
394 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 12257 

T H E  I N H I B I T I O N  O F  C E R E B R A L  N A D ( P ) H : ( A C C E P T O R )  

O X I D O R E D U C T A S E *  B Y  B A R B I T U R A T E S  A N D  N E R V O U S  

D E P R E S S A N T S  

R E L A T I O N S H I P  W I T H  CHEMICAL S T R U C T U R E  

ANTONIO GIUDITTA AND GUIDO DI PRISCO 

The International Laboratory of Genetics and Biophysics, Naples (Italy) 

(Received February I5th, 1963) 

SUMMARY 

Cerebral NAD(P)H:(acceptor)  oxidoreductase I (diaphorase I) is inhibi ted by  bar- 
b i tura tes  and  nervous depressants which compete with the substrate.  Determina t ion  
of Ki  values for each compound provides a quan t i t a t ive  measure of their inhib i tory  
effect. An invest igat ion has been made on the chemical s tructures required for in- 
hibit ion.  The importance of the - C O - N R -  group and of the size of subs t i tuen t  
groups is discussed. Other groups of atoms can, however, subs t i tu te  for - C O - N R - .  
Cyclic s t ructures  are not  required for inhibit ion.  A parallel invest igat ion on the 
s t ruc tura l  requirements  for inhibi t ion of N A D H  oxidase of heart  mi tochondr ia  has 
revealed a general s imilari ty in the chemical s tructures required. The possible 
na ture  of inhib i tory  groups involved in b ind ing  with the enzyme is discussed. 

INTRODUCTION 

The relationship between chemical s t ructure  and  biological act ivi ty  of barb i tura tes  
and  other nervous depressants of similar formula has s t imulated the interest  of 
invest igators since the effect of these drugs was first s tudied with pharmacological 
and  biochemical techniques. The first invest igat ions were made in the whole animal  
by  comparing the abi l i ty  of various barbi tur ic  acid derivatives to produce hyp-  
nosis l& After the act ion in vitro of these compounds on biological oxidations was 
recognized a-9, similar studies were carried out  with tissue slices and cell-free pre- 
parat ionsl° ,  n by  following the degree of inhibi t ion produced by  different types of 
compounds.  As a result of this work, biological ac t iv i ty  has been found to depend 
among other things on the length and branching  of the side chains present  at C-5 
of barbi tur ic  acid and on the presence of the -CO N R -  group tha t  occurs in the 
major i ty  of active compounds.  

More recent work has further localized the point  of action of these drugs in vitro 

* This enzyme, previously referred to as cerebral diaphorase 1, is listed with the systematic 
name of NAD(P)H,: 2-methyl-i,4-naphthoquinone oxidoreductase and the trivial name of 
menadione reductase (EC 1.6.5.2 ) in the Report of the Commission on Enzymes of the I.U.B. 
(Pergamon Press, 1961). In this paper the names NAD(P)H:(acceptor) oxidoreductase and 
NAD(P)H dehydrogenase (trivial name) will be used, since they give no emphasis to the nature 
of the electron acceptor, which, as it occurs in vivo, is as yet unknown. 
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in the flavoprotein region of the mitochondrial NADH-oxidase systeml2,13. Some 
uncertainty remains, however, as to the exact site of barbi turate inhibitionl4,15. 

During the last few years, two nicotinamide nucleotide dehydrogenases, 
NAD(P)H dehydrogenases I and I I  (diaphorases I and II),  have been identified and 
purified from brain ls-19 and shown to be inhibited by amytal.  The inhibition has 
been found to be of the competitive type 2°,21, and to be produced in the case of  
NAD(P)H dehydrogenase I by several other barbiturates and nervous depressants i2. 
I t  therefore seemed of interest to examine the barbiturate inhibition of this enzyme 
from the point of view of its structural requirements, and to compare it with that  of 
other enzymic systems such as mitochondria. This comparison might provide infor- 
mation on the possible similarity of the two inhibitory sites. Structural studies with 
barbiturate-like compounds are carried out more suitably with NAD(P)H dehy- 
drogenase I in view of the relative simplicity of this system when compared with 
particulate preparations, and of the accuracy with which inhibitory power can be 
determined from the values of the inhibitor constant. This work has been presented 
to the 8th Meeting of the Italian Society of Biochemistry 2~. 

EXPERIMENTAL 
Chemicals 

NADH was obtained from the Sigma Chemical Co., St. Louis, Mo; FAD from 
the California Corporation for Biochemical Research, Los Angeles; potassium ferri- 
cyanide from E. Merck, A.G., Darmstadt  (Germany). Barbiturates and other nervous 
depressants were gifts from various firms; azetidinones 24, oxazindiones and N- 
methyl-oxazindiones 25 were kindly supplied by Professor E. TESTA, Lepetit Labo- 
ratories, Milano (Italy). The sodium salts of the barbiturates were dissolved in water ; 
the acid forms in dilute sodium hydroxide. Addition of these solutions in the quan- 
tities used for experimentation did not modify the pH of the assay mixture. Non- 
barbi turate  drugs which were not readily soluble in water were dissolved in 95 % 
ethanol and added in quantities not exceeding o.I ml. The same amount of 95% 
ethanol did not effect diaphorase activity. Glass-distilled water was used throughout. 

Enzymic  preparations 

NAD(P)H dehydrogenase I (diaphorase I) was extracted from fresh ox brain 
obtained from the local slaughterhouse and purified by methods already describedXS, xg. 
The enzyme had a minimal specific activity of 4o0 #moles NADH oxidized per min 
per mg of protein under the standard conditions of assay, using vitamin K z as elec- 
tron acceptor. Purified preparations of the enzyme were stored at --15 ° in 0.05 M 
potassium phosphate buffer (pH 7-3) containing lO -5 M FAD and lO -5 M NADH. Very 
little loss of activity occurred under these conditions in a period of several months. 

Beef-heart mitochondria were prepared as described by CRANE et al. 26 for the 
so-called "sucrose mitochondria" and stored at --15 ° before use. 

Methods 

NAD(P)H dehydrogenase activity was measured at 25 ° by  following at 42o m/, 
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the disappearance of the band of ferricyanide in a Beckman-DU spectrophotometer 
equipped with an absorbancy log converter connected to a Texas Servoriter recorder. 
The reaction mixture contained o.o5 M potassium phosphate buffer (pH7.3) , 
o .74- io-6M FAD, 5.o. Io-4M potassium ferricyanide and varying amounts of 
NADH ranging from 3.o- lO .5 M to 2.o. IO 4 M in a total volume of 3.o ml. Enzyme 
activity was corrected for the small non-enzymic ferricyanide reduction obtained 
with NADH alone. The reaction was started by addition of the enzyme in volumes 
not exceeding 2o#1. Potassium ferricyanide was used instead of menadione as 
electron acceptor in order to avoid the possible interference resulting from the com- 
petitive inhibition taking place with the quinone iS. 

Oxidation of NADH by beef-heart mitochondria was measured by following 
the decrease in absorbancy at 34o m/~ in a reaction medium containing o.o5 M potas- 
sium phosphate buffer (pH 7.3), I.O. IO 4 M NADH and suitable amounts of mito- 
chondrial suspension in a total volume of 3.o ml. The reaction was started by addi- 
tion of the mitochondria in volumes not exceeding 5 ° kd. 

Ki values for each inhibitor were calculated from double reciprocal plots 27 of 
enzyme activity versus substrate concentration in presence and absence of a suitable 

I 
amount of inhibitor. The formula K~ Kp/Km I was used 22. Values of Kp and Km 

were obtained graphically. 
With mitochondria, the concentration of inhibitor giving 5O~o inhibition was 

calculated from plots of reciprocal activity versus inhibitor concentration and is 
indicated in the tables as EIjs0. Values of Ki and [Ijs0 reported in the tables represent 
the average of experiments whose number is given in parentheses. 

RESULTS 

Experiments with N A D ( P ) H  dehydrogenase I 

Barbiturates: Previous work on the inhibition of oxidations in tissue slices and 
cell-flee preparationsm°, n has shown the importance of the length and branching of 
the C-5 side chains of barbituric acid in determining the degree of inhibition. To 
investigate the influence of the same structural parameters in the case of NAD(P)H 
dehydrogenase I, the inhibitor constants of several barbiturates were measured as 
described in the methods. Barbiturates were selected so that only one of the two 
side chains in C-5 increased in size, while the other one was kept the same in each 
compound. Variation in only one substituent group was desirable to facilitate inter- 
pretation of the results. Similar considerations directed the choice of the other 
cyclic inhibitors that will be considered later. Inhibitory power was measured by 
the value of the inhibitor constant, K i ,  and decreased when Ki increased. 

The data presented in Table I indicate the occurence of a direct relationship 
between the size of the substituent group in C-5 and the inhibitory effect. An apparent 
exception to this rule is given by the phenyl and cyclohexenyl derivatives whose 
values for inhibitor constant differ although both compounds have similar size. 
Possible explanations for this behaviour will be considered in the discussion. 

Other cyclic compounds: To confirm and extend the results obtained with the 
barbiturates, other cyclic structures recently shown 24,25 to be endowed with hyp- 
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T A B L E  I 

E F F E C T  O F  S U B S T I T U E N T  G R O U P S  O F  B A R B I T U R I C  A C I D  O N  T H E  I N H I B I T I O N  

O F  NAD(P)H D E H Y D R O G E N A S E ,  K i ,  A N D  N A D H  O X I D A S E ,  [115 0' 

B A R B I T U R A T E S  

Rt, ethyl- .  The values of Ki and Ells0 are the  average of  the  number  of exper iments  given in parenthese., 

Standard Standard 
Formula  R 2 Compound K l  [IJso (M) error error (%) (M) (%) 

O phenyl-  Phenobarb i t a l  1. 7. lO -3 (3) lO.7 I . I"  IO -3 (2) 4.3 
isoamyl- Amylobarb i t a l  2.2- lO -3 (3) 12.o 3.o- lO -4 (2) 3.3 

I { I ~ C - - N H ~  methy lbu ty l -  Pen toba rb i t a l  3.7" 1°-a (3) 3 .0 3.1" lO -4 (2) 4,8 
C C O 

R 3 / \ C _ _ N H / / \  / cyclohexenyl-  Cyclobarbi ta l  4.0. io -a (3) 12.5 2. 3. lO -3 (2 )  6. 5 
• butyl -  Bu tobarb i t a l  4.7" lO-a (3) 4.6 2.5" lO -3 (2) 4,o 

!l ethyl-  Barbi ta l  1-7" lO-2 (3) 7.2 i . i  ' I O  - 2  (2 )  9.o 
O 

n o t i c  p r o p e r t i e s  w e r e  a l so  u s e d .  P r e l i m i n a r y  e x p e r i m e n t s  i n d i c a t e d  t h a t  a z e t i d i n o n e s ,  

o x a z i n d i o n e s  a n d  N - m e t h y l - o x a z i n d i o n e s  w e r e  i n h i b i t o r y  t o  N A D ( P ) H  d e h y -  

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

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

a c t i o n  o n  t h i s  e n z y m e  22. K i  v a l u e s  c o u l d  t h e r e f o r e  b e  c a l c u l a t e d  f r o m  c o m p e t i t i v e  

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

a n d  t o  t h e  o t h e r  d r u g s .  

T A B L E  II 

E F F E C T  OF  S U B S T I T U E N T  G R O U P S  O F  A Z E T I D I N O N E ,  O X A Z I N D I O N E  A N D  N - M E T H Y L O X A Z I N D I O N E  

O N  T H E  I N H I B I T I O N  O F  NAD(P)H  D E H Y D R O G E N A S E  

A, azet idinones;  B, oxazindiones;  C, N-methyloxazindiones .  R 1, phenyl- .  For  
fur ther  detai ls  see Table I. 

Standard 
Ki Formula 1¢2 ( M ) error 

(%) 

A 0 
] phenyl-  I "5" IO--4 (3) 3-3 

buty l -  2.9" lO -4 (3) 7.9 
R I ~ /  C ~ i sobu tyb  3 .8"I0 4(3) 9.7 

C NH ethyl-  7-9" IO 4 (3) I 1.8 
R3/ \CH2/____  - -  methyl-  9.3" lO-4 (3) 4-4 

B o phenyl-  8.0- lO a (3) 9.6 
R , - - - - C - - N H - -  benzyl-  8.2-1o 5 (3) 4 .0 

\ /  \ isopropyl-  2-4" 10-4 (3) 4-9 
C C O propyl-  3.6"1o -4 (3) 7-5 

R / \ C H 2 _ _ O / - - - -  - -  methyl -  4 . o . i o  4 (3) 8.0 

0 
phenyl-  4.0. to 5 (3) 4 .0 

R x \  / C - - N \  benzyl-  5.2" IO -5 (3) 5-4 
\ /  \ 
C C O buty l -  9-3" IO -5 (3) 1.8 

R / \ C H  _ _ O / / \  / e thyl-  1.2. lo -4 (3) 8.9 
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T A B L E  I I I  

E F F E C T  O F  C E R T A I N  R I N G  S T R U C T U R E S  O N  T H E  I N H I B I T I O N  O F  N A D ( P ) H  D E H Y D R O G E N A S E  

AND N A D H  OXIDASE 

R~, e t h y l - ;  R 2 p h e n y l - .  F o r  f u r t h e r  d e t a i l s  see T a b l e  I .  

Standard Standard 
Ki [IJs° error error ( M ) Formula Compound ( M ) ( % ) ( O/o ) 

O 
/CH3 R,~/c--N\ 

C C = O  

R./\c-NtS 
M e t h y l p h e n o b a r b i t a l  7 .0 .  IO -5 (2) 2.1 4.3" lO-4 (2) 4.7 

0 

C 
i / C H 3  

R,vC----N% 
C C O 

RS\CHrO / 
N - M e t h y l o x a z i n d i o n e  1.2. i o  -4 (3) 8.9 2 .8 .  IO -~ (2) 3.6 

R 1 v C - - N H  ~ 

C C 0 

R , / ~ C H , - - 0  / 
O x a z i n d i o n e  3.8" lO -4 (3) 7.7 3 .9 '  lO -4 (2) 5-I 

O 

t~ ,~ / c \  
C N H  

RS\CH~/ 
A z e t i d i n o n e  7-9" lO-4 (3) I 1.8 4.3" IO-4 (2) 3-5 

0 
.CH3 R,~/C--NQ 

C C 0 

I ~ 2 / ~  NH / 
M e t h o i n  ] . 2 .  IO -n (2) 7.7 

0 

R,~/c NH\ 
C C '~ 0 G l u t e t h i m i d e  

R 2 / ~ C H ~ - - C H ~ / /  

O 
i R,~/C--NH\ 

C C 0 

RS~C--NH/ 
i 

0 

P h e n o b a r b i t a l  

1 . 6 "  1 0  - 3  (2 )  1 1 .  4 

1 . 7 ' 1 o - 3  (3) I ° - 7  I . I ' 1 O  .3 (2) 4.3 
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Table I I  presents data  obtained with several azetidinones selected with the 
same criteria outlined for the barbiturates. With this class of compounds an in- 
crease in size of the side chain also produced an increase of inhibitory power. 

In the same table are shown similar results obtained with oxazindiones and N- 
methyl-oxazindiones in which essentially the same relationship of structure to in- 
hibition was found, namely an increase in inhibitory effect brought about by an 
increase in the size of the substituent group. 

The slightly higher Ki values obtained with the benzyl derivative as compared 
to the phenyl derivative are within the limits of experimental error. However, the 
same results have been obtained with both series of compounds. Since a similar 
larger effect of the phenyl group has been found in the case of barbi turates  it seems 
possible that  also in the case of oxazindiones the phenyl group may  exert an effect 
larger than its size would account for. 

Ring type and N-substituent groups: Other structural features examined for 
their possible influence on inhibition concern the type of ring and the effect of methyl  
substitution on the ring nitrogenl Table I I I  presents the formulas of the compounds 
studied and the values of Ki obtained with them. The side chains in R 1 and R 2 are 
the same for each compound. N-Methyl substitution greatly enhances inhibitory 
power, as shown by comparing methylphenobarbital  and phenobarbital  and by 
comparing N-methyl-oxazindione and oxazindione. No ready explanation however 
can be given for the different extent of increase in inhibitory effect in the case of 
barbiturates as compared to that  of oxazindiones. 

The effect of various cyclic structures is also shown in the same table. A common 
feature of the compounds listed seems to be the occurrence of the - C O - N R -  group. 
A similar observation has been made by other authors in studies involving tissue 
slices and particulate preparations l°,n. No other relationship between ring structure 
and inhibitory power is immediately apparent,  although the significantly different 
values of Kl suggest that  some as yet undefined property of the rings is concerned. 
At variance with what has been found for the side chains, ring size does not seem to 
be directly related to inhibitory power, as shown by the Ki value for the four- 
membered ring azetinone, which are intermediate between those of compounds with 
larger rings. 

Acyclic structures: I t  has been shown previously 22 that  non-cyclic compounds 
endowed with hypnotic properties, such as open-chain ureids, urethans and sul- 
phonals, inhibit NAD(P)H dehydrogenase I with the same competitive mechanism 
ascertained for cyclic drugs. Data  shown in Tables IV, V and VI confirm these 
findings and allow a ready comparison of the inhibitory effect of these compounds. 
Open-chain ureids, sulphonals and Nirvotin (R) had an inhibitory power similar to 
or greater than that  of typical cyclic structures such as barbiturates, as indicated 
by their Ki values (Tables IV and V). 

With some of these compounds, the possibility of formation of internal chelates 
has to be considered and can actually be shown to take place using molecular models. 
Nirvotin (R), sulphonals, chloral hydrate and chlorbutol however cannot be ex- 
pected to form cyclic structures. The results with these compounds therefore con- 
conclusively prove that  the existence of a ring is not a necessary requirement for 
inhibition. 

A similar direct relationship between size of the substituent group and inhibitory 
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power was also shown by these compounds. In the case of urethanes, the decreasing 
inhibition of Nirvotin (R), ethyl urethane and urethane was paralleled by a decrease 
in size of their side chains. In the case of open-chain ureids similar values o f /£ i  
were obtained for compounds with only slight differences in the size of their sub- 
stituent groups. In the case of sulphonals small increases in the size of R~ and R 2 
produced equally small decreases in Ki. Furthermore sulphonals are among the few 
compounds capable of this type of inhibition in which the - C O - N R -  group is not 
present in the molecule (Table V). Other ~xamples are chloral hydrate and chlorbutol 
(Table VI) 23. 

Experiments with heart mitochondria 

To determine the structural requirements for the inhibition of NADH oxidation 
in mitochondria, beef heart was used as source of these particles since beef-heart 
mitochoncria can be prepared free from the NADH oxidation system present in 
microsomes. Complete inhibition by antimycin A and barbiturates was observed in 
our preparation. As shown in Table I, the size of the side chains in C-5 of barbiturates 
is important for mitochondrial inhibition. A significant parallelism between the values 
of Ki and [I]50 was obtained for barbital, butobarbital, cyclobarbital and pheno- 
barbital. The [11150 values for the last two compounds show that the phenyl derivative 
has a greater effect than the cyclohexenyl derivative also in mitochondria. Amylo- 
barbital and pentobarbital are however considerably more effective in the mito- 
chondrial system. It  is possible that in the case of mitochondrial inhibition additional 
properties of these compounds, such as lipid solubility, become of importance. 

The values of [I]50 listed in Table I I I  for various ring systems clearly show that 
similar structures are required for the inhibition of NADH oxidation in mitochon- 
drial as well as in NAD(P)H dehydrogenase I preparations. N-Methyl substitution 
of barbiturates and oxazindiones produced an increase in inhibitory power also in 
mitochondria, although the inhibition produced by methylphenobarbital is appre- 
ciably lower. The same lack of relationship between ring size and inhibition exists 
for mitochondria as is shown by comparing the [I150 value for azetidinone with those 
of phenobarbital and oxazindione. 

The inhibition of mitochondrial oxidations by non-cyclic compounds is shown 
in Tables IV and V. The relative sequence of inhibitors found for NAD(P)H dehy- 
drogenase I applies also to this system, although differences in absolute values exist 
for open-chain ureids as well as for some of the urethanes. The same relationship 
exists for sulphonals (Table V) and in this instance inhibition of the mitochondrial 
system was produced at concentrations closely approaching those effective with 
NAD(P)H dehydrogenase I. As shown by the EIls0 values of Tables IV and V, cyclic 
structures are not required for inhibition and, as for NAD(P)H dehydrogenase I, 
the -CO-NR group can be substitued by other groups of atoms, as shown by the 
inhibition produced by sulphonals. 

Comparable data have been obtained by other authors with tissue slices 1° and 
an NADH oxidase preparation from heart u using similar types of compounds. 
Sulphonal at concentrations of 2" lO -3 M has however been reported not to produce 
any effect on a mitochondrial NADH oxidase preparation from heart n. No ready 
explanation can be given for this apparent difference. 
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DISCUSSION 

The large majori ty of compounds, both cyclic and non-cyclic, found to be competitive 
inhibitors of NAD(P)H dehydrogenase I are characterized by  the presence of the 
group - C O - N R -  in their molecules. I t  therefore seems reasonable to assume that  
the - C O - N R -  group is involved in the inhibition mechanism, possibly by combining 
with some group on the enzyme. However, in sulphonals and in a few other com- 
pounds (chloral hydrate,  chlorbutol) the - C O - N H -  group is not present, showing 
that  its presence is not indispensable for inhibition. I t  may  be that  in these com- 
pounds other chemical groups, e.g. -SO 2- in the sulphonals, halogen in chloral ~ydra te  
and chlorbutol, are able to simulate its properties. Furthermore, the - C O - N R -  
group is not by  itself sufficient to produce inhibition. A side chain of large enough 
size is also required, at least in the barbiturates, as shown by the lack of inhibition of 
barbituric acid at a concentration of 5-o" IO -~ M. Increase in size of the substituent 
groups of the carbon a to the carbonyl group is usually accompanied by increase in 
inhibitory power, as shown by  the behaviour of barbiturates, oxazindiones, N- 
methyloxazindiones, azetidiones, open-chain ureids, urethanes and sulphonals. This 
effect seems therefore to be of general significance. These side chains might influence 
the inhibition of NAD(P)H dehydrogenase I by at least three mechanisms, namely 
(a) steric interference with the binding of substrate, (b) binding of the inhibitor to 
hydrophobic areas on the enzyme surface, and (c) resonance and inductive effects 
on C-5 and nearby atoms. 

I f  only the first mechanism were operative, some exceptions would immediately 
be apparent.  The phenyl group in fact produced a larger effect than its size would 
account for when compared to the cyclohexenyl group (Table I) and to the benzyl 
group (Table II ,  B and C). However, these apparent exceptions would readily be 
explained by an additional effect of the aromatic structure according to the third 
mechanism. As to the second possibility, it would be the only manner in which 
the OVERTON-MEYER theory of hypnotic action2S, 2~, as explained by lipid solubility, 
could be formulated for a soluble and highly purified system such as NAD(P)H 
dehydrogenase I. Experimentat ion with suitable compounds might be used to dis- 
criminate between these hypotheses or to at tr ibute to each one its relative significance. 

The cyclic structure in barbiturates and in a number of depressant drugs (hy- 
dantoins, glutethimide, oxazindiones, azetidinones etc.) is not a necessary require- 
ment  for inhibition. Open-chain ureids, urethanes, sulphonals, chloral hydrate  and 
chlorbutol are all inhibitory, and for most of them K i  values of the same order of 
magnitude as those found for cyclic compounds have been obtained. For some of the 
acyclic inhibitors the possibility of internal chelates has oeen considered, and molecu- 
lar models show that  such possibility exists for some of these compounds. However, 
no internal chelates can be formed with sulphonals, chloral hydrate, chlorbutol, 
Nirvotin (R) and other urethanes, showing that  ring structure is not necessary for 
inhibition. This accords with the results presented in Table I I I  which indicate that  
ring size has little or no importance in determining inhibitory power. At variance 
with this observation is the striking influence of the size of the side chains present 
in the a-C to the carbonyl group. 

The inhibitory action of caffeine on NAD(P)H dehydrogenase I (Table VI) is 
relevant to the form (etiolic or ketonic) in which the - C O - N H -  group might partici- 
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pate in the inhibition. No enolization is in fact possible for caffeine since all nitrogen 
atoms are substituted with methyl  groups. Evidently the enol form is not involved 
in the inhibition mechanism. Since it seems reasonable to assume that  caffeine has 
a similar mechanism of competition as the other drugs, it may be concluded that  
the enolic form is not involved in the inhibition by these inhibitors. 

No conclusion can yet be reached as to which property of the - C O - N R -  group 
produces the inhibition. The unspecificity of the inhibition produced by such widely 
different structures as barbiturates, sulphonals, chloral hydrate etc. points to a 
parameter  of general occurrence. The relative negativity of the carbonyl oxygen in 
the - C O - N R -  containing compounds, of the -SO2- oxygen in the sulphonals and of 
the halogen atoms in chloral hydrate and chlorbutol might be important.  Another 
possible explanation, somewhat related to the first one, might be the capacity of 
these compounds to form hydrogen bonds with specific groups on the enzyme surface. 
Further work is necessary to investigate this point. 

The results presented in this paper, in which several series of compounds have 
been examined with NAD(P)H dehydrogenase I and mitochondrial NADH oxidase, 
show that  substantially similar chemical structures produce inhibition in both 
systems. Results obtained by other authors with tissue slices from brain 1° and sub- 
mitochondrial particles from heart 11 provide support for this view. The differences 
in the extent of inhibition of NAD(P)H dehydrogenase I as compared to mito- 
chondrial NADH oxidation may be accounted for by the different nature of the two 
enzymic systems. The presence of membranes and lipids in mitochondria must be 
important  in determining inhibition, at least for some of these compounds. In view 
of the general similarity of chemical structures required to produce inhibition in 
both systems, it seems reasonable to expect that  further studies on the nature of the 
barbiturate site of action in NAD(P)H dehydrogenase I will also shed some light 
on the barbi turate site in mitochondria. As already pointed out 22, studies with 
NAD(P)H dehydrogenase I are conveniently carried out in view of the soluble and 
purified nature of the enzyme. 
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