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S U M M A R Y  

When the flavoprotein, D P N H  peroxidase, is incubated with DPNH, enzyme activity 
slowly decays with first-order kinetics (k = o.o66 min 1, pH 5-4)- The cosubstrate, 
hydrogen peroxide, can prevent but cannot reverse the inhibition. The kinetics of the 
inactivation were investigated and shown to be consistent with the following mecha- 
nism. (a) D P N H  combines with the enzyme to form a binary complex that  is kinetic- 
ally active and has a characteristic absorption spectrum. (b) In the absence of peroxide, 
the complex is slowly and irreversibly converted to an inactive form. (c) Hydrogen 
peroxide prevents the inhibition by combining with the binary complex to form a 
ternary complex that  dissociates into products. The ternary complex is not inactivated 
except at very high D P N H  concentrations; this type of inactivation is reversible. 

INTRODUCTION 

The enzyme D P N H  peroxidase is an FAD-containing flavoprotein 1, ~ that  catalyzes 
the, reaction 

DPNH + H + + H202 ~ DPN+ + 2H20 

Previous work from this laboratory showed that  the mechanism of the reaction 
involves the formation of a spectrophotometrically visible complex between D P N H  
and flavoprotein 2, a. Evidence that  this binary complex is kinetically active has been 
summarized elsewhere 4,19. Kinetic data suggest that  the binary complex binds 
peroxide to form a rate-limiting ternary complex, which then decomposes into 
products 2, 4. 

In the present report, evidence for a rather unusual type of substrate inhibition is 
presented. If  the oxidant (H202) in this two-substrate reaction is not present, the 
reductant (DPNH) causes a slow conversion of the enzyme to an inactive form. The 
inactivation results either from an irreversible binding of D P N H  to the enzyme or 

Abbrev i a t i ons  used :  D P N H ,  reduced  d iphosphopyr id ine  nuc leo t ide ;  T P N H ,  reduced  tr i-  
p h o s p h o p y r i d i n e  nucleot ide ;  a n d  FAD,  f lavine aden ine  d inucleot ide .  

* Opera t ed  b y  Un i on  Carbide  Corpora t ion  for t he  Un i t ed  S ta tes  A tomic  E n e r g y  Commiss ion .  
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from a DPNH-dependent irreversible inactivation of an unspecified nature. Peroxide 
can arrest or prevent, but it cannot reverse the inactivation. Although many types of 
substrate inhibition are known 5, the situation just summarized seems not to have 
been encountered previously for any two-substrate reaction. 

M E T H O D S  

Assay of inhibited enzyme 

The peroxidase assay has been described previously 2. To follow the kinetics of 
inactivation, enzyme and DPNH were preincnbated in 3-ml cuvettes in the Beckman 
spectrophotometer, at 24 °, in the absence of peroxide. Standard assay conditions 
were used, except that peroxide was absent and the DPNH level was adjusted to 
some specified concentration (final volume, 2. 9 ml). Concentration profiles (varying 
DPNH concentration and constant preincubation time) and time profiles (constant 
DPNH concentration and varying time of preincubation) were determined. At the 
end of the preincubation period, the active enzyme remaining was assayed by the 
standard technique, o.I ml of a DPNH-H202 solution was added to bring the DPNH 
and peroxide concentrations up to the assay level (8. io -~ M DPNH;  1.33" IO -a M 
H202). On addition of peroxide, the inhibition stopped immediately and the kinetics 
for DPNH oxidation were zero order. 

Materials 

Highly purified DPNH peroxidase (minimum molecular weight approximately 
12o,ooo, based on the FAD content) was prepared as described previously 1, ~. DPN 
and TPN were purchased from Pabst Laboratories. DPNH was prepared from DPN 
with yeast-alcohol dehydrogenase 6 and TPNH from TPN with the alcohol dehydro- 
genase of Leuco~ostoe mesenteroideJ. The reduced nucleotides were isolated and stored 
as the barium salts G. Just prior to use, they were converted to the potassium salts by 
precipitation of the barium with K=SO4. 

F . X P E R I M E N T A L  

Inhibition of DPNH peroxidase ~ DPNH 

The data of Fig. I demonstrate some of the main features of the inactivation 
phenomenon. Curve A shows that the inactivation obtained by preincubating DPNH 
and enzyme for IO min (in the absence of peroxide) is a function of the DPNH 
concentration in the preincubation mixture. At very low DPNH concentrations, the 
percentage inactivation is proportional to the DPNH concentration, but at concen- 
trations in excess of I . IO 6 M, the inactivation becomes virtually independent of 
the DPNH level. The percentage inactiwttion at which saturation occurs depends on 
the period of preincubation of DPNH and enzyme--the longer the preincubation 
period, the greater the percentage inactivation obtained at saturation. The kinetics 
of decay in the region of DPNH saturation are shown in curve B. In a 3o-min period, 
during which 87 o{, of the initial enzyme activity was lost, the decay of activity 
followed first-order kinetics. Virtually the entire course of the reaction, therefore, can 
be described by these simple kinetics and there seem to be no complicating side 
effects. The results shown in curves A and B suggest that DPNH combines with the 
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flavoprotein to form a complex that,  in the absence of peroxide, is slowly converted 
with first-order kinetics (k = 0.065 min 1) to an inactive form. The half-saturation 
value for D P N H  determined from curve; A (0.37" IO -° M) is in good agreement with 
the dissociation constant determined from a more rigorous mathematical  t reatment 
discussed in a later section. 
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Fig. I. Inhibi t ion of D P N H  peroxidase by  D P N H .  Standard  condit ions (METHODS section) were 
used to measure  the act ivi ty  remaining af ter  pre incubat ion  of enzyme and D P N H .  Temperature ,  
24 °, p H  5.4. Curve A: D P N H  peroxidase,  equivalent  to 1.5" lO-9 M bound  FAD, incubated io min 
with D P N H  in concentrat ions shown. Volume, 2.9 ml. At the end of the pre incubat ion  period, o. i 
ml of a D P N H - H 2 0 2  mixture  was added to complete the assay system.  Curve B : D P N H  peroxidase 
concentra t ion as for curve A, incubated wi th  D P N H ,  8. 3. lO 4 M. The peroxidase act ivi ty re- 
maining a t  the t imes indicated was assayed after  the addi t ion of H iO v 1.33. IO-3 3I  (final con- 

centrat ion).  

Protective effect of H202 
As mentioned in the METHODS section, the addition of peroxide to the enzyme-- 

D P N H  incubation mixture immediately stops the inactivation reaction. I t  is this that  
makes possible the accurate assay of active enzyme in the experiments described here. 
Hydrogen peroxide can also protect the enzyme against inactivation during prolonged 
exposure to DPNH. These results are shown in Fig. 2. First, it is evident that  incuba- 
tion of enzyme alone, or enzyme plus peroxide, causes only a small loss in activity. 
When the flavoprotein is exposed to DPNH,  activity decays in the usual manner;  
however, in the presence of enough peroxide to ensure that  the flavoprotein is all in 
the form of its ternary complex (composed of enzyme, DPNH, and peroxide) most of 
the decay in activity is prevented. The loss in activity is a little greater than that  
which takes place in the presence of peroxide alone. In this experiment, the addition 
of peroxide completes the assay system, and D P N H  oxidation takes place at a 
constant rate. During the entire time course of the oxidation, however, the D P N H  
level was deliberately maintained above saturation (for both the inactivation and 
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peroxidase reactions) so that the protective effect of peroxide cannot be ascribed to a 
decrease in the DPNH concentration. The data are in accord with the hypothesis 
that peroxide exerts its protective effect by combining with the binary complex of 
flavoprotein and DPNH to form a ternary complex that does not undergo inactivation. 

~- 1 . 5  

,,z, 1.3 

_J 

I. ENZYME+ H202~ ~-----...__ - _ ~ ,  ENZYME) 

YME + DPNH + H z O 2 : ~ &  

-& 

ENZYME + D P N H ~  

1.1 

0.9 1 f i i l I ~ I I I 

15 30 
TIME (rain) 

Fig. 2. I n a c t i v a t i o n  of D P N H  perox idase  : p ro t ec t i on  by  Hs()  2. Enzyme ,  e q u i v a l e n t  to  0.89" lO -9 M 
bound  FAD, was  i n c u b a t e d  w i t h  the  componen t s  indica ted ,  and  a t  I5 and  3 ° rain, enzyme  assays  
were pe r fo rmed  ( s tandard  condi t ions) .  O, D P N H  perox idase ;  0 ,  D P N H  perox idase  + H 2 0  ~, 
1.8. io  -a M; A, D P N H  perox idase  + D P N H  + H202 ( D P N H  concen t r a t ion  was m a i n t a i n e d  
above  5" i o -s M du r ing  the  course of the  e x p e r i m e n t ;  H 2 0  ~, 1.8.1 o a M) ; A ,  D P N H  perox idase  + 

D P N H ,  2.2" lO -s M. 

Attempts to reverse the inactivation 

All attempts to reverse the inhibition brought about by DPNH have been un- 
successful. The inhibited enzyme is neither reactivated by dialysis nor by incubation 
with the known flavins, with hot-water extracts of Streptococcus faecalis cells, or with 
the various metal ions. Fluorometric 8 and enzymic analysis 9 show that there is no 
detectable difference in the FAD content of active and DPNH-inhibited enzyme. 

Substrate specificity for inactivation 

Neither DPN nor the primary acid modification product of DPNH is inhibitory 1°. 
The loss of inhibitory activity on conversion of DPNH to the modification product 
(presumably the trihydromonohydroxy nicotinamide analogue of DPN n) is evidence 
that the inhibitor is DPNH itself and not an incidental contaminant of the DPNH 
preparation. To obtain further information on this point, the following experiment 
was performed. DPNH was prepared from 95 % pure DPN with alcohol dehydrogenase. 
Two control reaction mixtures were run through the entire alcohol dehydrogenase 
procedure, one without alcohol dehydrogenase and one without DPN. After the 
DPN in the complete system had been converted to DPNH, the three reaction 
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mixtures  were hea ted  at  IOO ° for 3 min, cooled to o °, and  centr ifuged.  When  al iquots  
of the D P N H - c o n t a i n i n g  react ion mix tu re  were tes ted  for thei r  inh ib i to ry  effect t hey  
gave a sa tu ra t ion  curve ident ical ,  wi thin exper imenta l  error, to the one shown in 
Fig.  i .  Al iquots  from the two control  react ion mix tures  were not  inhibi tory .  The 
results,  therefore,  indicate  tha t  the  t rue inh ib i tor  is the  reduced nucleotide.  

T P N H  can also function as an inhib i tor  of the  f lavoprotein,  however  the  half- 
m a x i m u m  sa tu ra t ion  value with  this nucleot ide is 3.3"IO 5 M, a p p r o x i m a t e l y  
9 ° t imes as great  as tha t  found for D P N H .  I t  had  been known previous ly  t ha t  T P N H  
could in te rac t  wi th  D P N H  peroxidase ;  T P N H  is a subs t ra te  for the  weak oxidase 
ac t i v i t y  of the enzyme 2 bu t  is a ve ry  poor  peroxidase  subst ra te .  T P N H  can also form 
a ldnet ica l ly  active,  visible complex  wi th  D P N H  peroxidasO.  Comparison of the  
dissociat ion cons tan ts  of the  visible complexes formed between the f lavoprote in  and 
ei ther  D P N H  or T P N H  shows t ha t  the  ra t io  of the  cons tan ts  is a lmost  the  same 
as the ra t io  of the  ha l f -max imum sa tu ra t ion  values found for these nucleot ides  in the 
inhibi t ion reaction.  

A ~,eversible inhibition caused by D P N H  

A second t ype  of inhibi t ion caused b y  D P N H  can be recognized. This takes  place 
at  high D P N H  concent ra t ion  in the  presence of H20  2 and is reversible.  Fig. 3, a plot  
of D P N H  peroxidase  ac t iv i ty  vs. D P N H  concentra t ion ,  i l lus t ra tes  the  effect. The 
p la t eau  region of the  sa tu ra t ion  curve extends  to about  5" lO-4 M D P N H .  Higher  
concent ra t ions  of D P N H  cause immedia t e  inhibi t ions,  which seem to be d i rec t ly  
p ropor t iona l  to the D P N H  concentra t ion.  In  this  region of the curve, as D P N H  is 
used up in the  peroxidase  reaction,  the react ion ra te  increases, and  when the D P N H  
concent ra t ion  falls below 5"1o-4 M, the  veloci ty  is a lmost  a t  the  expe r imen ta l ly  
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Fig. 3. D P N H  perox idase  ac t iv i ty  vs. D P N H  concen t ra t ion .  E n z y m e  equ iva l en t  to 1.3 2. io  -9 21,/ 
b o u n d  FAD.  S t a n d a r d  pe rox idase  a s s a y  sy s t em,  excep t  for D P N H  concen t ra t ion ,  as shown.  

obta inab le  max imum.  The ha l f -max imum sa tu ra t ion  value  for D P N H  as an inh ib i tor  
in this  react ion is abou t  55 t imes  as grea t  as i ts  ha l f -ma x imum sa tu ra t ion  value  as a 
subs t ra te .  The reversible inhibi t ion demons t r a t ed  here m a y  reflect the  b inding  of an 
addi t iona l  molecule of D P N H  to the  t e rna ry  complex.  

Biochim. Biophys. Acta, 42 (196o) 61 69 
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Test of a proposed mechanism for the inhibition reaction 

The data that have been presented thus far suggest the following mechanism for 
the irreversible inhibition and its prevention by peroxide: 

E + D P N H  h i : :  E . D P N H  ha-+ E1 
" ]¢2 
H202 ]" [ H202 

E . D P N H - H 2 0 2  + H ~ k s ~  E + D P N  + + 2H20  

Enzyme and DPNH combine to form the binary complex E .DPNH.  This is the 
complex that has the characteristic absorption spectrum previously dexscribed 2,a 
and normally would combine with peroxide to form the ternary complex E. DPNH.  
H20~. Decomposition of the latter complex yields DPN and 2H20. If, however, 
peroxide is not present, the binary complex is slowly converted to the inactive form, 
EI, in an irreversible step. The following equation is a linear form of the integrated 
rate equation for the proposed mechanism (inactivation in the absence of peroxide): 

I I I (k~ kI3/) 
In [Eol(Eo-  EI)] = ha; + 5 × 

Where E 0 is total enzyme (initial enzyme activity); EI, inactive enzyme (initial 
enzyme activity minus activity remaining at time t) ; and S, DPNH concentration*. 

A plot of the reciprocal of ln[E0/(E 0 - -  EI)I vs. I/S is a straight line, with the y 
intercept equal to x/kat and the slope equal to hz/k 1:4 I/kat. Thus, the first-order rate 
constant, ha, and the dissociation constant, k2/k~, can be obtained from this treatment. 
The experimental data necessary for testing the mechanism can be obtained by 

kl k 3 
E + S ~  ES-~,.-- El 

ka 

5~ 0 /  

]m 3 / ~  

w o k2 /k ,=0 .66  X 10-6M 
• • 

_c k3 = 0.069 rain - I  

0 I I I 
8 1 6 2 4 312 410 

I/S (M -I X 10 -5)  

Fig. 4. K ine t ics  for  i n a c t i v a t i o n  of D P N H  peroxidase. E n z y m e  equ iva len t  to 1.66- i o  -9 A I  bound  
FAD,  i ncuba t ed  ]o m i n  wi th  D P N H  in concen t ra t ions  shown  (sodium ace ta te  buffer  p H  5.4, 

o.o33 M) a n d  t h e n  a s sayed  in s t a n d a r d  a s say  sy s t em.  

* The  a u t h o r  is i ndeb ted  to Dr. ~V. A. ARNOLD, Biology Division,  Oak  Ridge Nat iona l  Labora-  
tory,  for der iv ing  th i s  ra te  equa t ion .  I n  t he  der iva t ion ,  it  was a s s u m e d  t h a t  the  value  of k a (o.o66 
min  -1) is negligible w h e n  compared  wi th  the  m a g n i t u d e  of t he  o ther  ra te  cons t an t s .  
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determining the amount  of active enzyme left after a given period of exposure of 
enzyme to a series of D P N H  concentrations. Fig. 4 demonstrates  tha t  the experimen- 
tal da ta  are consistent with the proposed mechanism, at least over a 4o-fold range of 
D P N H  concentrations.  The rate constant  for inactivation (k 3 --  0.069 min 1) is in 
good agreement with the constant  evaluated by following enzyme decay at saturat ing 
D P N H  concentrat ions (Fig. I). A summary  of two experiments is shown in Table I. 
One set of data  was obtained under conditions in which the enzyme shows its max imum 
act ivi ty  (pH 5.4, acetate buffer) and the other under conditions in which peroxidase 
act ivi ty  is low (pH 7.I, phosphate buffer). I t  is interesting that  there is a reciprocal 
relation between the constants h 3 and k s. Change of conditions from pH 7.1 (phosphate) 
to pH 5.4 (acetate) causes an eightfold increase in k s and a fiw',fold decrease in k s. 
That  is, the very conditions tha t  cause a more rapid dissociation of the ternary 
complex into products  also aid in maintaining the binary complex in an active form. 

T A B L E  I 

K I N E T I C  C O N S T A N T S  F O R  D P N H  P E R O X I D A S E  

Condi t ions  as for Fig. 4, excep t  t h a t  for the  e x p e r i m e n t  a t  p H  7.1, p o t a s s i u m  p h o s p h a t e  (o.o66 M) 
was the  buffer in  bo th  the  p r e i n c u b a t i o n  and  a s s a y  phases  of the  expe r i men t .  

k~/k~ k3 k6 
pH (Mole/liter) (rain -1 ) (rain -x) 

5.4 0.66. io  -6 0.069 6- io  a 
7.1 1-9 " lO .6 0.34 0-78" i o  a 

The ratio ke/k 1 should be the true dissociation constant  of the E.  D P N H  complex. 
As might  be expected, this value is lower than the Michaelis constants obtained when 
either peroxide of ferricyanide serve as oxidants for D P N H  oxidation S. Est imates 
for some of the individual rate constants  in the mechanism just postulated have 
been given elsewhere 4. 

Relation between the inhibited form qf the enzyme and the visible complex 

When substrate amounts  of D P N H  peroxidase are used, it can be demonst ra ted  
tha t  the enzyme forms a spectrophotometrical ly visible complex with DPNH2, 3. 
Three lines of evidence indicate tha t  the visible complex is not identical with EI ,  the 
inhibited form of the enzyme. (a) Under the conditions in which the visible complex 
is formed (i.e., with about  lO 4 times the enzyme concentrat ion used to demonstrate  
the inhibition reaction) inhibition either does not take place or else is reversible on 
dilution of the enzyme. (b) The rate constant  for formation of inactive enzyme, 
0.o66 min 1 (average of 5 experiments}, is equivalent to a change of 6.4 %/min 
(pH 5.4). At the same pH, the spectrum of the complex is fully developed as soon as 
D P N H  is added to the flavoprotein. (c) The dissociation constants  of the visible 
complexes formed between D P N H  peroxidase and a series of D P N H  analogues agree 
very  well with the Michaelis constants  derived from kinetic studies 4. This correlation 
is s trong evidence that  the visible complex is kinetically active. 

Evidence on the first point was obtained by  incubation of D P N H  peroxidase 
(7" lO-5 M) with an excess of D P N H  under conditions tha t  would have caused 7 ° % 
inhibition of dilute enzyme solutions. At the end of the incubation period, the enzyme 

Riochim. Biophys. Acta, 42 ( 1 9 0 o )  61-()9 
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was diluted in peroxide-containing buffer (H202 was present to prevent the DPNH- 
dependent inactivation that takes place at low enzyme concentrations) and assayed 
for peroxidase activity. There was no detectable loss in activity. It  seems, therefore, 
that, at high enzyme concentrations, the peroxidase is able to protect itself against 
the inactivation. It  is possible that dilution of the enzyme causes a slight conformation 
change that makes the enzyme susceptible to substrate inhibition, whereas at high 
protein concentration, the enzyme conformation might prevent such inhibition. The 
data of Table I suggest that the binary complex may be stabilized in an appropriate 
environment. 

DISCUSSION 

The inhibition that has been described does not seem to be identical with any reported 
previously, although there are superficial similarities to other systems. For instance, 
the active catalase. H20 2 complex (complex I) can be slowly, but reversibly, trans- 
formed into the inactive complex II  under conditions in which the peroxide concentra- 
tion is maintained at a low, steady-state level for extended periods of time 12. Certain 
copper-containing oxidases are progressively inactivated when they function as 
catalysts 1~. The kinetics of this "reaction inactivation" have been intensively in- 
vestigatedl3,14. Among the flavoproteins, the DPNH oxidase of Clostridium perfringens 
undergoes a type of inhibition more nearly like the one described in the present paper 1~. 
The oxidase is slowly inhibited by DPNH in the absence of the oxidant (02). Inhibi- 
tion, however, also takes place when the enzyme is "turning over". Under conditions 
in which the oxidase catalyzes DPNH oxidation, oxidase activity decays with 
first-order kinetics. Unlike DPNH peroxidase, the oxidase of C. perfringens is \ 'cry 
sensitive to peroxide; the rate constant for inactivation of the oxidase increases as 
the peroxide level is raised. 

Thus there are several examples of substrate-induced slow decay of enzyme 
activity not attributable to product formation. The interesting feature of the DPNH 
peroxidase system is that the decay is almost completely prevented by the cosubstrate, 
peroxide. This circumstance makes possible a complete separation of the kinetics of 
inactivation from those of substrate turnover. As previously discussed, the results of 
kinetic studies are consistent with a simple mechanism namely, that DPNH combines 
with the enzyme to form a binary complex that is initially kinetically active but in tile 
absence of peroxide is slowly converted to an inactive form. Peroxide prevents the 
inhibition by maintaining the enzyme in the form of its ternary complex. The cause 
of the inhibition is unknown. Since the inactivation is not reversed by dialysis, it may 
be that DPNH becomes very tightly bound to the enzyme and can no longer function 
as a substrate, however, there are obviously alternative interpretations. For instance, 
the binding of small molecules to protein or of substrate to enzyme can apparently 
cause conformation changes in the protein 16 18. The manner in which a change in 
conformation may enhance enzyme activity has been discussed 16. For certain two- 
substrate reactions, it is conceivable that a conformation change induced in the enzyme 
by one substrate could make the enzyme liable to denaturation unless the cosubstrate 
were present. I t  would be interesting to know whether any other two-substrate 
reactions show the behavior described for the DPNH-peroxidase system. 

Biochim. t?iophys..~Ict~t, 42 (196°i 6I 69 
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S U M M A R Y  

I. A method is described by which :~, the average number of energy transfers 
between different chlorophyll a molecules during the mean lifetime of the excited 
state, can be measured in vivo. The effect produced by added quencher molecules 
on 1he fluorescence excitation spectrum and yield enables g to be calculated without 
assumptions regarding the mutual orientation of the pigment molecules. 

2. The calculated mean value of g was 275. Although subject to considerable 
errors, this value is comparable with nr measured in Chlorella and in concentrated 
chlorophyll solutions by fluorescence depolarization. Because mr is calculated on a 
basis of random molecular orientation, the chlorophyll a molecules in vivo cannot 
possess a high degree of preferred orientation. 

3. The time interval occupied by each transfer process is calculated, together 
with the trapping efficiencies to be expected in vivo. 
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