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The enzymic defect of hereditary rnethemoglobinemia: diaphorase 

We wish to repor t  the absence in red cells oI perzons wi th  he red i t a ry  methemo-  
globinemia t of an enzyme  which ca ta lyzes  the reduct ion of methemoglobin  by  reduced 
d iphosphopyr id ine  nucleotide.  This enzyme  also acts  as a cy toch rome  c r e d u c t a ~  
and as a diaphorase,  and its presence or  absence in hemolyza tes  is most  readi ly  
demons t ra t ed  by  its abi l i ty  to  ca ta lyze  the reduct ion of 2,6-dichlorobenzenone- 
indophenor  ~. 

A typical  exper iment  is shown in Fig. I. In the  absence of hemolyza te ,  an excess 
of D P N H  reduces the  dye at  a ra te  t ha t  is first order  with respect  to dye  concen- 
t ra t ion.  The addi t ion of oxidized normal  hemotyza te  increases the  ra te  of reduct ion 
of the  dye,  while the  addi t ion of oxidized methemoglobinemic  hemolyza te  decre,~ses 
the observed rate of reduct ion.  This decrease is due to a rapid  and  reversible react ion 
between reduced a ,6-dichlorobenzenoneindophenol  and  methemoglobin ,  whereby  the 
total  reducible subs t ra te  is increased by  the  addi t ion of methemoglob in  in the  
hemolyzate .  When correct ion is made  for the  addi t ional  subs t ra te  (equivalent  in this 
case to o .o96/ ,mole  2,6-dichlorobenzenoneindoph( 'nol)  the  ra te  with the me themo-  
globinemic hemotyza te  is indist ;nguishable f rom the  non-enzymic  rate.  

Fig.  E. I ) i a p h o r a s e  a c t i v i t y  of  ~xkl ized  hcm,~lyza tes .  
H e r n o l y z a t e  of n i t r i t e - t r e a t e d  ce l l s  e q u i v a l e n t  t o  
3.25 nag h e m o g l ~ b i n :  t r i s ( l a y d r o x y m e t h y l ) a m i n o -  
methan¢~ hydrq*chh~ridc, p H  7-55, 20 # m u l e s ;  s o d i u m  
e t h y l e n c d i a m i n e t e t r a a c e t a t e ,  I t tmo le ;  sod ium 2,b- 
d l c h l o r o b e n z e n o n e - i n d o p h e n o l ,  o. t 7 Semele: 1 ) P N H ,  
o.58 t tm o le ;  vet . ,  3 m l; t e m p e r a t u r e ,  z3~. A b s o r b a n c v  
d e t e r m i n e d  a t  500 ml~. i, no  h e m o l y z a t e  ', 2, methem¢~- 

g l o b i n e m i c  h e m o l y z a t e ;  3. n(~rmal h e m o l y z a t e .  
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Results  with hemdyzate,~ from a series of persons with methemoglobinemia  and  
of control subjects  are shown ill Table  I. The  net  ra te  of reduct ion of dye  in all 
methemoglobinemic  hemolyzates  w~.s essential ly zero while ~,n easily demonst rab le  
reduct ion has been found in all normal  hemolyzates .  Tha t  there  was no enzymic  
ac t iv i ty  in methemoglobinemic  hemolyza tes  w:ts fur ther  demons t r a t ed  by  the effect 
of D P N H  concentra t ion.  The non-enzymic  rate  and  the  ra te  in the  presence of 
methemoglobinemic  hemolyz,t tes were direct ly  propor t ional  to initial D P N H  concen- 
t ra t ion  while the  ra te  with normal  hemolyza tes  was lit t le affected b y  mode ra t e  
changes (0.44 to z.32 #mole~) in this concentra t ion.  W h e n  T P N H  was used as a 
substrate ,  the  rate  of dye reduct ion was tess than  t o  % of t h a t  found  with D P N H .  

Recen t ly  it has become apparen t  t ha t  there  are two types  of he red i t a ry  methemo-  
globinemia. One type  which is due to the presence of an abnormal  hemoglobin is 
inher i ted  as a dominan t  and is readi ly  dist inguished b y  spec t ropho tomet r i c  or  d e c t r o -  
phoret ic  methods  a. The  second type,  of which the  eases in Alaska are representa t ive  1, 
is recessive and is associated with an abnormal :y  slow rate  of methea ,oglobin  reduct ion  

A b b r e v i a t i o a s :  D P N H ,  T P N H ,  r educed  di- and  t r i p | m s p h o p y r i d i u e  nueleo*-ide. 
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T A B L E  I 

O I A P t t O R A S ~ 2  & C T I V [ T Y  O F  H E . ~ I O L Y Z A r ~ S  

ttz&es a re  f i r s t -o rde r  r eac t ion  c o n s t a n t s  m e a s u r e d  as  in Fig .  r a n d  c o r r e c t e d  for  n o n - e n z y m i c  
reac t ion .  -%Iethemoglobinemic s u b j e c t s  have  the  code  n u m b e r s  p r ev ious ly  usedL 

.ll¢lherll¢~.~!,#~t~:ct~lie rut~/ects Control subjects 

.N~lbjt'ct I.~iapl~;±~,¢.*e ~letl'r~ty .%m')]{:c2 Dic~ptlotzl~¢ ¢lr21vit7 

I I t -  4 o . o o o  .k o.o.~ 5 
V - ~  o . o o o  i{ o . o o 9  

I V - t  o . o o o  C o . o ~ :  
~,*[-i  o . o ~ l  I~ o . u ~  3 
V I - 2  o . o o l  , .  4 

V I I - : . ,  o . o o I  P, 0 . 0 [ 4  
V i i - 2  o _ o o i  t l  o . o [ 3  
"V [ 1-2 o . o o 2  C c . t ) 3 2  
V I I - 2  o . o o [  N i t r e  v a ,  i rn l s  o . o 1 9  o . o 6 2  

in red  cells4, a. Gmso.N ~ f rom indi rec t  ev i de nce  po.~tulate z t h a t  a D P N H  d i apho ra~e  
w a s  l ack ing  in red cells of r~ersons w i th  the  e n z y m i c  t y p e  of m e t h e m o g l o b i n e m i a .  
T h e  p r e s e n t  p a p e r  g ives  the  first d i r ec t  ev idence  t h a t  s u c h  is indeed  t h e  c a ~ .  L a c k  
of  th i s  e n z y m e  wou ld  a p p e a r  to  e x p l a i n  t l e  sa l ien t  cha r ac t e r i s t i c  of the  d i s ea se - -~ lxe  
p r e s e n c e  of f r o m  5 - 6 o  % of the  h e m o g l o b i n  as  m e t h e m o g l o b i n .  T h a t  on ly  p a r t  of 
t h e  h e m o g l o b i n  is pre.~.nt  as m e t h e m o g l o b i n  in these  peop le  m a y  be  d u e  to  non -  
e n z y m i c  r e d u c t i o n  of  m e t h e m o g l o b i n . . A  v e r y  Mow ra te  of m e t h e m o g i o b i p  redue t io l t  
is o b s e r v e d  in m e t h e m o g l o b i n e n n c  red  cells L a n d  a s l igh t ly  re.ore r.~pid r a t e  ~s o b s e r v e d  
w i t h  D P N H  or  T P N H  in m e t h e m o g l o b i n e m i c  h e m o l y z a t e s .  "Fl_~e f ac to r s  i e spons ib !e  
fo r  th i s  res idua l  r e d u c t i o n  a r e  no t  k n o w n ,  a l t h o u g h  ascorb ic  ac id  a p p e a r s  to  be  one  
of t h e m h  

T h e  e n z y m e  f r o m  n o r m a l  cells has  beer~ pur i f ied  ovei  l e o - f o l d  b y  i r ac t iona l  
s a l t i n g - m l t  w i th  (NH4) , ,SO I a n d  a d s o r p t i o n  on C a a ( P O 0 ~  gel. Me the rnog lob inemic  
red  ceils w h e n  s u b j e c t e d  to the  s a m e  pur i f i ca t ion  p r o c e d u r e  g a v e  no p e r c e p t i b l e  
e n z y m i c  a c t i v i t y .  T h e  pur i f ied  e n z y m e  r e s e m b l e d  t h a t  f o u n d  in h e m o l y z a t e s  an t h a t  
i t  h a d  o n e - t e n t h  the  a c t i v i t y  w i th  T P N H  t h a t  i.* h a d  wi th  D P N t I .  The  r e l a t ive  r a t e s  
of  r e d u c t i o n  of  the  dye ,  c y t o c h r o m e  0, a n d  m e t h e m o g l o b i n  b y  pur i f i ed  e n z y m e  a t  
p H  7.2 a n d  23 ° were  I 5 , o o o : I 3 O :  I .  Th i s  is in a g r e e m e n t  w i th  the  resu l t s  in who le  
cells a n d  h e m o l y z a t e s ,  whe re  the  r a t e  of  m e t h e m o g l o b i n  r e d u c t i o n  in cells a t  37 ~ ig 
x /8 ,ooo  the  r a t e  of  d y e  r e d u c t i o n  in  h e m o l y z a t e s  a t  23 -~. GilLie the  r a t e  of r e d u c t i o n  
w i t h  m e t h e m o g l o b i n  is so low c o m p a r e d  to  the  o t h e r  a c t i v i t i e s  it is poss ib le  t h a t  
m e t h e m o g l o b i n  r e d u c t i o n  is a r eac t i on  s e c o n d a r y  ~o some  o t h e r  func t ion  of  ~he 
e n z y m e .  T h i s  a p p e a r s  un l i ke l y  h o w e v e r  because  tile o n l y  k n o w n  clinical  finditlgs in 
tiffs c o n d i t i o n  a re  t h e  p re sence  of m e / h e m o g l o b i n  in red cells a n d  a c o m p e n s a t o r y  
p o l y c y t h e m i a .  

A l t h o u g h  Ht ,  EnNEIq.'..~s et [d. 7 h a v e  r e p o r t e d  the  i so la t ion  of a " m e t h e m o g l o b i n  
r e d u c t a s e "  f r o m  red  ceils, t he r e  is s o m a  d o u b t  t h a t  their  e n z y m e  is in fac t  t h e  a g e n t  
r e spons ib l e  for  m e t h e m o g l o b i n  i e d u c t i o n  i n  r i v e  since m e t h y l e n e  b lue  in a n  o b l i g a t o r y  
i n t e r m e d i a t e  in t h e i r  s y s t e m .  T h e  e n z y m e  r e p o r t e d  here  is no t  t h e  s y s t e m  f o u n d  b y  
HUENNEIIENS 6t ¢d. SilIC~ o u r  s y s t e m  does  not  requi re  m e t h y l e n e  b lue  for  m e t h e m o -  
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g lobin  r e d u c t i o n  a n d  h a s  a d i f f e ren t  p y r i d i n e  nuc l eo t i de  speci f ic i ty .  F u r t h e r m o r e ,  
e x t r a c t s  p r e p a r e d  b y  t h e i r  m e t h o d  of t r e a t m e n t  of  h e m o l y z a t e s  w i t h  c h l o r o f o r m  a n d  
e thano l ,  or  b y  boi l ing ,  were  i n a c t i v e  in o u r  s y s t e m .  
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Pyrophosphate formation in cell-free extracts of Escherichia ¢oli 

I n  r e sp i r i ng  cells of Acetobacter suboxidans, y e a s t  a, a n d  3lemtlius lacvymans 2, t he  ac id -  
labi le  p h o s p h a t e  in P P  has  a m o r e  r a p i d  t u r n o v e r  t h a n  t h a t  in A T e  a n d  the  o t h e r  
rmcleos ide  di- a n d  t r i - p h o s p h a t e s .  T h i s  s u g g e s t s  t h a t  t h e  f o r m a t i o n  of P P  is to  soxr, e 
e x t e n t  i n d e p e n d e n t  of A T P ,  a n d  c o n s e q u e n t l y  a r i ses  b y  s o m e  s e p a r a t e  p h o s p h o r y l a t i n g  
p a t h w a y .  

I n t a c t  cells of Es~herichia colt b e h a v e  s imi l a r ly  to  o t h e r  m i c r o - o r g a n i s m s  s tud i ed .  
P P  is r a p i d l y  l abe l l ed  w h e n  E. colt cells r esp i re  in the  p r e s e n c e  of s~Pj. A T P  is m o r e  
s lowly  label led .  In  the  p re sence  of excess  ca r r i e r  Pt,  the  specif ic  a c t i v i t y  of  P P  a p -  
p r o a c h e s  a b o u t  ha l f  the  specif ic  a c t i v i t y  of Pt ,  whi le  t h e  specif ic  a c t i v i t y  of A T P  
a p p r o a c h e s  t h a t  of P P .  

Ceil-free e x t r a c t s  of  E .  soli c o n t a i n  a v e r y  a c t i v e  P P a s e ,  wh ich  r a p i d l y  sp l i t s  
a d d e d  P P .  T h e  e x t r a c t s  con t a i n ,  h o w e v e r ,  a smaf l  a m o u n t  of  P P ,  wh ich  s e e m s  t o  b e  
p r o t e c t e d  f r o m  the  ac t ion  of the  h y d r o i y z i n g  e n z y m e .  T h i s  P P  f r ac t i on  is r a p i d l y  
label led  b y  a d d e d  3gPi. 

An e x t r a c t  of E. colt w a s  m a d e  b y  t r e a t i n g  t h e  cell p a s t e  in a q u e o u s  s u s p e n s i o n  
w i t h  an  u l t r a s o n i c  v i b r a t o r .  T h e  p H  in t he  l iqu id  a f t e r  u l t r a s o n i c  t r e a t m e n t  w a s  close 
to  5-5. T h e  s u s p e n s i o n  was  first  f reed  f r o m  r e m a i n i n g  cells, t h e n  c e n t r i f u g e d  a t  xo ,ooo  
x g for I o  h, a n d  t h e n  t h e  speed  w a s  i n c r e a s e d  to  35 ,ooo  x g for 45 ra in .  T h e  prec i -  
p i t a t e  was  r e s u s p e n d e d  in Tr i s  buffer ,  p H  8.o, t o  g ive  a h igh ly  v i scous  l iqu id  of p H  7-5. 
A f t e r  c e n t r i f u g a t i o n  a t  35 ,ooo ;-t g for  45 rain,  a s l igh t ly  t u r b i d ,  r edd i sh  s u p e r n a t a n t ,  
a n d  a r o p y  p r e c i p i t a t e  were  o b t a i n e d .  T h e  s u p e r n a t a n t  w a s  used  in these  e x p e r i m e n t s  
to  s t u d y  the  i n c o r p o r a t i o n  of a2Pt i n to  P P  a n d  A T P .  E n d o g e n o u s  r e s p i r a t i o n  a n d  
p h o s p b o z v l a t i o n  w a s  high.  I n  some  e x p e r i m e n t s  a lcohol  d e h y d r o g e n a s e ,  D P N ,  a n d  
a lcohol  were  a d d e d  to  t es t  t h e  effect  of  D P N H .  

Abbreviations : PP, inorganic pyrophosphate ; Pl, inorganic orthophosphatc ; ATP, adenosine 
triplmsphate; ADP. aclen~siae diphospha~,: "t'ris, tris(h.vdroxyn/ethyl)amin()rnethane; DPN, 
DPNt-|, oxidized and reduced diphosphop.vridine nucleotide. 


