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ABSTRACT: The hydrogen peroxide binding reaction has been examined with alkaline-purified resting enzyme 
in order to avoid mixtures of low pH induced fast and slow conformers. At pH 8.8-9.0 (20 "C), the reactivity 
of resting enzyme was similar to the peroxide-free, pulsed conformer that has been characterized by other 
investigators. The reaction showed single-phase reactivity at  435 and 655 nm and required a minimum 
8:l molar excess of peroxide (over cytochrome aJ for quantitative reaction. At 16:1, the Soret band was 
stable for 1.0-1.5 h, but above 80:1, the band began showing generalized attenuation within 1-2 min. The 
peroxide binding reaction was also associated with an increase in absorbance at  606 nm which correlated 
with the rate of change at  435 and 655 nm. The observed rate constants at  each of these wavelengths showed 
similar linear dependence on peroxide concentration, giving an average bimolecular rate constant of 39 1 
M%-' and a Kd of 5.1 pM. The rise phase at  606 nm was observed to saturate a t  an 8:l molar excess 
of peroxide but showed a slow, concentration-dependent first-order decay that gave a bimolecular rate constant 
and Kd of 38 M%-' and 20 pM, respectively. The decay was not associated with a change in the Soret 
absorption or charge-transfer regions, suggesting a type of spectral decoupling. An isosbestic point a t  588 
nm was consistent with the 606- to 580-nm conversion proposed by other investigators, although direct 
observation of a new band at 580 nm was difficult. The insensitivity of the Soret band to the loss of absorbance 
at 606 nm implies that the 606- and 580-nm species do not differ in oxidation state, contrary to the structural 
assignments made by other investigators. The decay at  606 nm is proposed to be associated with a chemical 
event at  a non-heme site, possibly CuB or one of its ligands. 

L i g a n d  binding studies of cytochrome c oxidase (EC 1.9.3.1) 
have been complicated by enzyme heterogeneity, particularly 
in preparations derived from cholate and ammonium sulfate 
[for recent discussions, see Hartzell et al. (1988), Beinert 
(1988), and Malmstrom (1990)l. The reaction of hydrogen 
peroxide with resting enzyme illustrates the type of problem 
encountered. For example, a 10-fold molar excess of peroxide 
was reported by Bickar et al. (1982) to induce only a partial 
red shift in the Soret band from 41 7 to 422 nm, but substantial 
preparation-dependent differences were also observed. Using 
similar conditions, Vygodina and Konstantinov (1988) ob- 
served the band to shift much further, to 427-428 nm. 
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gram Award BRSG SO7 RR07176, Division of Research Resources, 
National Institutes of Health. 
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Wrigglesworth (1984) observed a comparable shift, but only 
with much higher levels of peroxide. 

The kinetics in the Soret region also reveal discrepancies. 
For example, peroxide binding to resting enzyme was shown 
by Gorren et al. (1986) to consist of a rapid phase followed 
by a peroxide-independent slow phase, whereas Bickar et al. 
(1985) have reported three separate phases, each dependent 
on peroxide concentration. 

Variable observations are also evident in the visible region. 
Witt and Chan (1987) reported a peroxide-induced a-band 
at 596 nm, whereas other investigators, using either resting 
or pulsed enzyme, have found this band to be more red-shifted, 
at 600-601 nm (Bickar et al., 1982; Wrigglesworth, 1984; 
Kumar et al., 1984a). Complex kinetic patterns associated 
with peroxide effects on the a-band have also been reported 
(Kumar et al., 1984a; Bickar et al., 1985). 

To find an explanation for these variable effects, we noted 
that most of the studies cited above were performed at pH 
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7.0-7.4. Although this is a typical working pH, it has im- 
portant implications. In the cases cited above, some of the 
preparations of resting cytochrome oxidase showed blueshifted 
Soret maxima (417-418 nm), for example, Bickar et al. (1982) 
and Wrigglesworth (1984). Notably, Vygodina and Kon- 
stantinov (1988) used a variation of the original Fowler method 
to prepare their enzyme. This preparation is characterized 
by a Soret band which is significantly more red-shifted, at 
422-424 nm (Muijsers et al., 1971; Hartzell et al., 1978). 
Cytochrome oxidase, prepared by a modification to the 
Hartzell and Beinert approach, will also exhibit a Soret band 
at 422-424 nm, as long as the pH is maintained sufficiently 
high during the soluble stages of enzyme purification (Baker 
et al., 1987; Papadopoulos et al., 1991). In this alkaline state, 
the enzyme displays rapid, monophasic reactivity with cyanide, 
similar to that observed in redox-cycled preparations. Exposure 
of resting enzyme to low pH (<8.5) causes the Soret band to 
blue-shift and converts the enzyme to a form that shows 5 0 -  
100-fold slower reactivity with cyanide (Baker et al., 1987). 
Variable mixtures of fast and slow forms can be present since 
the extent of these effects is dependent both on the time of 
incubation and on the acutal pH. 

These complications of low pH have prompted us to examine 
the hydrogen peroxide reaction under alkaline conditions, 
where no conversion to the slow conformer occurs. The results 
establish that the reaction of resting enzyme with hydrogen 
peroxide is similar to that of the pulsed preparation originally 
reported by Kumar et al. (1984b). Additionally, the use of 
resting enzyme to follow peroxide binding has allowed ob- 
servation of a series of spectral and kinetic correlations that 
have not been previously documented. The results are dis- 
cussed in the context of the peroxy/oxyferryl model proposed 
by Witt and Chan (1987). 

MATERIALS AND METHODS 
Enzyme Purification and Characterization. Cytochrome 

c oxidase was purified from bovine heart as described by Baker 
et al. (1987). The method involves a series of minor modi- 
fications to the original procedure of Hartzell and Beinert 
(1974). The pH during the soluble stages of purification was 
monitored with a pH electrode and maintained at 8.8-9.0 (4-6 
"C) with 3 N KOH. The final precipitate was dispersed in 
cold buffer containing either 50 mM KHzP04.KOH or 50 mM 
24  N-cyclohexylamine)ethanesulfonic acidspotassium hydroxide 
(CHES-KOH)' and 0.1% (w/v) n-dodecyl 0-D-maltoside 
(DM) at pH 9.0 (20 "C). Stocks of 700-900 pM heme a were 
then stored in liquid nitrogen until use. Heme a concentration 
was determined by measuring the absorbance of the reduced 
a-band at 604 nm and applying an extinction coefficient of 
20.9 mM-I-cm-' [averaged from Brunori et al. (1979) and 
Yonetani (1 960)]. The concentration was also checked against 
the value obtained by using an extinction coefficient appro- 
priate for the position of the oxidized Soret band (Le., 78 
mM-Icm-l at & = 423 nm; Papadopoulos et al., 1991). The 
average uncertainty in actual heme a concentration was 510%. 
Specific buffer conditions are indicated in the figure legends. 

Activity was assayed in 0.1 M potassium phosphate buffer 
and 0.1% (w/v) DM at pH 6.0, 20 OC, according to the me- 
thod of Yoshikawa et al. (1977). The maximal turnover 
number, calculated from observed rate constant data over a 
range of cytochrome cz+ concentrations (6-25 pM), was 
generally 250 pM cyt ~~+.s-' .pM-~ heme a, somewhat higher 
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than the value of 180 s-I reported by Hartzell and Beinert 
(1974). Total bound phosphorus, determined by a modification 
of the method of Chen et al. (1956), was 4.5-6.0 nmol of 
P/nmol of heme a, consistent with the 2-5 nmol of P/nmol 
of heme a range reported by Hartzell et al. (1978). Phos- 
phorus determinations were performed on enzyme stocks that 
were dispersed in CHES/DM buffer. Heme a content was 
8.5-9.0 nmol of heme a/mg of protein, and was based on the 
original protein assay method of Lowry et al. (1951). 

Ligand Binding Kinetics. Sodium cyanide stocks at 4 M 
were freshly prepared in water and partially neutralized with 
6 M HCl to give a final pH of 8.8 at 20 OC. An aliquot was 
mixed with a 5 pM heme a solution (at either pH 6.8 or pH 
8.8, 20 "C), giving a final, calculated cyanide concentration 
of 25 mM. 

Hydrogen peroxide stocks (Fisher, assay w/w, 30.0-32.0%) 
were checked periodically by using the ceric sulfate method 
of Kolthoff and Belcher (1957). Serial dilutions were made 
just prior to the experiment to give 1.668-166.8 mM con- 
centrations, which were then used for addition to heme a 
solutions at either pH 6.8 or pH 8.8-9.2, 20 OC. 

Cyanide and hydrogen peroxide stocks were maintained on 
ice. The low-pH ligand binding experiments were performed 
by diluting the enzyme stock into buffer containing 50 mM 
KH2P04*KOH, 167 mM K2S04, and 0.1% (w/v) DM (pH 
6.8, 20 "C). Mixing times for all time scans prior to data 
acquisition was 10-15 s. 

Instrumentation and Data Analysis. Wavelength and time 
scans were recorded with a PC-interfaced Shimadzu UV-3OOO 
spectrophotometer equipped with a magnetic stirrer and 
constant temperature regulation. Spectra were collected in 
double-beam mode using 50 nm/min and f0.2-nm resolution. 
Kinetic scans were either double-beam (435, 655 nm) or 
dual-wavelength (606 minus 625 nm) and reflect data points 
every 1-2 s. Spectral and arithmetic processing (subtraction 
and smoothing) relied on Lab Calc (Galactic Industries Inc., 
Salem, NH). Symbol plots and nonlinear curve fitting were 
accomplished with SigmaPlot 4.0 (Jandel Scientific, Corte 
Madera, CA). All graphics displays were prepared with an 
H P  LaserJet I11 printer at 300 dpi. 

RESULTS 
Effect of Hydrogen Peroxide on the Soret Band of Resting 

Enzyme. A series of spectra recorded at 1-min intervals 
following the addition of 20 pM hydrogen peroxide is shown 
in Figure 1A. At pH 9.0, the Soret band intensified and 
shifted within several minutes from 424 to 428 nm. The 
isosbestic point at 425 nm is consistent with a simple, two-state 
conversion of unreacted cytochrome a3 into product. Figure 
1B shows the corresponding exponential time course of the 
absorbance increase at 435 nm (the wavelength of maximal 
change). At 40 pM peroxide, the absorbance at kinetic sat- 
uration remained stable over 1.5 h of incubation, decreasing 
by less than 5% (data not shown). 

The peroxide binding kinetics in Figure 1B show that sin- 
gle-phase reactivity is not unique to cyanide, although much 
higher concentrations of cyanide are required to give the same 
observed rate. Table I extends the ligand comparison to low 
pH. Experiment 1 represents the pH 9.0 control case where 
each ligand showed 100% fast reactivity. To promote con- 
version to the slower reactive form(s), resting enzyme was 
titrated to pH 6.8-7.4 and incubated for 2 and 6 h at 20 OC 
(experiments 2 and 3, respectively). The binding kinetics were 
measured for each ligand, and the procedure described in the 
table legend was used to extract the percentage of fast com- 
ponent. Table I shows that low pH affected cyanide and 

I Abbreviations: CHES, 2-(N-cyclohexylamino)ethanesulfonic acid; 
DM, n-dodecyl 6-o-maltoside. 
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FIGURE 1: Time-dependence of an 8:l molar excess of hydrogen 
peroxide on the Soret band of resting cytochrome oxidase. (A) Resting 
enzyme was incubated at pH 9.0,20 O C ,  for 1 h to allow equilibrium 
of the Soret band position to 423.7 nm (the mast blueshifted spectrum 
shown in the figure). Hydrogen peroxide (standardized as described 
under Material and Methods) was transferred into a solution of 5.0 
pM heme u ( f 5 1 )  at pH 9.0,24 O C ,  to give a final concentration of 
20 pM (8:l molar excess over cytochrome a3). The buffer consisted 
of 0.1 M KH2P0,-KOH, 167 mM K2S04 ( p  = 0.5 M, excluding 
contribution from Pi), and 0.1% (w/v) ndodecyl &Dmaltaside (DM). 
After a IO-s mixing time, four spectra were recorded at 1-min intervals. 
(B) The time course associated with the addition of 40 pM hydrogen 
peroxide was measured at 435 nm at pH 9.0,20 OC, using the buffer 
system described above. Mixing time prior to data acquisition was 
15 s. 

hydrogen peroxide binding comparably, with longer incubation 
times promoting further conversion in each case.* 

Figure 2 compares several spectra, obtained at pH 9.0, 
following the addition of different concentrations of hydrogen 
peroxide, from 2.5 to 200 pM. For proper comparison, each 
spectrum was recorded at the point of kinetic saturation. At 
a 1:l and 2:l molar ratio with cytochrome u3 (2.5 and 5.0 pM 
peroxide), the Soret band had not fully shifted to 428 nm. A 
minimum of 20 pM peroxide was needed for quantitative 
reaction since higher concentrations, up to 200 pM after 10 
min, showed no further changes in the spectrum. An isosbestic 
point at 425 nm was again evident. Above 200 pM peroxide, 
there was initially slight but progressive attenuation of the 
near-UV absorption envelope, suggesting nonspecific heme 
bleaching. 

Effect of Hydrogen Peroxide on the Visible Region of 
Resting Enzyme. Figure 3 shows the effect of 2.5-20 pM 
peroxide on the 655-nm charge-transfer band. In accord with 
Figure 2, a minimum peroxide concentration of 20 pM (Figure 

Some preparations have shown a further complication after overnight 
exposure to low pH (<7). Addition of 20 pM peroxide resulted in a 
single phase of reactivity, but at the point of kinetic saturation, the 
amplitude of the change was unusually small, and the Soret maximum 
had only partially shifted, to 425-426 nm. Further additions of peroxide 
(up to 1 mM) simply caused a loss of Soret band amplitude without any 
further red shift, implying an unreactive population of (1, centers. Bickar 
et ai. (1982), working at pH 7.4-7.5, had also noted preparation-de- 
pendent variations in the proportion of cytochrome a, centers that bound 
hydrogen peroxide, which very likely reflects the type of low pH induced 
heterogeneity describcd here. 

Table I: Reactivity of Resting Enzyme with Cyanide and Hydrogen 
Peroxide following Exposure to Low pH 

CN- binding HzOz binding 

1 100 0 100 0 
2 41 59 41 59 
3 22 78 23 77 

expt' % fastb % remainingc 96 fastb % remaining 

'Addition of ligand (either 25 mM NaCN or 40 pM H202) to a 5 
pM heme a solution occurred after the following treatment conditions: 
experiment 1, 1 h of incubation at pH 8.8,20 OC; experiment 2, sample 
was diluted into pH 6.8 buffer and incubated 2.3 h at 20 OC; experi- 
ment 3, same as experiment 2 except that the incubation time at pH 
6.8 was 6 h. Buffer composition at pH 8.8 was as in Figure 1 
(CHES/DM was also used in separate experiments). The low-pH 
buffer composition is given under Materials and Methods. Potassium 
sulfate was included to prevent turbidity at pH values below 7. kh 
was 0.02-0.04 s-'. CThis percentage includes slow and unreactive 
components. Estimation of the final absorbance of the fully reacted 
state (in order to obtain an accurate value for the percentage of rapid 
conformer) required the use of an extinction coefficient corresponding 
to the incubation pH. This was determined by adding cyanide or hy- 
drogen peroxide after 30 s following titration to pH 6.8, 20 OC. The 30 
s is insufficient time for fast to slow (or unreactive) conversion to OC- 
cur. The intrinsic effect of pH on the amplitude of the CN- or H202 
binding reaction is thereby determined without the complications of 
low pH induced heterogeneity. Details of this approach will be pub- 
lished elsewhere. 

1 
360 380 400 420 440 460 480 

Wavelength (nm) 

FIGURE 2: Effect of hydrogen peroxide concentration on the equi- 
librium Soret band position of resting cytochrome oxidase. A 5.0 pM 
heme u solution was prepared as in Figure 1A except that 0.1 M CHES 
was used instead of phosphate and the pH was 9.2 at 20 O C .  A 
different preparation of enzyme was used in this case, and after 1 
h of incubation, the Soret band position was at 422.7 nm rather than 
the 423.7 nm shown in figure 1A (resolution = f0.2 nm). After the 
1-h equilibration period, hydrogen peroxide was added in separate 
experiments to give 2.5, 5.0, 20,60, 100, and 200 pM final concen- 
tration. Each spectrum shown was recorded at the point of kinetic 
saturation and normalized to a heme a concentration of 5.0 pM. 

3, trace d )  was needed for kinetic saturation, indicating re- 
versible binding. Exponential fits corresponding to each trace 
are also shown. Extrapolation of each curve to infinite time 
gave final absorbance values that were also consistent with an 
approach to an equilibrium state. 

Figure 4A shows the effect of cumulative additions of hy- 
drogen peroxide, from 20 pM to 1.5 mM, on the a/&band 
region of resting enzyme. An 8:l molar excess (20 pM) caused 
the a-band to intensify and shift slightly to 601 nm. The 
chargetransfer band at 655 nm was eliminated and the trough 
absorbance, centered at 570 nm, intensified. Continued ad- 
ditions of peroxide caused the a-band to lose amplitude and 
shift back to the blue, eventually stabilizing a t  597 nm. The  
loss did not reflect restoration of the resting conformer since 
the 655- and 428-nm bands remained unchanged. Isosbestic 
points were observed at 625 and 588 nm. The blue region 
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FIGURE 3: Kinetics of the absorbance change at 655 nm following 
the addition of hydrogen peroxide. Hydrogen peroxide was added 
to a 5.0 pM heme u solution at pH 9.0, 20 O C ,  to give final con- 
centrations of 2.5 (a), 5.0 (b), 10 (c), and 20 pM (d). Buffer conditions 
were as in Figure 2. In each case, data acquisition at 655 nm began 
after a 13-s mixing time. The raw data were smoothed by Savit- 
sky-Golay convolution and fit with a single exponential to extract 
an empirical rate constant. Curve fits are shown in each case as solid 
lines. 
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FIGURE 4: Effect of cumulative additions of hydrogen peroxide on 
the visible spectrum of resting enzyme. (A) Buffer conditions and 
pH were as in Figure 1A. Hydrogen peroxide was added incrementally 
to a 5.0 pM heme u solution at 20 OC to give cumulative final 
concentrations of 20,80, 160,260,860, and 1460 pM. The a-band 
showing the largest intensity represents the lowest concentration case 
(20 pM). Further additions of peroxide resulted in a progressive loss 
of amplitude. A wavelength scan was initiated 13 s after addition 
of hydrogen peroxide, and the time interval between the start of 
successive scans was 1 1  min. The resting spectrum is shown for 
comparison. (B) The resting spectrum shown in (A) was subtracted 
from each of the peroxide-treated cases to give the difference spectra 
labeled a-f, with spectrum a corresponding to the 20 pM case. 

below 588 nm showed only very minor changes as the peroxide 
concentration was increased to 1.5 mM. 

Figure 4B shows a series of difference spectra obtained by 
subtracting resting enzyme from each of the peroxidetreated 
cases in Figure 4A. The lowest concentration of peroxide 
(trace a, 20 pM) revealed a prominent transition at  606 nm 
and a weak transition at 570 nm, essentially the features that 
Wikstrom (1 98 1) originally assigned to the "peroxy" form of 
cytochrome u3. The further addition of peroxide caused the 
606-nm band to lose intensity and shift to 610 nm, although 
it cannot be determined whether this was an actual shift or 

0 A' I 
0 500 1000 1500 2 0 0 0  

Seconds 

0 ( '  '1 
0 100 200 300 400 500 600 700 

Seconds 
FIGURE 5: Kinetics of the peroxide-dependent absorbance change at 
606 nm. (A) Buffer conditions were as in Figure 1A. Hydrogen 
peroxide was added in separate, sequential experiments to a 5.0 p M  
heme u solution at pH 9.0, 17 OC, to give 2.5 (a), 5.0 (b), and 20 
pM (c). Time scans were recorded in the dual-wavelength mode by 
measuring AA-25 IM. The mixing time prior to the first data point 
was 13 s in each case. The observed traces were fit with a two-ex- 
ponential equation (A = AdhkW' - Aye-- + C) and are shown 
overlaid with the raw data. The equation subscripts r and d refer 
to the rise and decay phases, respectively. (B) Treatment conditions 
were as in (A) except that the following hydrogen peroxide concen- 
trations were used: 60 (d), 100 (e), 200 (f), and 600 pM (g). 
Nonlinear least-squares fits based on the sum of two exponentials are 
overlaid on traces d-f, as in (A). For trace g, the rise phase was over 
within the 13-s mixing time, and the decay could not be fit with a 
single exponential. A linear slope was used to approximate the 
amplitude of the slower component. 

simply the result of a weaker, underlying transition. A slight 
increase at about 580 nm was also evident, which caused some 
broadening, but the observed increase was not correlated with 
the incremental loss of amplitude at 606 nm. The absorbance 
at  580 nm remained essentially unchanged as the peroxide 
concentration was increased above 160 pM (traces c through 
0. The largest change at  580 nm occurred at  the lowest 
peroxide concentration (20 pM, trace a), where the 606-nm 
band was still very prominent. Peroxide concentrations in 
excess of 1.5 mM showed continued loss of amplitude at  606 
nm and a less progressive loss at 580 nm. The resulting spectra 
no longer displayed the isosbestic point at 588 nm (not shown). 

Figure 5A,B shows the rise and decay kinetics of the 606-nm 
transition for seven different peroxide concentrations within 
the range 2.5-600 pM. (It becomes difficult above 600 pM 
to fully capture the decay phase without stopped-flow moni- 
toring.) The amplitude of the rise phase was independent of 
peroxide concentration at  1 2 0  pM (traces c through g), in- 
dicating essentially quantitative formation of the 606-nm 
species (AC-~~'" was estimated at  3.3 mM-'.cm-'). The 
slower decay phase appeared to saturate at  1200 pM peroxide 
(traces f and g). However, the 600 pM decay (trace g) could 
not be fit with a single exponential (see figure legend), iden- 
tifying the onset of a slower component that became more 
prominent at higher peroxide concentrations (data not shown). 
Comparison of the difference spectrum recorded at  the end 
of the 600 pM decay phase with those in Figure 4B (where 
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FIGURE 6: Peroxide concentration dependence of the observed rate 
constants for the rise and decay phases at 606 nm. Observed rate 
constants were extracted from time scan data of the type shown in 
Figure SA,B. Data averaged from three enzyme preparations were 
used to calculate the standard error bars. 

the peroxide concentration range was extended to 1.5 mM) 
showed that the 606-nm band amplitude had only partially 
decayed. Continued loss of the 606-nm intensity becomes 
measurably biphasic at peroxide concentrations 2600 pM, and 
is consistent with the biphasic decay that other investigators 
have observed using 1-2 mM peroxide (Kumar et al., 1984a; 
Bickar et al., 1985). The slower component did not interfere 
with the difference absorption profile since retention of the 
isosbestic point at 588 nm was observed a t  peroxide concen- 
trations as high as 1.5 mM (figure 4A). 

The empirical rate constants for each trace in Figure 5A,B 
were extracted from two-exponential curve fits (except trace 
g) and plotted against peroxide concentration in Figure 6. The 
standard error bars reflect kinetic results for three different 
enzyme preparations. The linear dependence of each phase 
on peroxide concentration gave bimolecular rate constants of 
644 and 38 M - W  for the rise and decay phases, respectively. 

The red shift to 428 nm and the elimination of the 655-nm 
band were shown in Figures 2 and 3 to require an 8:l molar 
excess of peroxide. These data imply that the peroxide binding 
reaction is reversible and should therefore produce a nonzero 
ordinate intercept in a plot of the type shown in Figure 6. To 
estimate this value, the observed rate constants a t  435, 606 
(rise phase), and 655 nm were plotted against peroxide con- 
centration on an expanded scale, from 0 to 60 pM. The kob 
values showed similar dependence on peroxide concentration 
at each wavelength (data not shown), suggesting that the same 
structural event was being measured. Linear regression of the 
entire data set resolved a nonzero intercept corresponding to 
an equilibrium dissociation constant (&) of 5.1 pM, in accord 
with estimates from other investigators [for example, Bickar 
et al. (1982) and Vygodina and Konstantinov (1987)l. The 
slope of the data, using the combined data sets, gave a bi- 
molecular rate constant of 391 M-'.S-', which is substantially 
different than the value of 644 M - ' d  observed in Figure 6 
for the rise phase at 606 nm. The lower value may be more 
representative since it averages the contributions at three 
different wavelengths and reflects a range of peroxide con- 
centrations for which curve-fitting variations are minimal (see 
legend to Figure 6). Low ionic strength buffer (50 mM 
CHES-KOH, rather than the KPi/K2S04 buffer described in 
the legend to Figure 1) was also used to obtain preliminary 
measurements of kob at 435 nm. The same exponential be- 
havior was evident over a range of peroxide concentrations, 
but a somewhat higher value for the bimolecular association 
constant was noted. 
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The decay-phase at 606 nm (extracted from Figure 5A,B) 
gave a Kd of 20 pM when plotted over the (Moo pM peroxide 
concentration range. (Curve-fitting variations for these data 
were minimal, as evidenced by the small standard error bars 
shown in Figure 6.) 

DISCUSSION 
The heterogeneous response of resting enzyme to ligands 

such as hydrogen peroxide and cyanide can be prevented by 
maintaining the pH sufficiently high (X3.5) during the pu- 
rification and subsequent dilution of stock preparations (Baker 
et al., 1987; Papadopoulos et al., 1991). Table I demonstrates 
the ligand binding complications caused by exposure of resting 
enzyme to low pH. Slow or unreactive conformers2 become 
evident in proportions that increase as the pH is lowered and 
the incubation time is extended. These results suggest that 
the variable peroxide (and cyanide) binding behavior observed 
by different investigators (see the introduction) is very likely 
due to differences in pH and exposure time prior to the ad- 
dition of ligand. The use of alkaline conditions has permitted 
an evaluation of the intrinsic heterogeneity of the peroxide 
reaction without interference from low pH dependent con- 
formers. Although it can be argued that the same advantage 
applies to redox-cycled preparations, it is our opinion that other 
complications have arisen due to the chemical complexity of 
the reaction mixtures and the use of large excesses of hydrogen 
peroxide. 

The reaction of hydrogen peroxide with resting enzyme (pH 
8.8) has the following characteristics: The Soret band shifts 
from 423-424 to 428 nm (Figures 1A and 2) and requires a 
minimum 8:l molar excess (over cytochrome us) for quanti- 
tative reaction (Figures 2 and 3). The shift occurs as a single, 
exponential phase (Figure 1B) and is associated with an av- 
erage bimolecular rate constant of 391 M - k '  (see Results). 
Similar peroxide binding behavior has been observed a t  pH 
7.0 with the redox-cycled (pulsed) enzyme originally described 
by Kumar et al. (1984b). However, the peroxide adduct 
observed by Chance and co-workers is much less stable, with 
decay commencing in minutes rather than hours. The Soret 
band positions of the pulsed and resting forms are also dif- 
ferent: 420 nm for the pulsed compared with 423-424 nm for 
the resting. Titration of resting enzyme from pH 8.8 to about 
7.5 will shift the Soret band to 420 nm (Papadopoulos et al., 
1991), but after several minutes of incubation, the enzyme 
invariably shows mixtures of the fast and slow ligand binding 
forms. These considerations suggest that the pulsed prepa- 
ration is somehow structurally different. However, Gorren 
et al. (1986), using the Fowler method of enzyme preparation 
(see the introduction), have found the band position of their 
pulsed enzyme to be more red-shifted than that reported by 
Kumar et al. (1984b), 424 nm rather than 420 nm. The reason 
for this discrepancy is not clear, but taken together, the results 
imply that resting enzyme derived from alkaline purification 
is structurally similar to the pulsed (peroxide-free) state, as 
originally suggested by Baker et al. (1987). It is also this form 
of the enzyme that appears to be associated with the mito- 
chondrial inner membrane (Baker et al., 1987). 

The homogeneous binding behavior observed for the Soret 
and charge-transfer bands is not observed in the a/B absorption 
region. Hydrogen peroxide causes the a-band to intensify and 
shift slightly to the red, from 598 to 601 nm. However, even 
at stoichiometric concentrations with cytochrome u3, the band 
amplitude is not stable and is observed to decay (Figure 5A). 
At very high concentrations (21.5 mM), the a-band continues 
to lose amplitude and blue-shifts to 596-597 nm (Figure 4A). 
Difference spectra show that the loss of amplitude is a s d a t e d  
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with an absorbance decrease at 606 nm (Figure 4B) with only 
slight changes evident at other wavelengths. Several inves- 
tigators, however, have reported difference spectral features 
at 606 and 580 nm, with the relative proportions depending 
on the peroxide concentration. The 606-nm (or "peroxy") form 
is prominent at low concentrations (Wrigglesworth, 1984; 
Vygodina & Konstantinov, 1988) whereas the 580-nm form, 
described by Witt and Chan (1987) as an oxyferryl derivative 
of cytochrome u3, predominates at higher concentrations. The 
implication is that the loss of the 606-nm band, which has 
generally been associated with millimolar concentrations of 
peroxide, should correlate to an increase in absorption at 580 
nm. However, the spectral and kinetic relationships between 
the two forms have not been clearly documented. 

Examination of the difference spectra in Figure 4B shows 
that the peroxide-dependent loss at 606 nm does not readily 
correlate with the appearance of a new peak at 580 nm, which 
is contrary to the proposed conversion. However, the occur- 
rence of an isosbestic point a t  588 nm (Figure 4B) is not 
consistent with a continued loss of absorbance at 606 nm unless 
there is a compensating increase on the high-energy side of 
the isabestic point. It is therefore possible that increased levels 
of peroxide cause both a- and @-bands (at 606 and 570 nm) 
to lose amplitude and that a compensating increase occurs at 
about 580 nm which leaves the absorbance at that wavelength 
only slightly enhanced (Figure 4A,B). Nonetheless, the 
prominence of a band at 580 nm at  high peroxide concen- 
trations is the net result of lost amplitude at 606 nm without 
much apparent increase at 580 nm. The new transition at 580 
nm is expected to correlate to an increase at 535 nm (Orii & 
King, 1976; Witt & Chan, 1987). Careful inspection of the 
spectra in Figure 4B is consistent with this, although quan- 
titation from the data shown is difficult. 

The use of high concentrations of hydrogen peroxide has 
caused some confusion. Wrigglesworth (1 984), using heter- 
ogeneous resting enzyme, suggested that the shift of the Soret 
band to 428 nm was associated with the formation of the 
580-nm transition. Witt and Chan (1987) have accordingly 
referred to a 428/580-nm species, implying a possible rela- 
tionship between these band positions. Kumar et al. (1984a) 
have associated the 580-nm band with a loss of the 655-nm 
charge-transfer band. However, at low enough peroxide 
concentrations, it becomes clear that the absorbance changes 
at  435 and 655 nm correlate to the rise phase of the 606-nm 
band, and not to its decay. It thus becomes appropriate to 
refer to 428/606- and 428/580-nm forms, the former being 
relatively unstable, even at stoichiometric concentrations of 
peroxide (Figure 5A, trace a). 

A simple kinetic mechanism that accounts for the peroxide 
binding data is 
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concentrations (> 1.5 mM), the isosbestic wavelength is no 
longer evident, reflecting more complicated changes. 

Establishing correlations between the visible and Soret re- 
gion has important implications for structure. The 580-nm 
species is proposed to be similar to the ferryl porphyrin known 
to be present in horseradish peroxidase (HRP) compound I1 
(Wikstrom, 1987; Chan et al., 1988; Kumar et al., 1988), 
whereas the 606-nm species is generally viewed as a peroxy 
derivative of ferric cytochrome u3. The problem with this 
assignment is that the change in oxidation state associated with 
the 606- to 580-nm conversion, from Fe(II1) to Fe(IV), cannot 
be easily reconciled with the observed stability of the Soret 
band during conditions that promote both a rise and a decay 
of the 606-nm difference feature. For example, at 40 pM 
peroxide, the absorbance change at 435 nm shows first-order 
saturation within a few minutes of incubation, with only a 
slight decrease in absorbance over 1.5 h (see text for Figure 
1). Yet, within minutes, the 606-nm band begins to show 
significant decay (Figure 5A). Furthermore, after 10 min of 
incubation, the Soret envelope at 200 pM peroxide is identical 
with that at 20 pM (Figure 2), despite a substantial difference 
in the amount of decay at 606 nm (compare traces c and f i n  
Figure 5A,B after 600 s). Comparisons above 200 pM per- 
oxide are difficult since the Soret band begins to show gen- 
eralized attenuation, but the band position remains at 428 nm. 

These data clearly show that the Soret band red-shifts to 
428 nm prior to any significant conversion to the 580-nm 
species, in accord with recent peroxide binding results in 
vesicles reconstituted with cytochrome oxidase (Vygodina & 
Konstantinov, 1988). Studies of the superoxide reaction with 
iron porphyrins (McCandlish et al., 1980) show that the red 
shift in the Soret band is consistent with the proposed structure 
of the 606-nm form, namely, a high-spin Fe(II1)-peroxy 
complex. However, during the subsequent decay at 606 nm, 
the Soret envelope remains unchanged in every aspect (shape, 
amplitude, center frequency), a result that seems surprising 
if that decay is associated with a ferric to ferryl transition. For 
example, HRP-II shows a Soret band position that is red- 
shifted compared with the native ferric heme state, 420 nm 
instead of 403 nm (Hewson & Hager, 1979). In cytochrome 
c peroxidase (CcP), both compounds I and I1 are ferryl por- 
phyrin and show very similar Soret spectra (the radical in 
CcP.1 residues on an amino acid). The native ferric heme is 
at 408 nm, and the ferryl derivatives are both at 419 nm 
(Yonetani, 1965; Ho et al., 1983). 

A structural model for the 606- and 580-nm forms must be 
consistent with the observation that the 580-nm form is 1 
oxidizing equiv above the native ferric state, probably due to 
ferryl porphyrin, and also that the 606-nm form lies 1 oxidizing 
equiv above the 580-nm state (Wikstrom, 1981, 1987). Ac- 
cordingly, it becomes appropriate to view the 606- and 580-nm 
species as structural analogues of CcP compounds I and 11. 
An amino acid radical, possibly associated with a ligand to 
Cue, would characterize the 606-nm state and would be 
quenched by excess peroxide during the decay into the 580-nm 
form. The difference extinction coefficient associated with 
the monophasic decay at 606 nm is about 2.2 mM-'.cm-' 
(traces f and g, Figure 5B) and corresponds to the approximate 
position and amplitude of the tryptophan radical proposed for 
CcP.1 (Ho et al., 1983). The formation of an amino acid 
radical would essentially follow the scheme already proposed 
by Chan et al. (1988) to explain the 606- and 580-nm forms. 
Homolytic cleavage of a bridging peroxy bond (presumed to 
form within the 10-15s mixing time of our kinetic experi- 
ments) would result in oxyferryl, leaving oxygen-ligated 

k 
[u3(III)-X-CuB(II)] + H 2 0 2  e [428/606 nm] (1) 

k 
[428/606 nm] + H202  e [428/580nm] (2) 

The bimolecular rate constants, k, and kZ, are 391 and 38 
M - W ,  respectively, and the dissociation constants, Kdr for 
eq 1 and 2 are 5.1 and 20 pM (see Results). The value of 5.1 
pM for eq 1 is consistent with the minimum 8:l molar excess 
that is required to saturate the absorbance change at 435,606, 
and 655 nm (Figures 2, 4, and 6). It is also consistent with 
the ability of catalase to partially reverse the peroxide-induced 
spectral changes (Vygodina & Konstantinov, 1988). The 
model suffices for conditions that allow retention of the 
isosbestic point at 588 nm (Figure 4B). At very high peroxide 
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CuB(I1) with an unpaired electron on the oxygen. Oxidation 
of a nearby amino acid residue (possibly a tryptophan) would 
quench the oxygen radical, leaving hydroxylated CuB(I1). Our 
data would indicate that the 606- and 580-nm forms are both 
ferryl porphyrin, analogous to CcP.1 and -11, whereas in the 
model proposed by Chan et al. (1988) only the 580-nm form 
is ferryl. Since the 606-nm decay involves only the radical 
site (or possibly the Cue site), and not the cytochrome a3 
center, the Soret absorption envelope remains unchanged 
during the 606- to 580-nm transition. Detection of the radical 
is anticipated to be difficult because of spin coupling and its 
inherent instability, especially at high peroxide concentrations. 
A further difficulty is that radical quenching does not readily 
account for the appearance of new absorption bands at 580 
and 535 nm, although reference to Figure 4A,B shows that 
the principal absorbance change is simply a loss of a-band 
intensity without much correlated change at other wavelengths. 
A structural model must also be compatible with the rever- 
sibility shown in eq 1 and 2. It is also interesting to note that 
Malmstrom and co-workers (Clore et al., 1980) proposed a 
ferryl-a3 structure for what they termed compound IIIM 
(analogous to Chance’s compound C). Compound IIIM was 
obtained by reaction of two-electron-reduced cytochrome 
oxidase with oxygen. Whatever the real explanation, the 
results presented here, particularly Figure 5A,B, establish 
experimental guidelines for the application of rapid detection 
spectroscopy, such as EPR and resonance Raman, that can 
test the above proposal and possibly clarify the structural 
identity of the 606- and 580-nm forms. 
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