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ABSTRACT: The interactions between ADP, Mg2+, and azide that result in the inhibition of the chloroplast 
F1 ATPase (CF,) have been explored further. The binding of the inhibitory Mg2+ with low Kd is shown 
to occur only when tightly bound ADP is present a t  a catalytic site. Either the tightly bound ADP forms 
part of the Mg2+-binding site or it induces conformational changes creating the high-affinity site for inhibitory 
Mg2+. Kinetic studies show that CFI forms two catalytically inactive complexes with Mg2+. The first complex 
results from Mg2+ binding with a Kd for Mg2+ dissociation of about 10-15 pM, followed by a slow conversion 
to a complex with a Kd of about 4 pM. The rate-limiting step of the CF1 inactivation by Mg2+ is the initial 
Mg2+ binding. When medium Mg2+ is chelated with EDTA, the two complexes dissociate with half-times 
of about 1 and 7 min, respectively. Azide enhances the extent of Mg2+-dependent inactivation by increasing 
the affinity of the enzyme for Mg2+ 3-4 times and prevents the reactivation of both complexes of CF, with 
ADP and Mg*+. This results from decreasing the rate of Mg2+ release; neither the rate of Mg2+ binding 
to CFI nor the rate of isomerization of the first inactive complex to the more stable form is affected by 
azide. This suggests that the tight-binding site for the inhibitory azide requires prior binding of both ADP 
and Mg2+. 

o n e  of the catalytic sites on the isolated F, ATPases from 
various sources binds ADP quite tightly (Futai et ai., 1989; 
Harris, 1978; Strotmann, 1986). Such ADP together with 
Mg2+ participates in an unusual modulation of the catalytic 
activity (Carmeli et al., 1981; Drobinskaya et al., 1985; 
Feldman & Boyer, 1985; Milgrom & Boyer, 1990; Minkov 
et al., 1979, 1980; Zhou et al., 1988). When medium Mg2+ 
is present and ADP is bound at the catalytic site without bound 
Pi, a complex is formed that initially has little or no ATPase 
activity when Mg2+ and ATP are added (Drobinskaya et al., 
1985; Feldman & Boyer, 1985; Milgrom & Boyer, 1990; Zhou 
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et al., 1988). The ATPase activity can be restored by the 
chelation of medium Mg2+ with EDTA prior to assay of the 
enzyme with Mg2+ and ATP. If Mg2+ and ATP are added 
to the inactive complex, some ATPase activity slowly appears 
as the complex decomposes with release of the inhibitory ADP 
(Carmeli et al., 1981; Feldman & Boyer, 1985; Hackney, 1979; 
Vasilyeva et al., 1980, 1982). 

Considerable uncertainty remains about the nature of the 
binding of the inhibitory Mg2+. The apparent Kd for the 
binding to CF, is about 4 pM, and the inhibition may require 
the binding of only one Mg2+ per enzyme (Guerrero et al., 
1990b). Where the inhibitory Mg2+ binds is not known. The 
CF, contains up to six binding sites for divalent Mn2+ or Mg2+ 
(Carmeli et al., 1979; Hiller & Carmeli, 1985, 1990), and three 
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of these sites have dissociation constants for Mg2+ in the 
micromolar range. Limited experimental results suggested 
that the inhibitory Mgz+ could readily combine with CFI in 
the absence of catalytic site ADP (Guerrero et al., 1990b). 
One purpose of the present paper is to present more extensive 
data showing that the binding of inhibitory Mg2+ with a 
relatively low Kd occurs only when a catalytic site is occupied 
with ADP. In the course of these studies another interesting 
point emerged, namely, that the inhibition induced by Mgz+ 
has a biphasic time course. The initial combination with Mg2+ 
results in inhibition, but the initial complex isomerizes into 
another inhibited form with a lower Kd for Mgz+. 

An additional aspect of the studies reported here concerns 
the relationship of azide to the Mg2+-induced inhibition. Azide 
is a potent inhibitor of the ATPase activity of the intact ATP 
synthase and the separated FI ATPase (Chernyak et al., 1988; 
Duggett et al., 1985; Ebel & Lardy, 1975; Harris, 1989; 
Milgrom et al., 1988; Minkov & Strotmann, 1989; Moyle & 
Mitchell, 1975; Vasilyeva et al., 1982; Wei et al., 1988; Yo- 
shida et al., 1977). The interaction of azide with the mito- 
chondrial enzyme has been widely studied (Chernyak et al., 
1988; Duggett et al., 1985; Harris, 1989; Ebel & Lardy, 1975; 
Moyle & Mitchell, 1975; Vasilyeva et al., 1982) and has given 
convincing evidence that azide stabilizes the inactive M g  
F,-ADP complex. With the recognition that the binding of 
the inhibitory Mgz+ is a relatively slow process (Guerrero et 
al., 1990b), it was of interest to find out if azide might increase 
the rate of combination of Mg2+ with the enzyme.ADP com- 
plex. Our results show that this is not the case. Also, with 
the recognition that binding of ATP at a noncatalytic site is 
necessary for the ATPase activity of CF, (Guerrero et al., 
1990a; Milgrom et al., 1990, 199 1; Xue & Boyer, 1989), the 
possibility that azide might inhibit by interfering with this 
activation needed checking. This somewhat unlikely possibility 
has been ruled out. In addition, the interaction of azide with 
the chloroplast enzyme has not been thoroughly studied, and 
some essential characteristics are reported here. 

EXPERIMENTAL PROCEDURES 
Preparation of CF,. CF, was isolated and purified by the 

method of Binder et al. (1978) with the modifications of 
Shapiro and McCarty (1990). Heat activation in the presence 
of either ATP, ADP, or GDP was performed as published 
(Lien & Racker, 1971). Enzyme activated in the presence 
of different nucleotides is referred as (ATP-ha)CF,, (ADP- 
ha)CF,, or (GDP-ha)CF,, respectively. For some experiments, 
20-25 pM (GDP-ha)CF, was passed through two consecutive 
Sephadex centrifuge columns (Penefsky, 1977) equilibrated 
with a buffer containing, at pH 8.0, 50 mM Tricine, 50 mM 
tetrasodium pyrophosphate, and 2 mM EDTA and then dia- 
lyzed at room temperature against 500-1000 volumes of the 
same buffer. After dialysis, pyrophosphate was removed by 
passing the CF, through two Sephadex centrifuge columns 
(Penefsky, 1977) equilibrated with 50 mM Tricine-KOH, pH 
8.0, buffer. 

CF, Incubation and Mg-ATPase Assay. CF, at 0.2-1.0 pM 
was incubated at room temperature in a buffer containing 50 
mM Tricine-KOH, pH 8.0; the time of incubation and con- 
centrations of the Mgz+ and azide are indicated in the figure 
legends. 

The Mg-ATPase activity of CF, was measured by Pi lib- 
eration in a medium containing 50 mM Tricine-KOH, 5 mM 
ATP, and 2 mM Mg2+, at pH 8.0 and room temperature. 
After 10 s the reaction was stopped by the addition of a 
half-volume of a solution containing 2% sodium dodecyl sulfate 
and 10 mM EDTA. The Pi released was determined by a 
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FIGURE 1: Time course of Mg-ATP hydrolysis by CF, with all 
noncatalytic sites filled with ATP. (ATP-ha)CF, was incubated in 
the presence of 1.0 mM MgCI2, 20 pM ATP, 1 mg/mL pyruvate 
kinase, and 2.0 mM phosphoenolpyruvate for 20 min; then CF, was 
separated on a Sephadex centrifuge column equilibrated with 50 mM 
Tricine-KOH, pH 8.0, and 0.1 mM EDTA at pH 8.0. After a 30-min 
incubation with EDTA, the enzyme was passed through second 
centrifuge column equilibrated with 50 mM Tricine-KOH, pH 8.0. 
Kinetics of Pi formation (3.4 pg of CF,/sample) were measured before 
(control) and after exposure of CF, to 1 mM Mg2+. Where indicated, 
the assay medium contained 50 pM NaN,. 

catalyzed phosphate assay (Ohnishi & Gall, 1978). 
Protein Assay. The concentration of the CF, protein was 

determined by the Lowry procedure (Lowry et al., 1951) using 
bovine serum albumin as a working comparative standard. The 
conversion factor was based on an A227 = 0.483 for 1 mg/mL 
CF, (Bruist & Hammes, 1981) and a molecular mass of 400 
kDa (Moroney et al., 1983). 

RESULTS 
Some Azide Effects on CF, ATPase. The (ATP-ha)CF, 

has one noncatalytic site vacant, and the filling of this site with 
ATP can markedly promote GTPase or ATPase activity 
(Guerrero et al., 1990a; Milgrom et al., 1990, 1991; Xue & 
Boyer, 1989). The possibility that azide might prevent filling 
of this noncatalytic site was ruled out by the experiment re- 
ported in Figure 1. When all vacant noncatalytic sites on 
(ATP-ha)CF, were filled by prior exposure to Mg-ATP, azide 
still caused potent inhibition. In accord with results of Xue 
et al. (1988), azide strongly inhibited the steady-state Mg- 
ATPase activity of (ATP-ha)CF, but did not inhibit the initial 
rapid phase of Mg-ATP hydrolysis by CFI. 

CF, with ADP at a catalytic site is inactivated by prior 
exposure to Mg2+ and slowly reactivated upon exposure to 
MgATP (Feldman & Boyer, 1985). Figure 1 shows the partial 
reactivation with 5 mM ATP and 2 mM Mgz+ and that this 
reactivation is prevented by presence of 50 pM NaN3. These 
results with CF, are quite similar to those found with mito- 
chondrial F,; azide has no effect on the initial rate of ATP 
hydrolysis, decreases the steady-state activity, and prevents 
the ATP-dependent reactivation that occurs with MF, inhib- 
ited by prior exposure to Mg2+ (Vasilyeva et al., 1982). 

The Rate of Mg2+ Binding with and without Azide Present. 
As mentioned earlier, exposure of CF, with ADP at a catalytic 
site to Mg2+ gives an enzyme that is initially inactive upon 
addition of ATP. The opposite is not found; exposure of CF, 
to azide before the addition of Mgz+ and ATP gives no greater 
inhibition than when azide is added with Mg2+ and ATP (data 
not shown). Presence of medium Mg2+ is essential for azide 
inhibition. As noted with the mitochondrial enzyme (Vasilyeva 
et al., 1982), azide increases the extent of the Mgz+-induced 



Mg2+ Interaction with CF, Biochemistry, Vol. 30, No. 34, 1991 8301 

1 0 o t t  

- ,  
0 10 20 30 

Time, min 
FIGURE 2: Effect of azide on the inactivation of (ATP-ha)CF, by 
5 pM Mg2+. CF, with noncatalytic sites filled with ATP was prepared 
as described in the legend to Figure 1. Then CF, was incubated in 
the presence of 5 pM Mg2+ or 5 pM Mg2+ and 50 pM NaN,, and 
at the time indicated enzyme activit was measured. 100% activity corresponds to 9.8 pmol min-' mg- Y . 
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FIGURE 3: Semilogarithmic plot of (ATP-ha)CFI inactivation by Mg2+. 
The enzyme was incubated in the presence of 10 pM Mg2+ or 10 pM 
Mg2+ and 100 pM azide. At the indicated time, aliquots were taken 
for ATPase assa ATPase activity of CFI before Mg2+ addition was 
10.4 pmol min-rmg-l. 

inhibition of CF, (Figure 2). Other experiments showed that 
the affinity of CF, for the inhibitory Mg2+ in the absence of 
azide (Kd about 4 pM) is increased 4-5 times (Kd about 1 pM) 
in the presence of 50 pM azide (data not shown). This could 
result from promotion of the rate of Mg2+ binding or the 
inhibition of Mg2+ release or both. Figure 3 shows the 
semilogarithmic plot of CF1 inactivation when exposed to 10 
pM Mg2+ or to 10 pM Mg2+ plus 100 pM azide. The results 
demonstrate that azide does not affect the rate of binding of 
10 pM Mg2+ to CF,. 

The effect of azide on the rate of Mg2+ binding was also 
checked at higher Mg2+ concentration. Results shown in 
Figure 4 demonstrate that the rate of inactivation by 2 mM 
Mg2+ is the same with or without 200 pM azide present. In 
the presence of 2 mM Mg2+, the half-time for CFI inhibition 
is about 2 s, corresponding to a pseudo-first-order rate constant 
of about 0.4 s-I. Taking into account the concentration of 
Mg2+, this gives a second-order rate constant for the interaction 
of CFI and Mg2+ of about lo3 M-' s-l, close to the value of 
0.85 X lo3 M-I s-I derived earlier from the inhibition of CF, 
at lower Mg2+ concentrations (Guerrero et al., 1990b). The 
rate-limiting step for the Mg2+-induced inhibition of CFI is 
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FIGURE 4: Kinetics of (ATP-ha)CFI inactivation by 2 mM Mg2+. 
Incubations were carried out in the absence and presence of 200 pM 
NaN9 The enzyme was prepared as described in the legend to Figure 
1 and then was incubated in the presence of Mg2+ and azide, and at 
the indicated times aliquots were taken for the ATPase assay. 100% 
activity corresponds to 10.6 pmol min-' mg-I. 
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FIGURE 5: Dependence of (ATP-ha)CFI inactivation on the Mg2+ 
concentration. CF was incubated in the presence of indicated con- 
centrations of MgA+ for 10 s, and then Mg-ATPase activity was 
measured in the presence of 1 mM NaNB as described under Ex- 
perimental Procedures. 100% activity corresponds to 13.2 pmol min-' 
mg-'. 

the binding of Mg2+, i.e., after Mg2+ binding to CF, there is 
no step leading to the enzyme inhibition with a rate constant 
less than about 0.4 s-I. 

The Biphasicity of the Mg2+-Induced Inhibition. Closer 
examination of the results given in Figures 3 and 4 shows that 
the inactivation of CF, by Mg2+ is not a monophasic process. 
An initial more rapid decrease in the activity is followed by 
further slower inactivation. Some exploration was made of 
the nature of the biphasicity by assessing the effect of various 
Mg2+ concentrations on the both phases of CFI inactivation. 

Somewhat surprisingly, the concentration of Mg2+ has little 
or no effect on the slow phase of inactivation (data not shown). 
This suggests that the slow process of CF, inactivation results 
primarily from an isomerization of the first, more rapidly 
formed inactive complex of CF, with Mg2+. The interaction 
of CF1 with Mg2+ that leads to the loss of the enzyme activity 
appears to be a two-step process, although the initial binding 
of Mg2+ inactivates the enzyme. If this is so, higher Mg2+ 
concentrations should be capable of inducing nearly complete 
inactivation in the initial binding step. This was tested by 
measuring the rate of inhibition at increasing Mg2+ concen- 
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FIGURE 6: EDTA-dependent reactivation of CF,. Before assay 
(ATP-ha)CFI was incubated in the presence of 2 mM Mg2+ for 5 
s or in the presence of 30 pM ME2+ for 20 min. Where indicated 
the reaction mixtures additionally contained 100 pM azide. Then 
EDTA to the final concentration 5 mM was added. At the time 
indicated after addition of EDTA, aliquots of the enzyme were taken 
for the Mg-ATPase assay. 100% activity corresponds to the activity 
of CF, before incubation with Mg2+ (10.4 pmol min-' mg-I). 

trations. Figure 5 shows the dependence on the Mg2+ con- 
centration of the extent of CF, inactivation after a 10-s in- 
cubation with Mgz+. To prevent partial reactivation of CFI 
during the 10-s incubation with Mg-ATP (the time of the 
Mg-ATPase assay, see Figure l), 1 .O mM NaN3 was included 
in the assay mixture. Nearly complete inhibition of CF, is 
achieved by the short incubation with 500 pM of Mg2+; even 
greater inhibition would be expected at higher Mg2+ concen- 
trations. Fifty percent of activity is lost by a 10-s exposure 
to 80 pM Mg2+. This corresponds to an apparent rate constant 
of Mgz+ binding near 0.1 s-' and a bimolecular rate constant 
near lo3 M-' s-l. Similar results were obtained in the absence 
of azide if correction was made for the about 15% reactivation 
that occurs during the assay (data not shown). 

The Rate of Release of Inhibitory Mg2+ with and without 
Azide Present. The existence of two inactive complexes of CF, 
with Mgz+ is confirmed by the results of the following ex- 
periments. Figure 6 shows the effect of time of prior exposure 
to Mg2+ or to Mg2+ and azide on the EDTA-induced reac- 
tivation of Mg2+-inhibited CF,. The reactivation of the first, 
rapidly formed inactive complex of CFI (obtained during a 
5-s incubation with 2 mM Mg2+) has a half-time of about 1 
min. The rate of reactivation is considerably slower if the 
exposure to Mg2+ is prolonged. The complex obtained from 
a 20-min incubation of the enzyme in the presence of 30 pM 
Mg2+ is reactivated more slowly ( t l12  about 6-7 min, Figure 
6 ) .  

Because azide does not increase the rate of Mg2+ binding 
to CFI (Figures 2-4), the cause of enhanced inhibition in the 
presence of azide is likely to be a decrease of the kofl for Mg2+. 
The results in Figure 6 show that presence of azide effectively 
slows down the reactivation of both the rapidly and more 
slowly formed complexes with inhibitory Mg2+ as expected for 
a decreased rate of Mg2+ dissociation. 

Effect of Catalytic Site ADP on Inhibitory M2' Binding. 
Results obtained in the course of these investigations suggested 
that the binding of inhibitory Mg2+ to CF, showed a more 
pronounced dependence on the prior binding of ADP at the 
catalytic site than indicated by earlier studies (Guerrero et 
al., 1990b). Data presented here show that the binding of ADP 
at CFI catalytic site considerably increases the affinity for 
inhibitory Mg2+. 

1 

K 
>; 
Y .- > 
V 
0 

.- 
Y 

0 
0 5 10 15 20 25 30 35 

MgC12 V M  
FIGURE 7: The effect of ADP on (GDP-ha)CFI inactivation by Mg2+. 
Prior to the assay, CF, was incubated with the indicated concentrations 
of Mgz+ either in the absence or presence of 100 pM azide for 20 
min and then, where indicated, ADP and EDTA to the final con- 
centrations 250 pM and 100 pM, respectively, were added, and 10 
s later the initial Mg-ATPase activity of CFI was measured. 100% 
activity corresponds to 10.5 pmol m i d l  mpl .  

Heat activation of CF, in the presence of GDP gives an 
enzyme with less than one catalytic site ADP per mole of 
enzyme. Such (GDP-ha)CF, can only be partially inactivated 
by the addition of saturating Mg2+ and azide but is all rapidly 
inactivated if ADP is added to complete the filling of a cat- 
alytic site (Guerrero et al., 1990b). Trials on the rate of 
(GDP-ha)CF, inhibition with prior exposure of (GDP-ha)CFI 
to 2 pM ADP or 25 pM Mg2+ indicated that the same rate 
of enzyme inactivation occurs as with the simultaneous ad- 
dition of Mg2+ and ADP or Mgz+ alone. This is as expected 
if the inhibitory Mg2+ does not bind if catalytic site ADP is 
not present. 

For a better assessment of binding of inhibitory Mgz+ an 
enzyme with less catalytic site ADP was desirable. We ob- 
served that the level of catalytic site ADP in the (GDP-ha)CF, 
could be reduced by dialysis against 50 mM PPI. Dialysis of 
20-25 pM (GDP-ha)CF, for 4 h at room temperature against 
500-1000 volumes of 50 mM PPi at pH 8.0 gave preparations 
that could be inactivated by only 30-35% by 100 pM Mg2+ 
and 100 pM azide. If CF, without tightly bound ADP at 
catalytic site is able to bind inhibitory Mg2+, exposure to MgZ+ 
in the presence or absence of azide should produce a complex 
that could be inactivated readily by the short incubation of 
CFI with ADP because the rate of ADP binding to the cat- 
alytic site is high (Guerrero et al., 1990b). To reduce the 
possibility of inactivation of CF1 by some binding of Mgz+ after 
addition of ADP 100 pM EDTA (final concentration) was 
included in the medium. The same behavior was noted, 
however, in the absence of the EDTA addition as expected if 
little or no Mg2+ inhibition occurred in the 5-s incubation. The 
data obtained are presented in Figure 7. Incubation of CFI 
with various concentrations of Mg2+ for 20 min in the absence 
or presence of 100 pM azide gave only partial inhibition of 
the enzyme activity (curves 1 and 2). This inhibition likely 
reflects the amount of enzyme that still has a catalytic site 
ADP present. After the incubation with Mg2+, a short ex- 
posure to 250 pM ADP and 100 pM EDTA before the Mg- 
ATPase assay does not change the pattern of Mg2+-induced 
inhibition in the absence as well in the presence of 100 pM 
azide (curves 3 and 4). The data show that in the absence 
of ADP bound at the catalytic site of CF,, Mgz+ up to 35 pM 
concentration does not form a complex with CFI that can be 
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Table I: Values of Rate Constants for the Interaction of CFI with 
Inhibitory Mg2+" 

present from Milgrom and 
rate or equilibrium constant work Murataliev (1989) 
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quired for inhibition of CF, (Carmeli et al., 1979). They also 
mentioned, without giving data, that a similar behavior was 
shown by Mg2+ and Mn2+. Our results thus confirm and 
extend their observations. 

The results in Figures 2-4 show that azide affects neither 
the rate of formation of complex A nor the rate of its isom- 
erization to complex B (see Scheme I). Importantly, azide 
decreases the rate of reactivation of both complexes (Figure 
6). After Mg2+ has bound, a tight binding site for azide is 
present in both complexes. 

Recently it was reported that the Ca-ATPase activity of 
activated CF, in the presence of 4 mM Ca2+ is inhibited very 
slowly by 2.5 mM azide (Andralojc & Harris, 1990). The 
authors concluded that azide binds to CF, slowly. It seems 
more likely to us that the slow inhibition of CF, by azide 
resulted from slow binding of some contaminating Mg2+ or 
similar cation present in the media used. 

The two-step model, following Mg2+ addition to CF, with 
ADP at a catalytic site as presented here, appears to be 
analogous to the two-step reaction sequence found when ADP 
is added to nucleotide-depleted MF, in the presence of Mg2+ 
(Milgrom & Murataliev, 1989). In both instances, an inactive 
enzyme.ADP.Mg2+ complex is initially formed. Milgrom and 
Murataliev (1989) noted also that with continued incubation 
the affinity for ADP increased. In this paper, with CF, we 
noted an increase in affinity for Mg2+. Likely, the affinities 
for both Mg2+ and ADP are increased with both CF, and MF, 
complexes. 

The comparison of the rate constants found with CF, with 
those for a two-step process for MF, (Milgrom & Murataliev, 
1989) shows (Table I) close coincidence of the values k-,, k2, 
and k-2 (the only constants that are intrinsic feature of the 
enzyme.ADP.Mg2+ complex) for the enzymes from plant and 
animal sources. To us this favors the view that in both cases 
the same process is involved. It seems likely that F, ATPase 
from mitochondria or chloroplasts, and with ADP at a catalytic 
site, becomes inactive during the initial combination with 
inhibitory Mg2+. The initial inactive complex is converted to 
a more stable and still inactive complex. 

ADDED IN PROOF 
It has recently been reported (Bulygin & Vinogradov, 1991) 

that there is a behavior of MF, ATPase similar to that re- 
corded here for CF, ATPase. 
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rapidly inactivated upon ADP binding. 

DISCUSSION 
Our results show that the interactions of CF, with azide are 

quite similar to those of the mitochondrial enzyme. With the 
enzyme that has not been inhibited by prior exposure to Mg2+, 
azide does not affect the initial activity but strongly inhibitis 
the steady-state activity of CF,. With the enzyme that has 
catalytic site ADP present and has been inhibited by prior 
exposure to Mg2+, azide prevents the ATP-dependent reac- 
tivation of the inactive complex (Figure 1). The formation 
of the inactive complex results from a relatively slow binding 
of Mg2+ (Guerrero et al., 1990b). Additional insight into azide 
action is given by our demonstration that azide does not in- 
crease the rate of Mg2+ binding but decreases the rate of 
dissociation of Mg2+ from the inactive complex. Such behavior 
suggests that the binding site for azide does not exist until the 
inhibitory Mg2+ has bound. 

The results given in Figure 7 show that CF, without ADP 
bound at the catalytic site does not form a detectable complex 
with Mg2+ that is rapidly inactivated by the binding of ADP. 
We conclude that the inhibitory effect of Mg2+ on CF, is 
shown only when such catalytic site ADP is present. This 
behavior is akin to that of nucleotide-depleted MF,. Such an 
enzyme without ADP at a catalytic site is not inhibited by 
exposure to Mg2+ before being assayed (Minkov et al., 1979; 
Drobinskaya et al., 1985). These properties of MF, and CF, 
give evidence that the binding site for inhibitory Mg2+ does 
not exist unless the catalytic site ADP is present. 

The results presented in Figures 3-6 revealed an unexpected 
characteristic of the Mg2+ inhibition. They show that inac- 
tivation of CF, by Mg2+ is a two-step process that can be 
described by the following minimal scheme, where both com- 
plexes A and B are inactive, and E-ADP is CF, with a catalytic 
site ADP present: 
Scheme I 

1 2 

B A 
Complex A is formed during the initial interaction of Mg2+ 

with E-ADP and has a dissociation constant of about 10-15 
pM. This complex is relatively slowly converted to the complex 
B. The rate of this second step is independent of the medium 
Mg2+ concentration, but the complex shows an increased af- 
finity for Mg2+. The rate constants for forward reactions 1 
and 2 are designated as k ,  and k2 and for the reverse as k-, 
and k-2, respectively. The values of the rate constants were 
calculated from the results of the following figures: kl, Figures 
4 and 5, k2, Figures 3 and 7, k-, and k-2, Figure 6. The 
estimated rate and equilibrium constants for steps 1 and 2 are 
given in Table I. The Kd for Mg2+ decreases to 2.6 pM in 
step 2 representing a 3-5-fold increase in affinity for Mg2+ 
(Figure 2). Carmeli and co-workers have reported previously 
that with increase in the time of incubation less Ca2+ is re- 

EaADP + Mg2+ & E-ADP.Mg2+ & *E.ADP-Mg2+ 
k-i k-l 
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Kinetic Behavior of the Monodehydroascorbate Radical Studied by Pulse 
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ABSTRACT: The reactions of the monodehydroascorbate radical (As'-) with various biological molecules 
were investigated by pulse radiolysis. As'- reacted with both fully reduced and semiquinone forms of hepatic 
NADH-cytochrome b5 reductase with second-order rate constants of 4.3 X lo6 and 3.7 X lo5 M-l s-', 
respectively, a t  pH 7.0. In contrast, no reaction of As'- with ferrous cytochrome b5 could be detected by 
pulse radiolysis, whereas the oxidation of cytochrome bS by As'- was observed by ascorbateascorbate oxidase 
method. This suggests that the rate constant of As'- with the ferrous cytochrome b5 must be several orders 
in magnitude smaller than that of the disproportionation of As'-. On the other hand, As'- reduced Fe3+EDTA 
with a second-order rate constant of 4.0 X lo6 M-I s-l but did not reduce ferric hemoproteins such as 
metmyoglobin, methemoglobin, and cytochrome b5 by either the pulse radiolysis or the ascorbate-ascorbate 
oxidase method. 

Ascorba te  (ASH-)' plays physiologically important roles in 
various metabolic reactions involving the biosyntheses of 
collagen (Prockop et al., 1976; Kivirikko & Myllyla, 1980; 

I Abbreviations: ASH-, ascorbate; As'-, monodehydroascorbate; As, 
dehydroascorbate; OM-cytochrome b, cytochrome b of the outer mito- 
chondrial membrane: e;, hydrated electron; E-FAD, oxidized NADH- 
cytochrome b5 reductase; E - F A ~  -, semiquinone enzyme; E-FADH-, 
fully reduced enzyme; EDTA, ethylenediaminetetraacetic acid. 

Myllyla et al., 1984) and norepinephrine (Rosenberg & Lo- 
venberg, 1980). In addition, ASH- is critically involved in 
cellular defense against oxidative injury, serving as a reductant 
in scavenging reactive oxygen and radical species (Packer et 
al., 1979; Galaris et al., 1989; Rose et al., 1990; Pietri et al., 
1990). these processes m o n o ~ e ~ y ~ r o a s c o r ~ a t e  radical 
(As'-) is produced by univalent oxidation of ASH-. Its pro- 
duction has been shown in enzymatic and nonenzymatic re- 
actions (Yamazaki & Piette, 1961; Skotland & Ljones, 1980; 
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