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SUMMARY 

(1) Studies of the steady-state kinetics of the NADH dehydrogenase activity 
of Complex I (NADH: Q oxidoreductase) revealed that the reaction mechanism with 
the one-electron acceptor ferricyanide or the two-electron acceptor 2,6-dichloro- 
indophenol is ping pong bi bi, with double substrate inhibition. NADH inhibits the 
reaction of the reduced form of the flavoprotein with the acceptors, and the acceptors 
prevent NADH from reacting with the oxidized form. This implies that both NADH 
and acceptors react with the same site on NADH dehydrogenase. 

(2) The velocity at infinite NADH and acceptor concentrations (corrected for 
the double substrate inhibition) is much larger with ferricyanide than with the indo- 
phenol. It is concluded that the latter binds to the reduced enzyme. Thus, with ferri- 
cyanide the rate constant measured refers to the dissociation of bound NAD + from the 
reduced enzyme (k2) and with the indophenol to the rate constant of oxidation of 
reduced enzyme by bound acceptor (k4). The latter value is not an estimate for the 
situation in vivo, where ubiquinone is the acceptor. 

(3) The rate constant of the dissociation of bound NAD + from the reduced 
enzyme (k2) increases with pH. It is suggested that an ionizing group on the enzyme 
is involved in the dissociation. 

(4) After extraction of ubiquinone from Complex I with pentane the curve 
relating activity at infinite ferricyanide concentration to NADH concentration 
changes from hyperbolic to sigmoidal. The hyperbolic curve is restored by reincorpo- 
rating ubiquinone. It is concluded that ubiquinone is an effector for NADH dehy- 
drogenase. 

INTRODUCTION 

Two types of preparation of NADH dehydrogenase have been isolated from 
mitochondria or submitochondrial particles [1-4]. NADH dehydrogenase isolated by 
phospholipase digestion of heart particles [5, 6] at 30 °C or by dispersal with cholate 

Abbreviation: DC1P, 2,6-dichloroindophenol. 



and fractionation with ammonium sulphate [7] contains about 1.2 nmol flavin/mg 
protein (Type I). After phospholipase digestion at 37 °C or by treatment with acid 
ethanol, urea, thiourea or proteolytic enzymes, a preparation of NADH dehy- 
drogenase containing more than 10 nmol flavin/mg protein [2] (Type II) may be 
isolated. In addition to flavin, Type-I dehydrogenase contains many Fe-S centres. 
Orme-Jotmson et al. [8] and Ohnishi et al. [9-11 ] identified at least five types with 
different EPR characteristics and redox potential. In Type-II dehydrogenase most of 
these centres are lacking as judged by the low Fe-S content [12, 13]. Furthermore, 
Type I is characterized by a high NADH-ferricyanide activity and a low antimycin- 
insensitive NADH-cytochrome c reduetase activity, whereas in Type II the turnover 
number with ferricyanide is at least an order of magnitude lower and the cytochrome 
c reductase activity is much greater. 

Kaniuga [14] pointed out in 1963 that the difference between the two types of 
preparation could be explained in two ways. The two alternatives may now be ex- 
pressed. (1) The Type-II dehydrogenase is a subunit of the Type-I dehydrogenase, 
which is a large protein made up of a large number of subunits. This subunit is iso- 
lated without gross changes in tertiary structure, except insofar as the tertiary struc- 
ture is influenced by the quaternary structure, but its acceptor specificity is changed 
by release from the restraints imposed on it when associated with other subunits in 
the Type-I dehydrogenase. (2) The Type-II dehydrogenase is irreversibly modified, 
perhaps by breakage or forming of a covalent bond, when it is separated from the 
other subunits, in such a way that its acceptor specificity is changed. 

Singer [6] strongly advocates the second explanation. Hatefi and coworkers 
[15-18], on the other hand, favour the first. 

In parellel work, which has been reported briefly in a symposium report [19] 
and which will be described in detail in a paper to be submitted later, it is shown that 
two of the six or more subunits present in Type-I preparations are retained in the 
Type-II preparation. One of these is the FMN-containing subunit. 

Whichever is the correct explanation of the striking differences in the activity 
and acceptor specificity of the two types of NADH dehydrogenase, it is of interest to 
determine which of the partial reactions that must be involved in the enzyme mecha- 
nism (such as reaction with NADH, reduction of ravin by bound NADH, oxidation 
of ravin by acceptor and dissociation of bound NAD +) are affected. Indeed, it might 
be expected that this would give an indication of which of the two possible expla- 
nations given above is correct. In this and the accompanying paper [20], an attempt 
is made to do this by comparing the steady-state kinetics of the two types of dehydro- 
genase. It is shown [20] that Type-II dehydrogenase is isolated from Type I without 
gross changes in tertiary structure, as judged by the unaltered rate constants for dis- 
sociation of NADH and NAD ÷ and association of NADH. The difference in kinetics 
can be explained by a greater accessibility (by two orders of magnitude) of the 
smaller protein to acceptors and by a lower rate of intramolecular electron transfer 
(by four orders of magnitude). 

This paper deals with Type-I dehydrogenase. Some of this work has been 
presented elsewhere [19, 21, 22]. 



RESULTS 

NADH-ferricyanide activity of Type-I dehydrogenase 
Fig. 1 shows ~a t  the NADH-ferricyanide reductase activity of Complex I 

(Type-I dehydrogenase) remains constant for a sufficient period to enable the accurate 
measurement of the initial rate, when the reaction is started by addition of enzyme. 
Under the conditions of Fig. 1A, the reaction is virtually zero order until nearly all 
the NADI-I is consumed. In the experiment shown in Fig. 1B, where the ratio of 
ferricyanide and NADH concentrations was 2.5 times that in Fig. 1A, the rate incre- 
ased slightly during the course of the reaction. All rates in this paper refer to the 
initial rate. 

The reaction is inhibited by both NADH (Fig. 2A), in agreement with 
Minakami et al. [23], and ferricyanide (Fig. 2B). The Dixon plot given in Fig. 3 
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Fig. 1. Recorder traces o f  NADH-ferricyanide activity assay o f  Complex I, plotting the absorbance 
o f  ferricyanide at 420 nm as function o f  time. N A D H ,  100 pM;  ferricyanide, 400 pM (A) or 1 mM 
(B). The reaction mixture contained in addition 20 mM sodium phosphate and 1 mM EDTA. The 
pI-[ was 7.55. 5.7 pg Complex I added at the arrows. 
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Fig. 2. The initial rate o f  the NADI-[-ferricyanide activity as function of  N A D H  (A) and ferncyanide 
(B) concentration at fixed concentration o f  the other reactant (0.5 mM ferricyanide in A and 0.1 mM 
N A D H  in B). The initial rate is expressed as turnover number (TN) in mol N A D H  oxidized/mol 
Complex I (FMN basis) per s. Enzyme concentration, 0.6 nM; pH 7.55. 
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Fig. 3, Dixort plot of  initial rate of  NADH-ferricyanide activity as function of N A D H  concentration 
at fixed concentrations of  ferricyanide of (U1) 0.25 mM, (O) 0.33 mM, (A) 0.50 mM, (11) 0.67 mM 
and ( 0 )  1.0 raM. Conditions as described in Fig. 2. 
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Fig. 4. Lineweaver-Burk plot of  initial rate of  NADI-I-ferricyanide activity as function of ferri- 
cyanide concentration at fixed concentrations of N A D H  of (El) 33/~M, (©) 67/zM, ( ~ )  100/*M, 
(ll) 200/*M and ( 0 )  333 #M. Conditions as described in Fig. 2. 
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Fig. 5. Derivative plot of Fig. 4. The intercepts on the ordinate (A) and the slopes (B) of  the straight 
portions of  the lines in Fig. 4 are plotted against the reciprocal of  the NADI-[ concentration (A) 
and the NADI-I concentration (B). 

yields a Ki (NADH) equal to 40 #M. In Fig. 4 the same data are expressed in a double- 
reciprocal plot. In Figs. 5A and 5B the intercepts on the ordinate and the slopes, re- 
spectively, of  the straight portions of  the lines in Fig. 4 are plotted against the reci- 
procal of  the N A D H  concentration and the N A D H  concentration, respectively. 

The data are consistent with a ping-pong mechanism with double-substrate 
inhibition, as formulated in Scheme A and Eqn. I: 



kt fast kz 
NADH+Eo~ ,-~ [NADH • Eo~] ~- NAD + • E~ a ~ NAD + +E~  d 

k - I  
ka 

Fe 3 + + Erca ~ [Escmi] + Fe 2 + 
fast 

Fe3++ [Esemi ] ~ Eox+Fe 2+ 
ks 

Fea++Eox ~ [Fe 3+ "Eo~ ] 
k - s  

k6 
NADH+Er ,  a ~.~ [NADH" Erda] 

k-a 

(NADH) = k /kl K, (NADH) ---- k_ dk6 

V =  k2 

Scheme A 

K i (ferri) : k-s/k5 

__ 1 { K = ( N A D H ) ( I +  1+ [Fe3+]~/ + 1 ( 1 +  [NADH]~  (1) 
TN-  1 k2 [NADH] Ki(ferri)] J ka[ Fe a + ] Ki(NADH)] 

(TN = turnover number) 

in which two stable forms of the enzyme, oxidized and reduced, are involved. NADH 
is able to bind to both forms, but only the complex with oxidized enzyme leads to 
further reaction, yielding the reduced form and NAD +. Ferricyanide is also able to 
interact with both forms, but only the reaction with the reduced enzyme leads to 
further reaction, resulting in the oxidized form. Thus both NADH and ferricyanide 
inhibit the reaction competitively. NADH inhibits the reaction of the reduced form 
of the flavoprotein with ferricyanide, and the acceptor prevents NADH from re- 
acting with the oxidized enzyme. This implies that NADH and ferricyanide affect the 
same site on Type-I dehydrogenase. 

According to this mechanism, the turnover number, calculated for infinite 
concentlation of both substrates and disregarding the double substrate inhibition, is 
equal to k2, tile rate constant for dissociation of bound NAD + from reduced enzyme. 
This is a parameter of the enzyme activity that is not influenced by the acceptor. Its 
value is given by the inverse of the intercept on the ordinate in Fig. 5A, namely 
8.3.103 s -1. From the intercept of this line on the abscissa (--1/KIn) the K= for 
NADH may be calculated as 100/zM. The intercepts of the line in Fig. 5B yield on the 
ordinate, 1/ka, and on the abscissa --Ki(NADH). 

Table I summarizes the rate constants, obtained from the appropriate derivative 

T A B L E  I 

R A T E  C O N S T A N T S  O F  TYPE- I  N A D H  D E H Y D R O G E N A S E  C A L C U L A T E D  F R O M  
N A D H - F E R R I C Y A N I D E  A C T I V I T Y  A T  D I F F E R E N T  p H  V A L U E S  

p H  k2(s -1)  K m ( N A D H )  (#M)  K t ( N A D H )  (#M)  k a ( M  -1 's -~)  

7.0 4.2" 10 a 90 25 5.5" l06 
7.55 8.3 " 10 a 100 50 2.9" 106 
8.2 ~ 10" - -  80 1.8" 106 



plots, at different pH values, k 2 increases with pH, reaching values of more than 104 
s- i above pH 8, whereas K m for NADH is rather pH-independent, at least between 
pH 7.0 and 7.55. The affinity of NADH for the reduced enzyme (Ki) diminishes by a 
factor of about 3 between pH 7 and 8.2. The second-order rate constant (k3) for the 
reaction of ferricyanide with reduced enzyme also declines 3-fold. 

NADH-2,6-dichloroindophenol activity of Type-I dehydrooenase 
In order to test if the same mechanism for Type-I dehydrogenase holds for 

other aeceptors, measurements were also made with 2,6-diehloroindophenol. Fig. 6 
shows that a double-reciprocal plot of turnover number against acceptor concentration 
is qualitatively similar to that with ferricyanide. When, however, the rate constants 
appropriate for the mechanism given in Scheme A are calculated in the same way as 
for ferricyanide, the turnover at infinite concentration of both substrates is 500 s-1, 
less than 5 ~ of that found in the ferrieyanide assay at the same pH (t> 104 s-X). In 
order to explain this discrepancy an enzyme-acceptor complex is postulated in Scheme 
B and Eqn. 2. 

kt fast k2 

NADH+Eox ~ [NADH • Eox] ~- NAD + "Ere d --~ NAD++E~cd 
k - !  
k3 k4 

DCIP+Ere a ~ [DCIP " Ered] -* DCIP+Eox 
k-  3 
ks 

DCIP+Eox ~- [DCIP • Eox] 
k-5  

k6 

N A D H + E r e  d ~ [NADH • Ered] 
k -6  

Km(NADH) = k2/kl Km(DCIP) -- 
k_3+k4 

k3 

k2k4 V-- 
k2 + k,, 

K~(NADH) = k_ 6/k6 

Ki(DCIP) = k-s/k5 

Scheme B 

_ 1 {1+ Km(NADH).  (1+  [DCIP]-]/ 
TN -~ k2 [NADH] K, (DCIP)] J 

1 {1+ Km(DCIP) (1+  [NADH] ~/ (2) 
+ ~ [DCIP] Ki(N~)] J 

As a consequence the rate equation reduces to (I/k2+ I/k,,) at infinite concentration 
of both substrates (ignoring the double substrate inhibition). The derivative plots 
yield in this case Km(NADH)/k2, Km(DCIP)/k4 and (l/k2+l/k4), from which the 
individual rate constants cannot be calculated without a further assumption. For the 
calculation of the constants in Table II the k2 (t> 10* s -1) from the NADH-ferri- 
cyanide assay (Table I) was used. Obviously the turnover number at infnite substrate 
concentrations represents in this ease k,  rather than k2, and the acceptor-independent 
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Fig. 6. Lineweaver-Burk plot of initial rate of NADtt-2,6-dichloroindophenol activity as function 
of the indophenol concentration at fixed concentrations of NADI-I of ([3) 4/~M, (O) 12.5/~M, 
(A) 50 ~M and (11) 100/~M, pit 8.0. Enzyme concentration, 4.8 nM. Further conditions as described in 
Fig. 2. 

TABLE II 

RATE CONSTANTS OF TYPE-I NADI-{ DEI-{YDROGENASE AT pI-[ 8.0, CALCULATED 
FROM THE NADH-2,6-DICHLOROINDOPHENOL (DCIP) ACTIVITY ASSAY 

k2(s -1) k,(s -I)  V(s -1) Km(NADI-{) (#M) KI(NADH) (/zM) Km(DCIP) (mM) 

_~104. 5:4" 102 5 • 102 =~140 75 1.4 

• Obtained from Table I. 

rate constant of  dissociation of bound N A D  + from the reduced enzyme is not mea- 
sured with this acceptor. 

NADH-ferricyanide activity of ubiquinone-depleted Type-I dehydrogenase 
Since ferricyanide reacts before the rotenone block and rotenone inhibits the 

reduction of ubiquinone by N A D H ,  one would not expect that extraction of ubi- 
quinone f rom Complex I would change the steady-state kinetics. Complex I was 
dialysed against 100 m M  KCI for 3 h and then lyophilized. The lyophilized prepa- 
ration was extracted with pentaxte 4 times according to the method of Szarkowska 
[24] and then resuspended in Tris-sucrose buffer. In Fig. 7A the rate, extrapolated to 
infinite ferricyanide concentration, is plotted against N A D H  concentration for the 
untreated Complex I, lyophilized complex, extracted lyophilized complex and ex- 
tracted complex in which ubiquinone was reincorporated. Fig. 7B is the reciprocal 
plot. The rate constants, obtained f rom derivative plots appropriate for Scheme A, 
are compiled in Table III .  
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Fig. 7. Plot of  initial rate of  NADI-I-ferricyanide reductase activity at infinite ferricyanide con- 
centration as function of  NADI-I concentration (A) and double-reciprocal plot (B) for untreated 
Complex I (r7), lyophilized complex (O),  ubiquirtone-extracted lyophilized complex (A)  and 
extracted complex in which ubiquinone was reincorporated ( I ) ,  pI-[ 7.5. Enzyme concentrations, 
0.6, 0.7, 2.0 and 1.0 nM, respectively. Further conditions as described in Fig. 2. 

The data for untreated Complex I are similar to those given in Table I. The 
lyophilization procedure alone seems to have a marked effect, the maximum turnover 
number (k2) decreasing by more than 50 % in agreement with Singer [6]. The 
Km(NADH) declines to about the same extent so that the lines in Fig. 7B are 
parallel. The increase in Ki(NADH) and decrease in k 3 show that the reactivity of the 
reduced enzyme with NADH and acceptor are also affected. However, the effects on 
the KI(NADH) and k 3 are already found after the dialysis against KC1 before lyo- 
philization and do not disappear after subsequent dialysis against Tris-sucrose buffer; 
those on k2 and Km(NADH ) are reversed by dialysis of the KCl-containing lyophilized 
enzyme against Tris-sucrose buffer (not shown here). 
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TABLE III 

EFFECT OF UBIQUINONE DEPLETION ON RATE CONSTANTS OF TYPE-I NADH 
DEHYDROGENASE AT pH 7.5 

Treatment k2(s -1) Km(NADI-[) (/~M) Ki(NADH) (#M) ka(M - l " s  -1) 

None 9.8.103 62.5 35 6.7- 106 
Lyopkilized 3.7.103 28 60 3.3 • 106 
Pentane extraction 12.8 • 103* -- 80* 3.3 • 106* 
Ubiquinone reincorporated 12.8 • 103 77 50 3.3 • 106 

• Obtained at [NADH] > 100/,M. 
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Fig. 8. Hill plot for the NADH-ferricyanide reductase activity of pentane-extracted Complex I as 
a function of NADH concentration. Conditions as described in Fig. 7. V was determined by extra- 
polation of the initial rates in Fig. 7B to infinite NADH concentration. 

After  extraction o f  ubiquinone f rom lyophilized Complex I, the curve relating 
activity at infinite ferdcya~ide concentra t ion to N A D H  concentrat ion becomes 
sigmoidal (Fig. 7A). At  N A D H  concentrat ions higher than 100 ~tM the original ac- 
tivity in Complex I is restored (see Fig. 7B). The Hill plot  in Fig. 8 illustrates the 
sigmoidicity, the slope h being equal to 2.6. 

Reincorpora t ion  o f  an excess o f  Q largely restores the original hyperbola  
(Fig. 7A). k2 and K m ( N A D H )  in the ubiquinone-reincorporated complex resemble 
those in Complex I but  the increased K I ( N A D H )  and decreased k 3 resulting f rom the 
dialysis against KCI are not  affected. 
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DISCUSSION 

The most important conclusion to be drawn from the experiments described 
in this paper is that the mechanism of action of Type-I NADH dehydrogenase with 
artificial electron acceptors is ping pong bi bi with double substrate inhibition [25]. 
Although this mechanism is adequate as a minimum hypothesis to compare rate 
constants under different conditions with respect to pH, aeeeptor and type of prepa- 
ration, it cannot be excluded that a more complicated mechanism with more inter- 
mediates is operating. 

A ping-pong mechanism with double substrate inhibition yields hyperbolae in 
double-reciprocal plots but, by extrapolation of the straight-line portions at the hyper- 
bolae corresponding to low substrate concentrations, the rate constants of the uninhi- 
bited reaction can be extracted, if Ki(substrate) is appreciably higher than the sub- 
strate concentration. Thus, from Fig. 4, the double-reciprocal plot of rate against 
ferricyanide concentration, and from Figs. 5A and 5B, kz, Km(NADH), k3 and 
Ki(NADH ) can be determined. Ki(ferricyanide ) could not, however, be determined 
in this way, since Ki(NADH) is too low (see Table I). The increase of the hyperbolae 
in Fig. 4 below 1 mM- ~ ferricyanide suggests that it is about 1 mM and, indeed, 
curves calculated on the basis of Eqn. 1, Ki(ferricyanide) = 1 mM, and the rate 
constants given in Table I agreed closely with the experimental curves in Fig. 4 (corre- 
lation coefficient, 0.98). 

Further support for the proposed ping-pong mechanism is obtained by an ex- 
amination of the time course of the reaction. By integration of the rate equation 
appropriate to Scheme A, Eqn. 3 relating the time of the reaction to the amount of 
NADH oxidized is obtained. 

t - -  

term l 

-? (a--x) 
2k3 Ki (NADH) 
term 3 

where 

[NADH]t= o = a 
[ferri]t = o = b 
[NADH]t= t = x 

1 Ix\  
(a--x)-- q- Km(NADH)ln ~a ) [FMN] {~  (1+  2Km(NADH)] 1 (1 (b--2a)'~ 

K,(ferri) ] k22 Ki(ferri)] 
term 2 

1 (1 - ( b - - 2 a ) •  (1 2 (abx) ) /  (3) 
2ka 2K,(NADH)/ In 

term 4 

The time t is a function of all the kinetic constants, the initial NADH and acceptor 
concentrations, the NADH concentration at time t and the fraction of the initial con- 
eentrations of NADH and ferricyanide present at time t. Fig. 9 shows how a theore- 
tical time course, neglecting product inhibition, is built up of the four separate terms 
in Eqn. 3. The first and second terms include reactions of the oxidized enzyme, and 
the third and fourth those of the reduced enzyme. The first and third terms show a 
linear relationship and the second and fourth a logarithmic relationship between time 
and NADH concentration. When NADH is exhausted the second term becomes 
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Fig. 9. Theoretical plots of  the N A D H  concentration at time t (denoted by x), as function of  the time 
of the reaction (t), showing how the recorder trace in Figs. 1A and IB is built up of  the four separate 
terms in Eqn. 3, the integrated rate equation. 

infinite, whereas the fourth term approaches a constant value. If  ferricyanide is 
sufficiently in excess, so that (b--2a) > 2KI(NADH), then term 4 is negative, i.e. it 
contributes to an increase in the reaction rate. With a moderate excess of ferricyanide 
over NADH the decrease in rate (term 2) and the increase (term 4) may cancel one 
another resulting in an apparent zero-order reaction (see Fig. 1A). During the course 
of the reaction the ferricyanide concentration increases relative to that of NADH, as 
a result of which the reduction of oxidized enzyme by NADH will be more inhibited, 
whereas the oxidation of the reduced enzyme by ferricyanide will be less inhibited. 
With a greater excess of ferricyanide (concentration ratio about 10), the increase in 
the fourth term of Eqn. 3 can completely overcome the decrease in the second term, 
resulting in a slight increase in the rate during the course of the reaction (see Fig. 1B). 

The conclusion that NADH dehydrogenase operates by a ping-pong mecha- 
nism is supported by data in the literature. Kean et al. [26] provided evidence for 
such a mechanism for the NADH:acetylpyridine-adenine dinucleotide oxidore- 
ductase activity of Type-I NADH dehydrogenase. Minakami et al. [27] presented 
data for the reduced acetylpyridine-adenine dinucleotide: ferricyanide oxidoreductase 
activity that may also be interpreted in terms of a ping-pong mechanism. Double 
substrate inhibition has been found by Tottmar and Ragan [28] with NADH dehy- 
drogenase isolated from Candlda utilis. 

It is worth mentioning that Kean et al. [26] also reported that the rate at 
infinite ferricyanide concentration increases with NADH concentration (Kin g 80 
#M), in agreement with our results, but in disagreement with the earlier interpretation 
of Minakami et al. [23], who drew straight lines through the measured points, inter- 
secting at the ordinate in the double-reciprocal plot of rate against ferricyanide con- 
centration at different NADH concentrations. We agree, however, with the con- 
clusion of Minakami et al. [23, 27] that ferricyanide is a satisfactory electron acceptor 
to measure the NADH dehydrogenase activity. Our results suggest that at infinite con- 
centrations of both substrates, k2, the rate constant for the dissociation of bound 
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NAD + from the reduced enzyme, is obtained (see also ref. 20). This is aparameter of 
the enzyme activity that is not influenced by the acceptor. With dichloroindophenol 
as acceptor, however, much lower rates are obtained at infinite concentrations of both 
substrates, presumably because of a binding of this acceptor to the reduced enzyme. 

In agreement with Minakami et al. [23] we observed an effect of pH on the 
NADH-ferricyanide activity. From Table I it is possible to distinguish between 
changes that may occur in vivo and those due to the use of the artificial acceptor. The 
rate of dissociation of bound NAD ÷ from the reduced enzyme (k2) increases with 
increasing pH between 7 and 8, but less than the increase of the OH- concentration, 
suggesting that some nucleophilic group on the enzyme or its prosthetic group with a 
pK in the region of 7-8 facilitates the dissociation. Histidine is a possible candidate. 
Since Km(NADH) which, according to Scheme A, represents k2/k 1, is not affected by 
variation of pH between 7 and 7.55, it may be concluded that the rate of binding of 
NADH to the oxidized enzyme (kl) is affected in the same way. 

Dialysis of the enzyme against KC1 results in an irreversible inhibition of the 
reactions of the reduced enzyme (Ki(NADH) is increased and k 3 decreased) without 
any effect on those of the oxidized enzyme. Lyophilization of the enzyme in KCI 
results in a halving of both Km(NADH) (k2/k~ according to Scheme A) and k2 (cf. 
Singer and Gutman [6]), but this is reversed by dialysis of the lyophilized enzyme 
against Tris-sucrose buffer. Thus this effect is due to reversible inhibition by KC1 of 
k2 of the lyophilized preparations rather than to damage caused by the lyophilization 
itself. 

The experiments discussed above were carried out with the acceptor in vivo, 
ubiquinone, bound to the enzyme. Extraction of the ubiquinone has a marked effect 
on the affinity of oxidized enzyme for NADH, the saturation curve for NADH be- 
coming sigmoidal (see Fig. 7A). The h value of 2.6 obtained from the Hill plot 
(Fig. 8) suggests that more than one interacting binding site for NADH is present. 
Reincorporation of an excess of Q restores the original hyperbola. Since Q influences 
Km(NADH) but not k 2 (see Table III), it may be concluded that it is an effector for 
the binding of NADH to NADH dehydrogenase. Fig. 7 shows that the sigmoidal 
effect of Q extraction disappears at NADH concentrations above 100 #M. This may 
explain why it was not observed by Minakami et al. [23] in their preparation of 
soluble NADH dehydrogenase, which is free from ubiquinone. 

The double substrate inhibition shows that NADH and ferricyanide compete 
for the active site in both oxidized and reduced enzyme. It is unlikely that two com- 
pounds differing in chemical structure as much as NADH and ferricyanide would 
bind to the same site in the enzyme. However, competitive-inhibition kinetics would 
also be found when the two compounds compete for entry, via the same cleft in the 
protein, to the active site. We suggest, then, that under the conditions studied the 
active centre(s) can be reached by the substrates only via one cleft. This is understand- 
able for a multi-enzyme complex made up of a flavoprotein and many Fe-S proteins, 
protected by a hydrophobic sheath of lipids and structural proteins [12]. The obser- 
vation [29] that reactivity with ferricyanide involves some of the non-heme iron com- 
ponents is not inconsistent with this picture, since a rapid electron flow between the 
different centres would be possible. 
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EXPERI MENTAL 

Heart-muscle particles were prepared according to the method of Keilin and 
Hartree [30]. Complex I was isolated from these particles according to the procedure 
of Hatefi et al. [7]. It was depleted of ubiquinone by dialysis for 3 h against 1000 vols. 
of 100 mM KC1 with three changes of the dialysate, lyophilization and extraction 4 
times with n-pentane according to the method of Szarkowska [24]. Q-10 was rein- 
corporated into the pentane-extracted preparation by stirring the dried material for 
5 min at room temperature with Q-10 in n-pentane. The pentane was then removed in 
a rotary evaporator under reduced pressure. The dry powders of Q-depleted and Q- 
reincorporated Complex I were homogenized in 0.2 M sucrose/50 mM Tris. HCI 
buffer (pH 8.0). 

Protein was determined by the biuret method after precipitation with trichloro- 
acetic acid [31 ]. The enzyme concentration is expressed on the basis of FMN concen- 
tration, determined fluorimetrically as acid-extractable flavin, using a calibratio~ 
curve made with known FMN concentrations. Fluorescence was measured with an 
Eppendorf fluorimeter (primary filter 405+436 nm, secondary filter 500-3000 nm). 

The NADH-ferricyanide activity was measured at 25 °C according to the 
method of Minakami et al. [23], the reduction of K3Fe(CN)6 being followed at 420 
nm (A = 1.03 mM -1.  cm-1). Absorbance measurements were carried out with a 
Zeiss PMQ II spectrophotometer, equipped with a scale expander and a Varicord 
recorder. The assay mixture contained 1 mM EDTA and 20 mM sodium phosphate, 
at the pH indicated in the legends. The total volume was 3 nil. The assay was started 
by adding 50 #1 of an appropriately diluted enzyme solution. If necessary, corrections 
were made for the rate of the nonenzymic reduction of ferricyanide by NADH. 

The NADH-dichloroindophenol activity was measured in the same way, the 
reduction being followed at 600 nm (AAox-rea = 21 raM-1,  cm-1). 

All materials were obtained from commercial sources and were used without 
further purification. 
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