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SUMMARY 

I The presence of several oxldoreductases has been investigated in various 
fractions of pig red-cell stroma The degree of firmness of their association with the 
membrane structure was in the sequence Glyoxylate reductase > NADH dehydro- 
genase > malate dehydrogenase > NADPH dehydrogenase > lactate dehydro- 
genase > trlosephosphate dehydrogenase 

2 After partial solublhzatlon of the stroma with Triton X-Ioo and subsequent 
(NH4)~SO 4 fractlonatlon, most oxidoreductase activities were recovered in the 
fraction precipitating at more than 50% saturation 

3 The membrane-bound glyoxylate reductase reqmred a pH lower than 7 o 
for full activity, the activity was fairly stable and relatively insensitive to most 
mhlbltors The enzyme-substrate interactions seem to be complex, and rather high 
amounts of glyoxylate are required for maximal velocity 

INTRODUCTION 

During the last few years, it has been gradually substantiated that many 
enzymes were bound to the membrane in the mammalian erythrocyte This was 
shown to be true for enzyme systems Involved in ion transport 1 as well as for glyco- 
lytlc enzymes 2 

In this paper, we shall mainly consider the case of some NAD(P)-hnked oxldo- 
reductases not Involved in glycolysls, namely malate dehydrogenase (L-malate NAD + 
oxldoreductase, EC i I I 37), glyoxylate reductase (glycollate NAD + oxldoreductase, 
EC I I I 26), NADH dehydrogenase (reduced-NADH (acceptor) oxldoreductase, 
EC i 6 99 3) and NADPH dehydrogenase (NADPH'(acceptor) oxldoreductase, 
EC I 6 99 i) There is some uncertainty in the characterization of the enzymes 
catalyzing the reduction of dyes by NADH or NADPH, especially in erythrocytes 
In the present study, NADH dehydrogenase will refer to the enzyme catalyzing 
reduction of ferrlcyanlde by NADH, and NADPH dehydrogenase will refer to the 

* Abbreviation DCIP = 2,6-dmhlorophenohndophenol 
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enzyme ca ta lyz ing  reduct ion  of 2 ,6-dlchlorophenohndophenol  (DCIP) b y  N A D P H .  
So far as we know, g lyoxy la te  reductase  has never  been descr ibed in e ry th ro -  

cy tes  The presen(e  of large amount s  of  ma la t e  dehydrogenase  in h u m a n  cells has  
been repor ted  s, bu t  this  enzyme was considered as being "soluble" On the  o ther  
hand,  N A D H  dehydrogenase  has been recognized as a m e m b r a n e - b o u n d  enzyme 
sys tem 4 At  any  rate ,  the  physiological  role of all these dehydrogenase  ac t iv i t ies  is 
far  from being clear ly  unders tood  in the  case of  e ry th rocy tes  Some proper t ies  of  these 
enzymes are descr ibed below,  this  will perhaps  help us to  s ta te  the  problem on a 
sounder  basl~ 

EXPERIMENTAL 

Preparation and fract,onat~on of ghosts 
F~rst method Fresh  pig blood,  o b t a m e d  b y  exsangmnat lon ,  was di lu ted  with  

3 vol of  isotonic NaC1, buffered wi th  5 mM Trls-HC1 buffer (pH 7 2) The red cells 
were centr i fuged down and were washed twice wi th  6 vol  of  o 2 M sucrose solution,  
ad]us ted  to p H  7 2 wi th  a t race  of  hls t ld lne  The  packed  cells were resuspended in 
4 vo l  of o 25 M sucrose, and  the  suspension was frozen at  - - 25  ° m order  to lyse 
the  cells 

Af te r  thawing,  the  s t roma  was centr i fuged down at  0-4 ° and  was washed once 
wi th  about  IO vol of o 25 M sucrose Fina l ly ,  the  packed  ghosts  were resuspended 
in o 5 M sucrose so t ha t  the  suspension conta ined  about  20 mg pro te ln /ml  I f  the  
suspension was kep t  more t han  I week at  - -  20 °, the  ghosts  t ended  to clump, bu t  this  
d id  not  affect the  ac t i v i t y  of the  m e m b r a n e - b o u n d  enzymes 

In  several  exper iments ,  ghosts  ob t a ined  b y  this  me thod  were resuspended in 
5 vol of dis t i l led wate r  at  p H  7 5, and  Tr i ton  X - I o o  was added  to the  suspension 
(final concn o 2% (v/v)) The de te rgent  was al lowed to act  dur ing IO rain at  o rd ina ry  
t e mpe ra tu r e ,  a marked  clearing of the  suspension was observed Upon  cent r l fugat lon  
of this  p repa ra t ion  at  125 ooo × g for 2 h, 20-40% of t o t a l  pro te in  was sed lmented ,  
bu t  enzyme act ivi t ies  were main ly  recovered in the  supe rna tan t ,  ind ica t ing  tha t  most  
enzyme molecules were an solut ion The p repa ra t ion  could then  be f rac t lona ted  wi th  
(NH4)2SO 4 The p rec ip i t a te  ob ta ined  at  30% sa tn  exh ib i t ed  ra the r  low specific 
enzyme act ivi t ies ,  except  t ha t  ma la te  dehydrogenase  was re la t ive ly  a b u n d a n t  This 
f ract ion was centr i fuged down and  usual ly  was d iscarded The p rec ip i t a te  ob ta ined  
when the  supe rna t an t  solut ion was brought  to 60% sa tn  could genera l ly  be recovered 
a~ a f loatmg layer  af ter  I h cent r i fugat ion  at  15 ooo × g This f ract ion conta ined  all 
the  oxidoreductases  descr ibed here, wi th  re la t ive ly  high specific ac t iv i t ies  The 
prec ip i ta te  wa~ resuspended m di lu te  Tns-HC1 buffer (3 raM, p H  7 2) so t ha t  the  
p ro tem concent ra t ion  was about  5 mg/ml  

Second method Ery th rocy t e s  were washed 3 t imes  with  isotonic NaC1, ad lus t ed  
to  p H  7 2 wi th  3 mM Tns-HC1 buffer The  cells were lysed  b y  adding  them quickly  
to  IO vol of  chilled dist i l led wate r  The hemolysa te  was frozen and kep t  overnight  
at  - - 20  ° Af ter  thawing,  the  p H  was ad lus t ed  to  6 2 wi th  acetic acid in order  to 
fac lh ta te  the  sechmentat lon of ghosts  The hemolysa te  was centr i fuged at  5000 × g 
dur ing  15 m m  The packed  ghosts  were washed once wi th  dist i l led wate r  The sedi- 
ment  ob ta ined  at  this  s tage is referred to as "S 1 f ract ion"  

This f ract ion could be washed 2-3 t imes  wi th  3 mM T n s - a c e t a t e  (pH 8 I),  so 
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that in most cases practically all visible hemoglobin was removed The pellet obtained 
at this stage is referred to as "S 2 fraction" 

A ssay of glyoxylate reductase, malate and lactate dehydrogenase 
NADH or NADPH oxidation could, in principle, be followed in the spectro- 

photometer by measuring the decrease in absorbance of the incubation mixture at 
34 ° m# However, a correction was found to be necessary in view of the relatively 
weak specific activity of many preparations This compelled us to measure the NADH 
level in media of relatively high turbidity and hemoglobin content, thus highly 
absorbmg at 340 m# However, this absorbance in the absence of NADH was not 
very different at 34 ° and 380 m#, the difference of absorbance between 34 ° and 
380 m/~ of the incubation mixture could thus be taken as a satisfactory estimation of 
NADH or NADPH concentration 

The reaction was usually started by adding glyoxylate, oxaloacetate or pyru- 
vate to a medium containing 200/~M NADH, 50 mM Tris-maleate buffer at various 
pH values and various amounts of the enzyme preparation The mltial rate of 
disappearance of NADH was taken as a measurement of enzyme activity, except 
when this activity did not follow the classical kinetic patterns (see RESULTS) 

NADH dehydrogenase activity was determined by measuring ferricyamde 
oxidation, essentially as described by ZAMUDIO AND CANESSA 4 

NADPH dehydrogenase activity was measured in the same way, DCIP 
reduction being followed at 600 m/~ 

The concentrations of NADPH and DCIP in the medium were ioo and 40/~M, 
respectively 

Protein was determined by the method of LowRY et al 5 
Organic acids were always added as their sodium salts 

RESULTS 

Enzyme pattern ,n d,fferent part*culate fractwns 
A comparison of the specific activities of several oxidoreductases in different 

preparations is presented in Table I Lactate dehydrogenase (L-lactate'NAD+ oxldo- 
reductase, EC i i I 27) , malate dehydrogenase, glyoxylate reductase, NADH de- 
hydrogenase and NADPH dehydrogenase were found in appreciable amounts in 
ghosts obtaaned by the first method For all enzymes tested, it can be seen that the 
specific activities were much higher m this preparation than in the hemoglobin-free 
stroma (Fraction $2) From data obtained with Fraction $1, it may be concluded that 
the very hypotonlc hemolysis involved in the preparation of this fraction results in 
the release of most lactate dehydrogenase and NADPH dehydrogenase activities 
However, appreciable amounts of NADH dehydrogenase, glyoxylate reductase and 
malate dehydrogenase were retained in this fraction 

In the extensively washed S 2 fraction, the specific activities of glyoxylate 
reductase, NADH dehydrogenase and malate dehydrogenase amounted respectively 
to 22, 12 and i0% of the activities found in ghosts prepared by the first method. 
Lactate dehydrogenase and NADPH dehydrogenase were practically absent 

The presence of trlosephosphate dehydrogenase (D-glyceraldehyde-3-phos- 
phate NAD+ oxIdoreductase, EC I 2 I II)  was investigated in various fractions but 
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T A B L E  I 

S P E C I F I C  A C T I V I T I E S  OF L A C T A T E  DEHYDROGENASE, M A L A T E  D E H Y D R O G E N A S ] ~ ,  G L Y O X Y L A T E  

REDUCTASE, N A D H  D E H Y D R O G E N A S E  A N D  N A D P H  D E H Y D R O G E N A S E  IN V A R I O U S  F R A C T I O N S  

O B T A I N E D  F R O M  R E D  C E L L  S T R O M A  

L a c t a t e  d e h y d r o g e n a s e ,  m a l a t e  d e h y d r o g e n a s e  a n d  g l y o x y l a t e  r e d u c t a s e  a c t i v i t i e s  a r e  e x p r e s s e d  
as  n m o l e s  N A D H  o x i d i z e d  p e r  m l  o f  i n c u b a t i o n  m i x t u r e  p e r  m g  p r o t e m  p e r  m m  N A D H  d e h y -  
d r o g e n a s e  a c t i v i t y  is g i v e n  in  n m o l e s  K3Fe (CN)~  r e d u c e d  p e r  m l  o f  i n c u b a t i o n  m i x t u r e  p e r  m g  
p r o t e i n  p e r  m l n  N A D P H  d e h y d r o g e n a s e  a c t i v i t y  is  g i v e n  in  n m o l e s  D C I P  r e d u c e d  p e r  m l  o f  
i n c u b a t i o n  m i x t u r e  p e r  m g  p r o t e i n  p e r  r a i n  C o n d i t i o n s  o f  e x p e r i m e n t  see EXPERIMENTAL 
T h e  p H  o f  t h e  m e d m m  w a s  6 2 f o r  g l y o x y l a t e  r e d u c t a s e  a n d  7 2 f o r  o t h e r  a s s a y s  T h e  c o n c e n t r a -  
t i o n s  o f  p y r u v a t e ,  o x a l o a c e t a t e  a n d  g l y o x y l a t e  w e r e  o 5, 2 o a n d  7 o r aM,  r e s p e c t i v e l y  

Preparation used Specific act~wty 

Lactate Malate Glyoxylate N A  DH NA D P H  
dehydro- dehydro- reductase dehydro- dehydro- 
genase genase genase genase 

G h o s t s  o b t a m e d  b y  t h e  
t h e  f i r s t  m e t h o d  29 2 59  23 I 31 6 2 o 5 

G x f r a c t i o n  3 2 i i  7 8 8 12 3 o 33 
S,  f r a c t i o n  o 3 6 i 5 2 3 8 o 05 
F r a c t i o n  o b t a i n e d  b y  

(NH4)2SO , p r e c i p i t a t i o n  
P p t  a t  3 o %  s a t n  o 2 43 4 IO 8 - -  - -  
P p t  a t  5 5 %  s a t n  87 73 123 73 8 23 

practically no activity could be detected On the other hand, a rather weak gluta- 
thlone reductase activity (NAD(P)H oxldized-glutathione oxldoreductase, EC 
I 6 4 2) was found in ghosts prepared by  the first method (data not presented) 

The preparation obtained by  (NH4)2SO 4 fractionation exhibited a particularly 
high activity of glyoxylate reductase (Table I) Lactate dehydrogenase, NADH 
dehydrogenase and NADPH dehydrogenase were also concentrated in this fraction 
Malate dehydrogenase, however, was not much more abundant than in the crude 
stroma 

Propert, es of the membrane-bound omdoreductases 
Lactate dehydrogenase From data presented in Table II, it can be seen that  

membrane-bound lactate dehydrogenase was active over a wide range of pH values 
(6 5-9 o) and exhibited the well-known phenomenon of Inhibition by  excess sub- 
s t r a t e - -bu t  only to a small extent The activity was markedly mhlbited by sodmm 
sulfite As shown in Table V, relatively high concentrations of NaC1 (o 05-0 5 M) 
stimulated the activity at high pyruvate concentration (2 raM), at low pyruvate  
concentration, however, lower concentrations of NaC1 (o 05 M) had little effect, while 
higher amounts (o 5 M) were definitely inhibitory In other words, NaC1 increased the 
apparent Km value for pyruvate 

Malate dehydrogenase This enzyme was also active over a wide range of pH 
values (6 0-8 5) As shown in Table II,  It was inhibited by  sulfite as well as by  
relatively high amounts of oxalate and malonate 

The effects of NaC1 were analogous to those observed with lactate dehydro- 
genase, except that  lower amounts of NaC1 were sufficient to induce an appreciable 
activation (Table V) 

B*ochzrn Bzophys Acta, 185 (1969) 287-296 



A S S O C I A T I O N  OF O X l D O R E D U C T A S E S  W I T H  E R Y T H R O C Y T E  M E M B R A N E  291 

T A B L E  I I  

L A C T A T E  A N D  M A L A T E  D E H Y D R O G E N A S E  A C T I V I T Y  O F  G H O S T S  P R E P A R E D  B Y  T H E  F I R S T  M E T H O D  

T h e  o x a l o a c e t a t e  c o n c e n t r a t i o n  i n  m a l a t e  d e h y d r o g e n a s e  a s s a y s  w a s  2 m M  p H  o f  t h e  m e d i u m  
m E x p t s .  2 a n d  3 is  7 2 T h e  p y r u v a t e  c o n c e n t r a t i o n  m l a c t a t e  d e h y d r o g e n a s e  a s s a y s  w a s  
o 5 m M  i n  E x p t s  I a n d  3 T h e  spec i f i c  a c t i v i t i e s  a r e  e x p r e s s e d  as  in  T a b l e  I 

Expt  Cond*t~ons Spec*fic act~wty 
No 

Lactate M alat e 
dehydro- dehydro- 
genase genase 

I p H  o f  t h e  m e d m m  
6 0  2 3 4  4 9 5  
7 5  31 6 6 6  7 
9 0  27 i 5 2 6  

2 P y r u v a t e  c o n c n  (mM) 
o 08  25 2 - -  
0 4  2 9 3  - -  
2 24 3 - -  

3 I n h i b i t o r  a d d e d  (mM) 
N o n e  27 8 55 8 
Su l f i t e ,  o I i o  4 4 3 
O x a l a t e ,  20  - -  23 3 
M a l o n a t e ,  20  - -  35 

Glyoxylate reductase. When ghosts prepared by  the first method were used, it 
was generally observed that  the initial rate of NADH oxidation was very low at low 
substrate concentration and that  the steady-state rate was reached after several 
minutes only On the other hand, at high glyoxylate concentration the absorbance 
at 340 m# dropped markedly on glyoxylate addition, and this drop did not appear 
to be due to NADH oxidation In  any case, however, the rate of disappearance of 
NADH remained linear between 5 and IO min after glyoxylate addition, and this 
steady-state rate was taken as a measurement of enzyme activity. 

¢_ 
E 
~ 4 0  

/ / f  xb 20- , ~  ~ ~ '  

10" X 
Z 

0 5 10 15 2O 
G lyoxy la t  e ( raM)  

F i g  I E f f e c t  o f  g l y o x y l a t e  c o n c e n t r a t i o n  o n  t h e  g l y o x y l a t e  r e d u c t a s e  a c t i v i t y  o f  g h o s t s  o b t a i n e d  
b y  t h e  f i r s t  m e t h o d  C u r v e  a,  t h e  c o m p o m t l o n  o f  t h e  i n c u b a t i o n  m e d m m  w a s  5 ° m M  T n s - m a l e a t e  
b u f f e r  ( p H  6 2), 7 m M  s o d m m  g l y o x y l a t e ,  2 0 o  # M  N A D H ,  o 2 m g  p r o t e m / m l  C u r v e  b ,  o 5 M 
s u c r o s e  a d d e d ,  C u r v e  c, o 5 M KC1 a d d e d ,  C u r v e  d,  o 2 %  T r i t o n  X - i o o  a d d e d  
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The effects of increasing concentrations of sodium glyoxylate under different 
experimental conditions are reported in Fig I First it must be pointed out that  the 
kinetics of the reaction apparently did not follow the classical Mlchaehs-Menten 
pat tern Indeed, when the experiment was reproduced several times, we always found 
that  the experimental points obtained could not be made to yield a hyperbola The 
curves actually appeared to exhibit two inflection points, thus suggesting that  the 
enzyme-substrate  interaction is complex On the other hand, the glyoxylate concen- 
tration necessary for half-maximal activity was unusually high, generally 2-3 mM 
or more This value was generally smaller when ghosts were partially solublhzed with 
Triton X-Ioo (Curve b) and higher when the tomclty of the mdelum was increased 
(Curves c and d) High concentrations of KC1 (Curve d) as well as of NaC1 (Table V) 
were inhibitory at any glyoxylate concentration 

Maximum reductase activity was found at pH around 6 o (Fig 2) Only a small 
activity was detected above pH 7 3 

In the fraction obtained by  (NH4),SO4 fractlonatlon at 60% sa tn ,  the proper- 
ties of glyoxylate reductase were essentially the same, except that  the lmtmal rate of 
disappearance of NADH always corresponded to the maximal activity Fig 3 show~ 
the effects of increasing concentrations of glyoxylate on the activity of this fraction 
at various pH values I t  can be seen that  the substrate concentration necessary for 
half-maxunal activity markedly increased with the pH of the medium 

200 - 

5 

~2o ~ pH67 

5o. 

~ o . . . .  
5 6 8 9 0 5 10 15 20 

DN GlyoxyPote [mM ) 

]qg 2 Effect of pH on the g]yoxy]ate reductase achv l ty  of ghosts obtruded by the first method 
The glyoxylate concen t rahon  was 7 mM 

Fig 3 Effect of glyoxylate concent rahon  on the glyoxylate reductase achv l ty  of a prepara t ion  
obtained by  (NH,) ,SO 4 f rac tmnat lon (60% satn  ) at  various p H  values The compos lhon  of the 
medmm was 50 mM Trls-maleate  buffer at  various pH's ,  7 mM sodium glyoxylate, 2ooffM 
NADH, o 2 mg protein per ml 

From data shown in Table I I I ,  it appears that  the enzyme also catalyzed 
NADPH oxidation, although at a slower rate than NADH On the other hand, the 
act ivi ty was inhibited by relatively high concentrations of mercurials (mersalyl, p- 
chloromercuribenzoate), oxalate and malonate Sulfite (o I mM) and n-ethylmale- 
imlde (I mM) were practically uneffectlve 

N A D H  and N A D P H  dehydrogenases As shown in Table IV, both activities 
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TABLE III  

G L Y O X Y L A T E  R E D U C T A S E  A C T I V I T Y  O F  G H O S T S  O B T A I N E D  B Y  T H E  F I R S T  M E T H O D  

pH of the medmm, 6 2 Glyoxylate concn,  7 mM In Expt  2, NADH was used as the coenzyme 
Specific activity is expressed as m Table I 

Expt  Cond~t*ons Specific 
No act, v2ty of 

glyoxylate 
reductase 

Coenzyme used 
NADH 24 5 
NADPH 8 9 

Inhibitor added (mM) 
None 27 
Mersalyl, I 13 i 
p-Chloromercunben- 
zoate, o i 14 9 
Oxalate, 2o 7 2 
Malonate, 20 9 i 

w e r e  m a r k e d l y  I n h i b i t e d  b y  m e r c u r i a l s ,  b u t  no  specif ic  I n h i b i t o r  o f  t h e s e  ac t i v i t i e s  

c o u l d  be  f o u n d  

T h e  t w o  t y p e s  o f  a c t i v i t i e s  c a n  t h e r e f o r e  be  d l s t m g m s h e d  o n l y  on  t h e  bas i s  o f  

c o e n z y m e  s p e c i f i c i t y ,  m fac t ,  N A D P H  w a s  o m d i z e d  in  t h e  p r e s e n c e  o f  D C I P  (Table  

IV) b u t  n o t  in  t h e  p r e s e n c e  o f  KaFe(CN)6 , w h e r e a s  N A D H  was  o m d l z e d  b y  b o t h  

e l e c t r o n  a c c e p t o r s  T h i s  s u g g e s t s  t h e  p r e s e n c e  o f  t w o  d i f f e r en t  e n z y m e s  b u t  does  n o t  

i n d m a t e  w h m h  o f  t h e m  is r e s p o n s i b l e  for  N A D H  o x i d a t i o n  b y  D C I P  

TABLE IV 

A C T I V I T Y  O F  NADH D E H Y D R O G E N A S E  A N D  NADPH D E H Y D R O G t ~ N A S E  I N  D I F F E R E N T  E N Z Y M E  

P R E P A R A T I O N S  

Preparation used Cond*t*ons Speczfic act*wty 

N A  DH dehydrogenase N A  D P H  
(nmoles electron acceptor dehydro- 
per ml per mg prote,n genase 
per man) (nmoles 

D C I P  per 
W,th W*th ml per mg 
K3Fe(CN)6 D C I P  protean per 
as electron as electron m~n) 
acceptor acceptor 

Ghosts prepared by the Control 
first method I mM mersalyl 

added 
io mM mersalyl 

added 
o I mM p-chloro- 

mercurlbenzoate 
added 

Fraction obtained by Fresh preparatlon 
(NH4)~SO 4 precipitation Aged preparation 
at  55 % satn 

45 5 8 4t 2 08 

89 2Ol o19 

o 3 o 07 None 

I 9 8  o 14 

18 2 8 62 

91 738 

io i 

93 

(15 days at -- 15 °) 41 
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TABLE V 

E F F E C T S  O F  NaC1 ON L A C T A T E  D E H Y D R O G E N A S E ,  M A L A T E  D E H Y D R O G E N A S E  A N D  G L Y O X Y L A T E  

R E D U C T A S E  A C T I V I T Y  O F  G H O S T S  P R E P A R E D  B Y  T H E  F I R S T  M E T H O D  

The pH of the medium was 6 2 for glyoxylate reductase and 7 2 for other assays Specific activities 
expressed as m Table I 

Enzyme tested Substrate concn Specific actzwty 
(raM) 

Control o 05 M o 5 M 
NaCl NaCl 

Lactate Pyruvate, o 2 24 5 23 3 17 i 
dehydrogenase Pyruvate, 2 15 8 16 9 27 5 

Malate Oxaloacetate, o 5 36 6 41 5 3 ° o 
dehydrogenase Oxaloacetate, 5 41 o 5 ° 8 62 4 

Glyoxylate Glyoxylate, I i i 5 9 9 3 8 
reductase Glyoxylate, io 28 7 28 4 12 o 

However, using preparat ions  obta ined  by  (NH4)~SO 4 fract lonation,  it  was 
observed tha t  the N A D H  dehydrogenase ac t iv i ty  was occasionally rather  low, 
especially after aging This was t rue not  only with K3Fe(CN)B bu t  also with DCIP  
as electron acceptor (Table IV) On the other hand,  N A D P H  dehydrogenase ac t iv i ty  
appeared to be more stable This suggests tha t  DCIP reduct ion is catalyzed by  the 
same enzyme as K3Fe(CN)6 reduchon,  namely  N A D H  dehydrogenase N A D P H  
dehydrogenase would be a dis t inct  enzyme 

DISCUSSION 

The present da ta  suggest tha t  the conclusions reached by  GREEN et al ~ about  
glycolytic enzymes may  be extended to most  oxldoreductases of the red cell These 
enzymes appear,  indeed, to be more or less firmly bound  to the membrane ,  the milder 
the condit ions of hemolysis, the higher are the specific activities of most  enzymes in 
the ghost fraction I t  would be t emp tmg  to extrapolate  and to assume tha t  in the 
in tac t  cell very few enzyme molecules are really free in the lntracel lular  fluid 

However, the absence of bound  tr losephosphate dehydrogenase m pig red cell 
ghosts is worth not icmg HARKNESS et al 6 reported tha t  appreciable amounts  of this 
enzyme were present  in whole hemolysates of pig erythrocytes,  thus,  we mus t  
consider this enzyme as soluble or, at least, very weakly bound  in porcine erythro- 
cytes This may  be in relat ion with the very low rate of glycolytlc ac t iv i ty  in the 
pig red celF 

As to the physiological slgmficance of the enzyme actlvltles described here, 
conclusive evidence is still lackmg m most cases The presence of large quant i t ies  of 
malate  dehydrogenase in the par t iculate  as well as in the soluble 8 fraction is puzzhng, 
since no pa thway  leading to the synthesis of malate  or oxaloacetate is known In 
m a m m a h a n  erythrocytes Anyway,  the presence of a large excess of an enzyme is 
often indicat ive of a regulatory funct ion,  for instance,  malate  dehydrogenase might  
compete with lactate  dehydrogenase for N A D H  bind ing  
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Concerning the role of NADH dehydrogenase, no indication can be drawn from 
the present data Methemoglobm reduction may, an fact, be its only function in the 
mature erythrocyteg, 1°. 

On the other hand, our data suggest that  this enzyme is distinct from NADPH 
dehydrogenase Similar conclusions, based on electrophoresls of hemolysates, were 
reached by KAPLAN AND BEUTLER 1° The membrane-bound NADH dehydrogenase 
described here may be identical with the "NAD+-dlaphorase '' purified by SCOTT AND 
McGRAw n, whereas NADPH dehydrogenase more probably corresponds to the 
"methemoglobln reductase" purified by HUE~NEKENS et a l l ,  

The presence of firmly bound glyoxylate reductase in the erythrocyte remains 
puzzling as well Indeed, no pathway for glyoxylate synthesis has been shown to 
exist in red cells, moreover, FISHER A~D WATTS la have shown that In the living 
erythrocyte, glyoxylate was oxidized to oxalate rather than reduced to glyeollate 
As a matter of fact, the unusually high Km for glyoxylate reduction might indicate 
that we are not dealing with the physiological substrate Maybe the enzyme described 
here is by no means involved in glyoxylate metabolism 

Recent data on transport processes an the erythrocyte membrane may help us 
to propose an alternative explanation We have been able to find several indications 
that some link might exist between the Ca*+-dependent ATP splitting by ghosts and 
an hypothetical electron transfer reaction 14, the overall process possibly being as- 
sociated with Ca ~+ translocataon. Since DCIP as well as glyoxylate, but not KaFe(CN)6, 
were found to be potent lnhibators of the ATPase reaction (P WINS, unpublished 
data) 14, NADPH dehydrogenase and glyoxylate reductase may appear as possible 
candidates for association with the ATPase system Evidence supporting this hypo- 
thesis will be reported elsewhere 

The effects of NaC1 on lactate dehydrogenase, malate dehydrogenase and 
glyoxylate reductase have already been investigated in extracts of Crustacean 
tissues 14,15 They have been interpreted as indicative of the fact that the fate of the 
reducmg power is partially under the control of the ionic composition of the lntra- 
cellular f lu id ,  thus linking the activity of the cellular membrane and that of crucial 
metabohc sequences The present findmgs, if they do not demonstrate the significance 
of the lnorgamc ions in the case of red cells, nevertheless are suggestive of a possible 
role of lnorgamc ions in the integration of the metabolic sequences of the cell mem- 
brane 
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