec t  to  t he  ox idan t ,  t he  poss ib i l i ty  was  
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Fig. 1. Aldolase-catalyzed oxidation of dihydroxyacetone phosphate 
by H2Oo. The reaction mixture contained 3.9 mM dihydroxyacetone 
phosphate, 40 mM HsO2, 5.6 U/ml aldolase in 0.05 M Iris  chloride 
(pH 7.5) at 25~ (O); the controls contained no aldolase (�9 or no 
H2Os (I),  respectively. 

sugges ted  t h a t  i t  m i g h t  also occur  in  v i v o  w i t h  a n  i n t r a  
cel lular  ox idanL  The  p r e sen t  c o m m u n i c a t i o n  r epo r t s  t he  
r eac t ion  of one of t h e  poss ible  cand ida tes ,  H20~, w i t h  t h e  
a ldolase  s u b s t r a t e  i n t e r m e d i a t e .  I n  ana logy  to  t h e  
reac t ions  of t he  oxid iz ing  agen t s  e x a m i n e d  prev ious ly ,  t he  
r eac t ion  p r o d u c t  was  iden t i f i ed  as h y d r o x y m e t h y l g l y o x a l  
p h o s p h a t e .  This  ke toa ldehyde ,  a p o t e n t i a l l y  biological ly  
ac t ive  c o m p o u n d ,  t h u s  r ep resen t s  one of t he  long- sough t  
n a t u r a l  s u b s t r a t e s  of t he  g lyoxa lase  sys tem.  

Experimental .  Fruc tose  1 , 6 - d i p h o s p h a t e  a ldolase  f rom 
r a b b i t  muscle  (specific a c t i v i t y  6 U/rag),  glycerol  phos-  
p h a t e  dehydrogenase ,  and  g lyoxalase  I (E.C.4.4.1.5) 
were o b t a i n e d  f rom Boehr inger .  The  d icyc lohexyl -  
a m m o n i u m  sal t  of t h e  d i m e t h y l  ke ta l  of d i h y d r o x y -  
ace tone  p h o s p h a t e  was chemica l ly  syn thes i zed  and  
c o n v e r t e d  in to  free d i h y d r o x y a c e t o n e  p h o s p h a t e  as 
r epo r t ed  b y  BALLOLI a n d  FlSCI~ER v. H~O~ (Perhydro l  | 
30%)  was f rom Merck.  

D i h y d r o x y a c e f o n e  p h o s p h a t e  was d e t e r m i n e d  w i t h  
gIycerol  p h o s p h a t e  d e h y d r o g e n a s e  and  N A D H  s h y d r o x y -  
m e t h y l g l y o x a l  p h o s p h a t e  w i t h  g lyoxa lase  I a n d  reduced  
g l u t a t h i o n e L  H 2 0  ~ (%40 = 0.036 m M - l c m - 1 )  ~0, a ldolase  
ac t iv i ty~ t  a n d  c o n c e n t r a t i o n  ~ were d e t e r m i n e d  spect ro-  
pho tome t r i c a l l y .  

Results.  A d d i t i o n  of H~O~ to a m i x t u r e  of d i h y d r o x y -  
ace tone  p h o s p h a t e  a n d  aldolase  in i t i a t e s  a s u b s t r a t e -  
c o n s u m i n g  r eac t ion  (Figure 1). B o t h  H 2 0  ~ a n d  aldolase are  
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Fig. 2. Dependence of the oxidation rate on the concentration ol 
dihydroxyacetone phosphate. A) The oxidation rate is given as the 
decrease in coneentratiorl of dihydroxyaeetone phosphate in the 
first 5 min of the reaction. The concentration of dihydroxyaeetone 
phosphate indicated on the abscissa is the mean of the concentration 
at zero and 5 min reaction time. H~Oe concentration was 150 mM. 
The aldolase concentration was adjusted between 0.42 and 2.8 U/ml 
to keep the substrate consumed to < 65% of the initial concentra- 
tion; the rates indicated are normalized to an aldolase concentration 
of 2.8 U/mh Other conditions were as in Figure 1. B) Double reciprocal 
plot of oxidation rate vs. concentration of dihydroxyaeetone phos- 
phate. 

Aldolase-catalyzed oxidation of dihydroxyacetone phosphate to 
hydroxymethylglyoxal phosphate 

requi red  to induce the  d i sappearance  of d i h y d ro x y ace t one  
p h o s p h a t e  ; in the  contro l  exper iments ,  when ei ther  one is 
absen t  the  subs t ra te  concen t ra t ion  remains  v i r tua l ly  
unchanged.  The kinet ic  fea tures  of the  react ion are con- 
s i s ten t  wi th  an ox ida t ion  of an enzyme-bound  inter-  
med ia te  of d ihyd roxyace tone  phospha te .  The init ial  r a te  
of subs t r a t e  ox ida t ion  is p ropor t iona l  to  the  concen t ra t ion  
b o t h  of the  enzyme and  of H20 2 and  follows sa tura t ion  
kinet ics  w i th  respect  to  the  concen t ra t ion  of d ihydroxy-  
acetone  p h o s p h a t e  (Figure 2A). The double  reciprocal  
p lo t  of t he  init ial  r a te  of d ihyd roxyace tone  p h o s p h a t e  
oxidat ion,  vs. the  concen t ra t ion  of d ihyd roxyace tone  
phospha te ,  yields a s t ra igh t  line (Figure 2 B). The d ihy-  
d roxyace tone  phospha t e  concen t ra t ion  resul t ing in 
h a l f - m a x i m u m  ra te  of oxidation (7 .4•  -~ M) agrees 
w i th  t he  values  de t e rmined  for t h e  react ions  w i th  o ther  
oxidizing agents  ~, a. The p r i ma ry  p ro d u c t  of oxida t ion  of 
a ldolase-ac t iva ted  d ihyd roxyace tone  p h o s p h a t e  is appar -  
en t ly  t he  cor responding  ke toa ldehyde ,  h y d r o x y m e t h y l -  
glyoxal  p h o s p h a t e  (Table). However ,  at  the  high H~O 2 
concen t ra t ions  used in the  p re sen t  exper iments ,  only a 
f rac t ion of t he  to ta l  d i h y d ro x y ace t o n e  p h o s p h a t e  con- 
sumed was recovered as h y d r o x y m e t h y l g l y o x a l  phospha te .  
The res t  appa ren t l y  was oxidized fu r the r  by  H20 2 ill a 
non-enzymat i c  react ion.  I t  has  been repor ted  t h a t  a- 
ke toa ldehydes  are readi ly  oxidized by  H20 ~ at  neu t ra l  
p H ;  in t h e  p resen t  case t he  expec ted  p roduc t s  are formic  
acid and  phosphoglycol ic  acid ~ 

Discussion.  Recen t  repor t s  have  d e m o n s t r a t e d  the  
exis tence of a cytosolic s t eady  s ta te  concen t ra t ion  oi 
H~O~ in l iving t issues which  m a y  a m o u n t  to  10 -v 2VI la, 1~. 
The ex t en t  of in t racel lular  a ldolase-cata lyzed ox ida t ion  
of d i h y d r o x y a c e t o n e  p h o s p h a t e  a t  th is  H~O~ concent ra-  
t ion  m a y  be e s t ima ted  f rom the  values  r epor ted  for the  
intracel lular  concen t ra t ions  ( rabbi t  skeletal  muscle) of 
aldolase~*, f ructose 1 ,6 -d iphospha te  and  d ihydroxy-  
acetone  p h o s p h a t e  ~v E x t r a p o l a t i o n  of t he  exper imenta l ly  
de t e rmined  ra te  oi oxidat ion  (cI. F igure  1) to t he  in vivo 
condi t ions  yields a ra te  of 10-20 n M / m i n .  In  cer ta in  cells 
under  special  c i rcumstances ,  e.g. phagocy t i z ing  leukocytes,  
where  m u c h  h igher  H20 ~ concen t ra t ions  in the  range of 
1-100 m M  m a y  occur ~s,~~ a ldolase-cata lyzed ox ida t ion  
m a y  become of q u a n t i t a t i v e  impor t ance  as a f i rs t  s tep  of 
an i r reversible  non-phosphory la t ing  shun t  to  the  E m b d e n -  
Meyerhof  pa thway .  H y d r o x y m e t h y l g l y o x a l  p h o s p h a t e  is 
a subs t r a t e  for t he  glyoxalase sys tem;  wi th  reduced  
g lu ta th ione  as a cosnbs t r a t e  i t  is t r a n s f o r m e d  to  I)-3- 
phosphog lyce ra t e  in 2 consecut ive  reac t ions  ca ta lysed  by  
glyoxalase I and  glyoxalase I I  9. H y d r o x y m e t h y l g l y o x a l  
p h o s p h a t e  thus  represen ts  one of t he  long-sought  na tu ra l  
subs t ra tes  for the  glyoxalases,  an ub iqu i tous  and very  act ive  
enzyme system2~ Ke toa ldehydes  have  been  repor ted  to  

Reaction time Dihydroxyacetone Hydroxypyruvaldehyde 
(rain) phosphate (raM) phosphate (raM) 

0 7.5 0 
5 7.1 0.4 

30 5.5 0.5 
80 4.1 0.7 

160 2.5 0.8 

The reaction mixture contained 67 mM HsO~, 4.3 U/ml aldolase 
in 0.05 M Tris chloride (pH 7.5) at 25 ~ At the indicated times an 
aliquot was analysed for dihydroxyacetone phosphate and hydroxy- 
methylglyoxaI phosphate. 
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react  readi ly  wi th  bo th  p ro te ins  =* and  nucleic acids ==, ~a, 
to possess ant iv i ra l  ac t iv i ty  ~, to inh ib i t  p ro te in  syn thes i s  =~ 
and  cell d i v i s i o n %  and have  been pos tu la t ed  to be 
involved in the  regula t ion of these  processes ev. The role of 

2!. ~.. RACKER, in Glutathione (Eds. S. COLOWICK, A. LAZAROW, 
~. RACKER, 1). R. SCHWARTZ, ~. STADTMAN and H. WAELC~; 
Academic Press, New York 1954), p. 171. 
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~5 L. G. EOY~3D and A. SZENT-GY6RGYI, Proc. natn. Acad. Sci. USA 
56, 203 (1966). 
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55, 388 (1966). 
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KE.~S and E. NELL; Pergamon Press, Oxford 1964), p. 475. 
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the  glyoxalases  in p reven t ing  an accumula t ion  of h y d roxy -  
me thy lg lyoxa l  p h o s p h a t e  would therefore  seem to be 
essent ia l  ~or normal  cell funct ion.  The oxida t ion  of enzyme-  
subs t r a t e  carbanions  by  t-IeO~ migh t  also be considered as 
a metabol ic  fea ture  med ia t i ng  the  effect  of an increased 
in t racel lu lar  H~O= concen t ra t ion  in biological processes 
such as oxygen  poisoning ~s, r ad ia t ion  damage  =~, or 
phagocytos i s  by  leukocytes  ~s, i~ 

Zusammen/assung.  H~O~ oxyd ie r t  eine E n z y m - S u b -  
s t r a t -Zwischenve rb indung  der  F r u c t o s e - l , 6 - d i p h o s p h a t -  
Aldolase.  Aus D i h y d r o x y a c e t o n p h o s p h a t  wird dabei  
H y d r o x y m e t h y l g l y o x a l p h o s p h a t  gebildet .  Dieser  Ke to -  
a ldehyd  diirf te  eines der  lunge gesuch ten  Subs t r a t e  fiir 
das Glyoxa lase -Sys tem sein. 

P. C~IglS~EN, T. K. ANDnRSON, and  M.J.  HEALY 

Biochemisches Inst i tut  der Universitiit Zi~rich, 
Z~trichbergstrasse d, CH-8032 Zi~rich (Switzerland), 
21 December 1973. 

A 2 4 - H o u r  R h y t h m  in H u m a n  S e r u m  D o p a m i n e - / ? - H y d r o x y l a s e  Act iv i ty  

H u m a n  serum con ta ins  dopamine- /~-hydroxylase  
(DBH),  which  is re leased f rom the  s y m p a t h e t i c  nerve  
endings  and  the  ad rena l  medul la  L The enzyme  ac t iv i ty  in 
se rum can be measured  e i ther  by  enzymat i c  rad ioassays  
using p h e n y l e t h a n o l a m i n e - N - m e t h y t t r a n s f e r a s e  2, a or by  
a mic ro - spec t ropho tome t r i c  assay 4. 

The levels of D B H  ac t iv i ty  in h u m a n  serum are 
especial ly h igh  compared  wi th  var ious  an imal  species 4, 
t h e y  showed a ma rked  ind iv idua l  va r ia t ion  (1-100 U, 
~moles/rnin,  pe r  1 serum), bu t  were ve ry  cons t an t  on 
successive days  for a given ind iv idua l  2-4. The h igh  
enzyme ac t iv i ty  in h u m a n  serum is assumed to  be caused 
by  the  increased s y m p a t h e t i c  nerve  ac t iv i ty  due to the  
erect  pos ture .  Since the  enzyme  is secre ted  f rom the  
s y m p a t h e t i c  nerves  and  the  adrenal  medul la  t oge the r  
wi th  norep inephr ine  and epinephr ine ,  t he  enzyme  ac t iv i ty  
in se rum m a y  be expec ted  to  have  a 24-h r h y t h m  caused 
by  the  changes  in per iphera l  s y m p a t h e t i c  ac t iv i ty .  
However ,  there  has been no repor t  on the  24-h r h y t h m  of 

se rum D B H  ac t iv i ty  in humans .  If  there  is such a r h y t h m ,  
i t  m a y  be an i m p o r t a n t  basic in fo rma t ion  for the  clinical 
s t u d y  of t he  enzyme ac t iv i ty  in h u m a n  serum. We have,  
therefore ,  examined  changes  in t he  enzyme ac t iv i ty  in 
h u m a n  serum dur ing  24-h. 

Dopamine- f i -hydroxylase  ac t iv i ty  in se rum was assayed  
by  a mic ro -pho tomet r i c  m e t h o d  b y  NAGATSU and UDElV- 
FRIEND 4 using t y r a m i n e  as subs t ra te .  10 and 20 bd of 
se rum were used for the  dupl ica te  assays.  This  assay 
m e t h o d  is h igh ly  reproducible ,  and  the  m a x i m u m  
veloci ty  can be ob ta ined  unde r  t he  s a tu r a t ed  subs t r a t e  

1 J. AXELROD, Pharmac. Rev. 2d, 233 (1972). 
2 R. WEINSHILBOUM and J. AXELROD, Circulation Res. 28, 307 

(1971). 
a IV[. GOLDSTEI~, L. S. FREEI)~IAN and lVL BONNAY, Experientia 27, 

632 (1971). 
4 T. NAGATSU and S. UOENF]~ND, C]im Chem. 18, 980 (1972). 
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Fig. L Dopamine-~-hydroxylase (DBH) activities in human sera. 
--,  Mean values (~  SEM) of 10 female volunteers at various times 
during 24 h are expressed as the percentage of 24-h mean activity 
of each individual - - -, Actual DBH activities of 4 cases are shown in 
terms of international unit (U, v.moles/min, per 1 serum). Experiments 
were started at 08.00 h. 
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Fig. 2. DBH activities in human sera. Mean values ( i  SEM) of 
13 male volunteers at various times during 24 h are expressed as the 
percentage of 24-h mean activity of each individual. Experiments 
were started at 16.00 h. 


