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ABSTRACT: The interaction of yeast iso-1-cytochromec (yCc) with the high- and low-affinity binding
sites on cytochromec peroxidase compound I (CMPI) was studied by stopped-flow spectroscopy. When
3 µM reduced yCcII was mixed with 0.5µM CMPI at 10 mM ionic strength, the Trp-191 radical cation
was reduced from the high-affinity site with an apparent rate constant>3000 s-1, followed by slow
reduction of the oxyferryl heme with a rate constant of only 10 s-1. In contrast, mixing 3µM reduced
yCcII with 0.5 µM preformed CMPI‚yCcIII complex led to reduction of the radical cation with a rate
constant of 10 s-1, followed by reduction of the oxyferryl heme in compound II with the same rate constant.
The rate constants for reduction of the radical cation and the oxyferryl heme both increased with increasing
concentrations of yCcII and remained equal to each other. These results are consistent with a mechanism
in which both the Trp-191 radical cation and the oxyferryl heme are reduced by yCcII in the high-affinity
binding site, and the reaction is rate-limited by product dissociation of yCcIII from the high-affinity site
with apparent rate constantkd. Binding yCcII to the low-affinity site is proposed to increase the rate constant
for dissociation of yCcIII from the high-affinity site in a substrate-assisted product dissociation mechanism.
The value ofkd is <5 s-1 for the 1:1 complex and>2000 s-1 for the 2:1 complex at 10 mM ionic
strength. The reaction of horse CcII with CMPI was greatly inhibited by binding 1 equiv of yCcIII to the
high-affinity site, providing evidence that reduction of the oxyferryl heme involves electron transfer from
the high-affinity binding site rather than the low-affinity site. The effects of CcP surface mutations on the
dissociation rate constant indicate that the high-affinity binding site used for the reaction in solution is
the same as the one identified in the yCc‚CcP crystal structure.

Electron transfer between metalloproteins may depend on
many different factors, including the kinetics of complex
formation and dissociation, the distance and pathway between
the two redox centers in the complex, and the driving force
and reorganization energy (1-3). The reaction between
cytochromec (Cc)1 and cytochromec peroxidase (CcP) has
become an important prototype for studying these factors
because of the extensive spectroscopic and structural char-
acterization of the individual proteins as well as their 1:1
complex (4, 5). The reaction of hydrogen peroxide with the
resting ferric form of CcP leads to the formation of CMPI-
(FeIVdO,R•+), which contains an oxyferryl heme FeIVdO
and a radical cation, R•+, located on the indole ring of Trp-
191 (6-12). Extensive studies using the ruthenium photore-
duction technique as well as stopped-flow spectroscopy have
demonstrated that ferrocytochromec initially reduces the Trp-
191 radical cation in CMPI(FeIVdO,R•+) under all conditions

of ionic strength and pH (13-21). A second molecule of
CcII then reduces the oxyferryl heme in CMPII(FeIVdO,R)
to form the resting enzyme, as shown in Scheme 1. Earlier
studies (22-24) have also been found to be consistent with
initial reduction of the radical cation in CMPI (19). The rate
constant for electron transfer from CcII to the radical cation
in the physiological yCc‚CcO complex (keta) was found to
be 2× 106 s-1 using yeast Ru-39-Cc, which is labeled with
ruthenium on the back surface where it does not interfere in
the reaction (19). The rate constantketb for electron transfer
to the oxyferryl heme was found to be 5000 s-1 using the
same technique (19). Mutagenesis studies demonstrated that
yCc used the high-affinity binding site identified in the yCc‚
CcP crystal structure (4) for electron transfer to both the Trp-
191 radical cation and the oxyferryl heme (17, 19-21). A
mechanism was proposed for reduction of the oxyferryl heme
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in which internal electron transfer in CMPII(FeIVdO,R) leads
to regeneration of the radical cation in CMPII(FeIII ,R•+),
which is then reduced by yCcII (18, 19). Therefore, both
reduction steps use the electron-transfer pathway identified
in the crystal structure, which extends from the yCc heme
methyl group through CcP residues Ala-194, Ala-193, and
Gly-192 to the indole group of Trp-191, which is in van der
Waals contact with the CcP heme group (Figure 1) (4).

Kang et al. (25) and Kornblatt and English (26) have
shown that once Cc has bound to CcP at the high-affinity
site to form a 1:1 complex, a second molecule of Cc can
bind to a low-affinity site to form a 2:1 complex. The binding
of Cc to the low-affinity site affects both the steady-state
and stopped-flow kinetics at low ionic strength (21, 22, 27-
29). However, two distinctly different mechanisms have been
proposed for the role of the low-affinity site. Using the
ruthenium photoreduction method, Mei et al. (20) reported
evidence consistent with a mechanism in which yCcII binding
to the low-affinity site significantly increases product dis-
sociation from the high-affinity site, but in which the low-
affinity site is not active in direct electron transfer to either
the radical cation or the oxyferryl heme. In contrast, Hoffman
and co-workers found that the low-affinity binding site is
active in electron transfer in 2:1 complexes between Zn-
porphyrin-hCc and ferric CcP (30-34) and between yCc and
Zn-porphyrin-CcP (35). On this basis they suggested that
the low-affinity site may also be active in electron transfer
to the physiological oxyferryl heme (33, 35). This question
has taken on added importance with recent evidence sug-
gesting that the low-affinity binding site may be located near
Asp-148 on CcP (Figure 1) (34).

In the present paper the reaction of native yCcII with a
preformed 1:1 CMPI‚yCcIII complex is investigated using
stopped-flow spectroscopy. The results are consistent with
a mechanism in which dissociation of yCcIII from the high-
affinity site is very slow and rate-limiting at low ionic
strength, and binding yCcII to the low-affinity site signifi-
cantly increases the rate of product dissociation from the
high-affinity site. The reaction of horse CcII with CMPI was
greatly inhibited by binding 1 equiv of yCcIII to the high-
affinity site, providing evidence that reduction of the
oxyferryl heme involves electron transfer from the high-
affinity binding site rather than the low-affinity site. The
reaction kinetics were the same for wild-type yeast CcP and
recombinant CcP(MI), indicating that the sequence variations
present in CcP(MI), D152G and T53I (36), do not affect the
interaction of yCc with the low-affinity site.

EXPERIMENTAL PROCEDURES

Materials. Yeast iso-1-Cc was obtained from Sigma
Chemicals Co. and purified as described by Miller et al. (17).
Cytochromec peroxidase was prepared from Red Star
bakers’ yeast as described by Geren et al. (13). Recombinant
CcP(MI) and the mutants E32Q, D34N, E35N, E290N,
E291Q, and A193F were prepared as described by Fishel et
al. (37) and Miller et al. (17).

Stopped-Flow Spectroscopy.The reaction between yCcII

or hCcII and CMPI was studied using a Hi-Tech SF-61
stopped-flow spectrophotometer equipped with a 1 cmflow
cell (19). The mixing time of the instrument is 2 ms, limiting
the maximum measurable first-order rate constant to about
350 s-1 in order to resolve more than 50% of the absorbance
change. Wild-type yCc or hCc was reduced with excess
ascorbate and dithiothreitiol, passed through a 1× 30 cm
Bio-Gel P-2 column equilibrated with 2 mM sodium
phosphate, pH 7.0, and 50 mM NaCl to remove excess
reagent, and stored under nitrogen. Precautions were taken
to ensure that no H2O2 was present in the sample (19). One
equivalent of H2O2 was added to CcP, and the visible
spectrum was recorded to measure the formation of CMPI.
CcII and CMPI, each in 5 mM sodium phosphate, pH 7.0,
were placed in the two syringes of the stopped-flow
apparatus, and transients were recorded within 1 min of
CMPI formation. Solutions were then removed from the
syringes, and visible spectra were recorded to determine that
CcII and CMPI remained stable. Experiments with the
preformed CMPI‚yCcIII complex were performed in the same
fashion except that equimolar yCcIII was present in the
syringe with CMPI.

The reaction between yCcII and CMPI was monitored at
419 and 434 nm. The 419 nm transient has contributions
from the oxidation of yCcII as well as the reduction of the
oxyferryl heme in CMPII. The 434 nm transient only has
contributions from the reduction of the oxyferryl heme, since
434 nm is an isobestic point for yCc. The reduction of the
Trp-191 radical cation makes very little contribution to the
absorbance transient at either wavelength. The experimental
transients were fit to a single exponential to obtain ap-
proximatekobsvalues. However, it was not possible to obtain
exact algebraic solutions to the kinetic mechanisms shown
in Schemes 1 and 2. Therefore, numerical integration
methods were used to fit the experimental 419 and 434 nm

FIGURE 1: X-ray crystal structure of the CcP‚yCc complex (4).
The heme groups are shown in red CPK models, the Trp-191 indole
group is in purple, the Trp-191 backbone and Ala-193 are in green,
and Gly-192 and Ala 194 are in yellow. The side chains of CcP
residues E32, D34, E35, E290, and E291 and yCc residues K73
and K87 are labeled. The low-affinity Cc binding site is proposed
to be located near D148 and K149, which are labeled (34).
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transients with the kinetic mechanism, as described in refs
19 and 20. The absorbance transients at 419 and 434 nm
were calculated from the equations:

where∆ε419 ) 44 mM-1 cm-1 is the extinction coefficient
for oxidation of yCcII (38) and∆ε′419 ) 27 mM-1 cm-1 and
∆ε434 ) 27 mM-1 cm-1 are the extinction coefficients for
reduction of the oxyferryl heme in I and II (39, 40). [yCcII]t,
[I] t, and [II]t are the total concentrations of all forms of these
compounds, both complexed and uncomplexed. The numer-
ical integration simulations were simultaneously fitted to the
experimental 419 and 434 nm transients to obtain the best
fits. The fits shown in Figures 3-6 were obtained by
adjusting the value ofkd alone. The values ofkf, keta, and
ketb did not affect the fits provided that they were larger than
the values given in the text. Thekd values obtained from the
numerical integration simulations were then fitted to eqs 1
or 2 using the Marquardt-Levenberg nonlinear regression
algorithm in SigmaPlot. The error for each parameter
reported is the asymptotic standard error representing 95%
confidence limits given by the algorithm.

RESULTS

Reaction of yCcII with CMPI and the CMPI‚yCcIII Complex
at Low Ionic Strength.Previous studies have established that
the reaction between yCcII and equimolar CMPI at low ionic
strength involves initial reduction of the Trp-191 radical
cation in a reaction that is too fast to resolve in the stopped-
flow spectrophotometer (19). For example, only 15% of the
theoretical amplitude was resolved in the 419 nm transient
for the reaction between 0.4µM yCcII and 0.6µM CMPI at
10 mM ionic strength (Figure 2). The observed rate constant
was estimated to be greater than 3000 s-1, and the second-
order rate constant was estimated to be greater than 7× 109

s-1. No transient at all was observed at 434 nm, a Cc isobestic
point, consistent with reduction of the Trp-191 radical cation
rather than the oxyferryl heme. When 1.1µM yCcII was
mixed with 0.4 µM CMPI, very slow transients were
observed at both 419 and 434 nm, with approximatekobs

values of 3.5 s-1 each (Figure 3). The amplitude of the 419
nm transient accounted for reduction of 0.4µM CMPII by
0.4 µM yCcII, while the 434 nm transient accounted for

reduction of 0.4µM CMPII. This indicates that yCcII initially
reduced the radical cation in CMPI in a reaction that was
too fast to resolve in the stopped-flow spectrophotometer,
and then a second molecule of yCcII reduced the oxyferryl
heme in CMPII in a very slow reaction. Since the oxyferryl
heme is reduced very rapidly by yCcII in the high-affinity
site at low ionic strength (19), it was postulated that the slow
reduction of CMPII in the stopped-flow experiment was rate-
limited by the dissociation of yCcIII from CMPII. This was
confirmed by reacting 0.4µM yCcII with a preformed
complex between 0.5µM CMPI and 0.5µM yCcIII at 10
mM ionic strength (Figure 4). A very slow 419 nm transient
was observed with akobs of 3.5 s-1 and an amplitude

Scheme 2

∆A419 ) ∆ε419[yCcII]t + ∆ε′419([I] t + [II] t)

∆A434 ) ∆ε434([I] t + [II] t) FIGURE 2: Reaction of yCcII with the radical cation in CMPI. The
reaction between 0.4µM yCcII and 0.6µM CMPI was carried out
in 5 mM sodium phosphate, pH 7.0, and 0-300 mM NaCl at 22
°C. (A) 419 nm transient at 310 mM ionic strength. The value of
kobs is 65 s-1, and 90% of the theoretical amplitude is observed.
(B) 419 nm transient at 10 mM ionic strength. The value ofkobs is
>3000 s-1, and 15% of the theoretical amplitude is observed. (C)
434 nm transient under the same conditions as in (B).

FIGURE 3: Reaction between 1.1µM yCcII and 0.4µM CMPI in 5
mM sodium phosphate, pH 7.0, at 22°C. The solid curves are the
best fits of the 419 and 434 nm transients to Scheme 1 withkd )
4.7 ( 0.8 s-1.
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corresponding to the reaction of 0.4µM yCcII with 0.4 µM
radical cation in CMPI. No 434 nm transient was observed,
indicating that no oxyferryl heme was reduced. Since only
the radical cation is reduced in this experiment, the inherent
rate constant for reduction of the radical cation must be much
larger than for reduction of the oxyferryl heme, as previously
observed in ruthenium experiments (19). Thekobs value for
reduction of the radical cation in the preformed complex
(Figure 4) is the same as for reduction of oxyferryl heme in
the experiment of Figure 3, consistent with a mechanism
involving rate-limiting dissociation of yCcIII .

The complete reduction of CMPI by 2 equiv of CcII

requires at least two complex formation and dissociation steps
and two intracomplex electron-transfer steps, as shown in
Scheme 1. The formation and dissociation rate constants,kf

andkd, are assumed to be independent of the redox state of
Cc. The validity of this assumption is supported by the results
of McLendon et al. (41) that the equilibrium dissociation
constantKd for the high-affinity binding site on MgCcP is
the same for yCcII and yCcIII and of Mauk et al. (42) that
the dissociation constant for native CcP differed by only a
factor of 2 for oxidized and reduced yCc. The transients of
Figure 3 were fitted to the complete mechanism of Scheme
1 using numerical integration methods, assuming that the
intracomplex electron-transfer rate constants were the same
as measured with yeast Ru-39-Cc,keta ) 2 × 106 s-1 and
ketb ) 5000 s-1 (19). It was also assumed that the complex
formation rate constantkf was greater than 109 M-1 s-1, as
shown in the experiment of Figure 2. The fits did not depend
on the values ofketa, ketb, andkf as long asketa > 1000 s-1,
ketb > 1000 s-1, and kf > 109 M-1 s-1. Under these
conditions, the rate-limiting step in the reduction of the
oxyferryl heme iskd, the rate constant for dissociation of
the II‚CcIII complex. The solid lines in Figure 3 are the best
fits to the 419 and 434 nm transients withkd ) 4.7 ( 1 s-1.
The transients of Figure 4 were fitted to the mechanism
shown in the first two lines of Scheme 2, which involves
the reaction of 1 equiv of CcII with the preformed CMPI‚
CcIII complex. The solid curve gives the best fit withkd )
5.1( 1 s-1. The values ofkd for the experiments of Figures

3 and 4 are the same, consistent with rate-limiting dissocia-
tion of yCcIII from the high-affinity site.

To study the role of the low-affinity site, the reaction
between excess yCcII and CMPI was studied in the presence
and absence of bound yCcIII . Figure 5 shows the reaction
between 3µM yCcII and 0.42µM CMPI in 5 mM sodium
phosphate. Thekobs values for both the 434 and 419 nm
transients are 11 s-1. The amplitude of the 434 nm transient
accounted for reduction of 0.42µM oxyferryl heme, while
the 419 nm transient corresponded to the reduction of 0.42
µM oxyferryl heme by 0.42µM CcII. The initial reduction
of the Trp-191 radical cation by yCcII was too fast to be
resolved by the stopped-flow spectrophotometer. The solid
lines are the best fits of Scheme 1 to the transients withkd

) 19 ( 4 s-1. Figure 6 shows the reaction of 3µM yCcII

with 0.5 µM preformed CMPI‚yCcIII complex in 5 mM
sodium phosphate. Thekobs values of the 419 and 434 nm
transients were both 10.5 s-1. The amplitude of the 434 nm
transient accounts for the reduction of 0.5µM oxyferryl
heme, while the amplitude of the 419 nm transient corre-
sponds to the reaction of 1.0µM yCcII with 0.5 µM CMPI.
Therefore, the reduction of both the Trp-191 radical cation

FIGURE 4: Reaction between 0.4µM yCcII and 0.5µM CMPI
prebound with 0.5µM yCcIII in 5 mM sodium phosphate, pH 7.0,
at 22 °C. The solid curve is the best fit to the first two lines of
Scheme 2 withkd ) 5.1 ( 1 s-1. No absorbance change was
observed at 434 nm.

FIGURE 5: Reaction between 3µM yCcII and 0.42µM CMPI(MI)
in 5 mM sodium phosphate buffer, pH 7.0, at 22°C. The 419 and
434 nm transients were fitted to Scheme 1 withkd ) 19 ( 4 s-1.

FIGURE 6: Reaction between 3µM yCcII and 0.5µM CMPI(MI)
prebound with 0.5µM yCcIII in 5 mM sodium phosphate buffer,
pH 7.0, at 22°C. The 419 and 434 nm transients were fitted to
Scheme 2 withkd ) 25 ( 5 s-1.
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and the oxyferryl heme is resolved in this experiment. The
solid curves are the best fits of Scheme 2 to the 419 and
434 nm transients withkd ) 25 ( 5 s-1. The lag phase in
the 434 nm transient is due to the initial reduction of the
Trp-191 radical cation, which does not change the 434 nm
absorbance. After the initial lag phase, the oxyferryl heme
is reduced at the same rate as the radical cation, and both
are rate-limited by the same dissociation constantkd.
Furthermore, the value ofkd is the same as in the experiment
of Figure 5, which does not include bound yCcIII . The value
of kd increases nearly linearly with increasing concentrations
of yCcII (Figure 7). The rate constants for reduction of the
Trp-191 radical cation and oxyferryl heme remain the same
at all concentrations of yCcII, consistent with a mechanism
involving rate-limiting dissociation of yCcIII . The concentra-
tion dependence ofkd was fitted to a “substrate-induced
product dissociation” mechanism, in which it is assumed that
the binding of yCcII to a second low-affinity site increased
the rate constant for dissociation of yCcIII from the high-
affinity site (Scheme 3). For simplicity, this scheme shows
just the first step in reduction of CMPI, the reduction of the
radical cation. The same scheme is used for reduction of

the oxyferryl heme in CMPII. The apparent dissociation rate
constantkd for the mechanism of Scheme 3 is given by

wherekd1 is the true rate constant for dissociation of yCcIII

from the high-affinity binding site when the low-affinity site
is not occupied,kd2 is the rate constant for dissociation of
yCcIII from the high-affinity site when the low-affinity site
is occupied, andKd2 is the equilibrium dissociation constant
for the low-affinity site. The data of Figure 7 were fit to eq
1 with kd1 < 5 s-1, kd2 g 2000 s-1, Kd2 g 200 µM, and
kd2/Kd2 ) (1 ( 0.3) × 107 M-1 s-1. Because of the small
hyperbolic curvature in the data of Figure 7, the individual
values ofkd2 andKd2 could not be obtained accurately. Under
these conditions whereKd2 . [yCcII], eq 1 simplifies to

The data of Figure 7 were fitted to eq 2 withkd < 5 s-1 and
kd2/Kd2 ) (1 ( 0.3) × 107 M-1 s-1. The reaction of yCc
with recombinant CcP(MI) was found to be the same within
experimental error as the reaction with wild-type yeast CcP
(Figure 7). Likewise, there were no significant differences
between the two CcP preparations in the experiments of
Figures 2-6 (data not shown).

Reaction of Horse CcII with CMPI and the CMPI‚yCcIII

Complex. The role of the low-affinity site was further
explored using horse Cc, which is known to bind much more
weakly to CcP than yCc (25, 41). The reaction between 1.2
µM hCcII and 0.5µM CMPI was similar to that involving
yCcII. The initial reduction of the Trp-191 radical cation was
too fast to resolve in the stopped flow, while the reduction
of the oxyferryl heme was completely resolved with akobs

of 40 s-1. The value ofkobs increased with increasing hCcII

concentration to 350 s-1 at 30 µM hCcII (Figure 8). The
concentration dependence data were fitted to a simple

FIGURE 7: Effect of yCcII concentration on the apparent dissociation
rate constantkd. The reaction between 1-50 µM yCcII and 0.5µM
CMPI with 0.5µM prebound yCcIII was carried out in 5 mM sodium
phosphate buffer, pH 7.0, at 22°C. Thekd values obtained by fitting
the 419 and 434 nm transients as shown in Figure 6 were fitted to
eq 1 by nonlinear regression withkd < 5 s-1, kd2 g 2000 s-1, Kd2
g 200µM, andkd2/Kd2 ) (1 ( 0.3)× 107 M-1 s-1. Symbols: (9)
wild-type yeast CcP; (b) CcP(MI).

Scheme 3

FIGURE 8: Reaction of hCcII with CMPI in the presence and absence
of yCcIII bound to the high-affinity site. (b) Reaction between 1-30
µM hCcII and 0.5µM CMPI in 5 mM sodium phosphate buffer,
pH 7.0, at 22°C. The values ofkobs were determined from the 419
and 434 nm transients. The solid line is the best fit to the equation
kobs ) kcat[hCc]/(Km + [hCc]) with kcat ) 470( 100 s-1 andKm )
8 ( 2 µM. (9) Reaction between 1-40 µM hCcII and 0.5µM
preformed CMPI‚yCcIII complex in 5 mM sodium phosphate buffer,
pH 7.0, at 22°C. The inset shows these data on an expanded scale.
The solid line is simply a straight line through thekobs values.

kd ) kd1Kd2/([yCcII] + Kd2) + kd2[yCcII]/([yCcII] + Kd2)
(1)

kd ) kd1 + kd2[yCcII]/Kd (2)
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Michaelis-Menten equation withkcat ) 470 s-1 andKm )
8 µM. The reaction of hCcII with CMPI was greatly inhibited
by prebinding 1 equivt of yCcIII to the high-affinity site
(Figure 8). Mixing 0.5µM hCcII with 0.5 µM preformed
CMPI‚yCcIII complex resulted in reduction of the radical
cation with akobs value of 1.7 s-1 and no reduction of the
oxyferryl heme. When excess hCcII was mixed with 0.5µM
CMPI‚yCcIII , the radical cation was initially reduced, fol-
lowed by reduction of the oxyferryl heme with the same rate
constant. The value ofkobs increased nearly linearly to only
25 s-1 as the concentration of hCcII was increased to 35µM
(Figure 8). These results are consistent with a mechanism
in which the CMPI‚yCcIII complex must first dissociate
before hCcII can bind and react at the high-affinity site.
Because of the much higher affinity of yCcIII , this process
is very slow, even at high concentrations of hCcII. The same
kinetic parameters were observed for both wild-type CcP
and recombinant CcP(MI).

Effect of CcP Surface Mutations on the Reaction between
yCcII and CMPI. The effects of the CcP surface mutants
E32Q, E35Q, D34N, E290N, and A193F on the reaction
between yCcII and CMPI were studied in 5 mM sodium
phosphate, pH 7.0, and 20 mM NaCl. At this ionic strength
the dissociation rate constantkd1 for wild-type CcP increases
to a measurable value of 13 s-1, and the effects of the low-
affinity site become smaller (20). The apparent dissociation
rate constantkd was measured by numerical integration fits
of Scheme 1 to the 419 and 434 nm transients as described
above. Regression analysis of thekd values obtained with
[yCcII] concentrations of 1-5 µM using eq 2 yieldedkd1 )
13 ( 2 s-1 andkd2/Kd2 ) (7.5( 2) × 106 M-1 s-1 for wild-
type CcP (Figure 9, Table 1). Low concentrations of yCcII

(1-5 µM) were used to optimize measurement ofkd1. The
kd1 values of the D34N, E290N, A193F, E35Q, and E32Q
mutants were 22-, 19-, 21-, 7-, and 5-fold larger than the
CcP(MI) control at 30 mM ionic strength, while the E291Q
mutation has essentially no effect onkd1 (Figure 9, Table
1). These results indicate that alteration of E32, D34, E35,
E290, or A193 at the Pelletier-Kraut binding site signifi-

cantly increases the dissociation rate constant of the high-
affinity complex.

The effect of ionic strength on the reaction between yCcII

and CMPI mutants was also studied. The rate constantkobs

for the reaction between 3µM yCcII and 0.5µM wild-type
CMPI increased from 10 s-1 at 10 mM ionic strength to a
maximum of 300 s-1 at 125 mM ionic strength and then
decreased to 5 s-1 at 600 mM ionic strength (Figure 10).
kobs is controlled by the rate constant for dissociation of the
high-affinity complex,kd1, at low ionic strength, and increas-
ing ionic strength increaseskd1. Above 125 mM ionic
strength, the high-affinity complex is dissociated, andkobs

is controlled by the complex formation rate constantkf.
Further increases in ionic strength decreasekf (Figure 10)
(20). The value ofkobs for the D34N and E290N mutants is
much larger than that of wild-type CcP at 5 mM ionic
strength and increases to a maximum at a lower ionic
strength, indicating that the high-affinity complex is weaker
for these mutants, and dissociates at a lower ionic strength.
The value ofkobs is smaller for D34N and E290N at high
ionic strength, indicating that these mutations decrease the
value ofkf (Figure 10).

FIGURE 9: Effect of CcP surface mutants on the apparent dissocia-
tion rate constantkd. Experiments were carried out between 1-5
µM yCcII and 0.5µM CMPI in 5 mM sodium phosphate, pH 7.0,
and 20 mM NaCl at 22°C. The 419 and 434 nm transients were
fitted to Scheme 1 to obtain apparentkd values. The solid lines are
the best fits to eq 2 with thekd1 andkd2/Kd2 values shown in Table
1. Symbols: (]) CcP(MI), (0) E32Q, ([) D34N, (O) E35Q, (9)
E290N, (b) E291Q, and (2) A193F.

Table 1: Effect of CcP Surface Mutants on the Reaction with yCca

CcP mutant
kd1

(s-1)
kd2/Kd2

(106 M-1 s-1)
ksecond

(106 M-1 s-1)

CcP(MI) 13( 3 8 ( 2 50( 10
E32Q 63( 10 14( 3 50( 10
E34N 290( 40 10( 2 9 ( 2
E35Q 91( 10 15( 3 25( 5
E290N 250( 40 15( 3 20( 4
E291Q 11( 3 7 ( 2 50( 10
A193F 270( 40 16( 3 20( 4

a The reaction at low ionic strength was carried out by mixing 1-5
µM yCcII with the 0.5µM CMPI mutant in 20 mM NaCl and 5 mM
sodium phosphate buffer, pH 7.0, at 22°C. The concentration
dependence of the apparent dissociation rate constantkd measured in
Figure 9 was fitted to eq 2 by regression analysis to determinekd1 and
kd2/Kd2. The second-order rate constantksecondfor the reaction between
yCcII and the oxyferryl heme was measured at high ionic strength in 5
mM phosphate, pH 7.0, and 300 mM NaCl at 22°C (17).

FIGURE 10: Effect of ionic strength onkobs (s-1) for the reaction
between excess yCcII and the oxyferryl heme in CMPI mutants.
The reaction was carried out with 3µM yCcII and 0.5µM CMPI
in 5 mM sodium phosphate, pH 7.0, and 0-600 mM NaCl at 22
°C. Symbols: (b) CcP(MI), (9) D34N, and (2) E290N. The solid
lines simply connect the points.
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DISCUSSION

The presence of both low- and high-affinity Cc binding
sites on CcP has greatly complicated elucidation of the
complete mechanism of the enzyme. Direct equilibrium
binding studies have shown that yCc binds to CcP to form
a high-affinity 1:1 complex with a dissociation constantKd

of less than 0.1µM at 10 mM ionic strength (25, 26, 41). A
second molecule of yCc can then bind to form a 2:1 complex
with much lower affinity (25, 26, 35). The steady-state
reaction of yCcII with CMPI is extremely slow at yCcII

concentrations which should saturate the high-affinity binding
site (21, 25, 28, 29). The steady-state velocity has a
hyperbolic dependence on the concentration of yCcII, with
a largeKm value characteristic of the low-affinity binding
site (21, 25, 28, 29). Thus, enzyme turnover at low ionic
strength is controlled by yCc binding to the low-affinity site.
Similar results have been observed for the reduction of the
oxyferryl heme in CMPI by excess yCcII under single-
turnover conditions (22). A critical question is whether the
low-affinity binding site is active in electron transfer to the
oxyferryl heme (33, 35) or instead promotes the dissociation
of the high-affinity product complex (20). To address the
role of the low-affinity site, we have studied the reaction
between yCcII and CMPI in the presence and absence of
yCcIII bound to the high-affinity site.

The reaction between 1.1µM yCcII and 0.4µM CMPI at
10 mM ionic strength involves rapid reduction of the Trp-
191 radical cation with a rate constant that is too large to
resolve in the stopped-flow spectrophotometer, followed by
slow reduction of the oxyferryl heme with a rate constant of
3.6 s-1 (Figure 3). In contrast, the reaction between 0.4µM
yCcII and a preformed complex between 0.5µM yCcIII and
0.5 µM CMPI involves slow reduction of the radical cation
with a rate constant of 3.5 s-1 (Figure 4). Since only the
radical cation is reduced in this experiment, the inherent rate
constant for reduction of the radical cation must be much
larger than that for reduction of the oxyferryl heme. This is
consistent with previous measurements ofketa ) 2 × 106

s-1 andketb ) 5000 s-1 for the reaction of Ru-39-yCc with
CMPI at the high-affinity binding site (19). Moreover, the
observed rate constant for reduction of the radical cation in
the preformed complex (Figure 4) is the same as for reduction
of the oxyferryl heme (Figure 3), consistent with a mecha-
nism involving rate-limiting dissociation of the product
complex CMPII‚yCcIII . The kinetics shown in Figures 3 and
4 were fitted to Schemes 1 and 2, respectively, withkd ) 5
( 1 s-1, kf > 109 M-1 s-1, keta > 1000 s-1, andketb > 1000
s-1.

The reaction of excess yCcII with a preformed 1:1 complex
between yCcIII and CMPI involves initial reduction of the
Trp-191 radical, followed by reduction of the oxyferryl heme
with the same observed rate constant (Figure 6). The rate
constant increased nearly linearly with increasing yCcII

concentrations, with only a slight hyperbolic curvature
(Figure 7). Essentially the same concentration dependence
was previously observed for the reaction between yCcII and
CMPI (22, 29) at low ionic strength and also for the steady-
state reaction (21, 28, 29). It is generally agreed that this
phase of the reaction is associated with the low-affinity
binding site with a dissociation constantKd of approximately
200µM (21, 22), consistent with measurements using other

techniques (25, 35). A key finding in the present study is
that thekobsvalues for reduction of the Trp-191 radical cation
and the oxyferryl heme in the preformed 1:1 CMPI‚yCcIII

complex are the same over the entire concentration range of
yCcII (Figures 6 and 7). In principle, this behavior could
involve a mechanism involving direct rate-limiting electron
transfer from yCcII in the low-affinity site to the oxyferryl
heme in CMPI(FeIV,R•+) to form CMPII(FeIII ,R•+), followed
by rapid internal electron transfer to form CMPII(FeIVdO,R).
However, this mechanism is inconsistent with the observation
that several different reductants reacting at different sites on
CMPI all reduce the radical cation with a larger rate constant
than the oxyferryl heme. First, Ru-39-Cc binding in the high-
affinity site reduces the radical cation 400-fold more rapidly
than the oxyferryl heme (19). Second, mesidine and other
anilines reduce the radical cation 4.2-fold more rapidly than
the oxyferryl heme even though there is evidence that they
react near theδ-meso edge of the heme on the opposite side
from Trp-191 (43, 44). Third, ferrocyanide reduces the
radical cation 3.2-fold more rapidly than the oxyferryl heme
but reacts at a site different from the high-affinity Cc site,
possibly near theδ-meso edge of the heme (6, 45, 46). Thus,
reduction of the Trp-191 radical cation is inherently more
rapid than that of the oxyferryl heme even when the electron
originates from the opposite side of the heme. Reduction of
the oxyferryl heme is a complex process involving proton
transfer to the oxygen and release of water and is inherently
slower than reduction of the radical cation (19). Therefore,
since thekobs values for reduction of the radical cation and
the oxyferryl heme in the preformed 1:1 CMPI‚yCcIII

complex are the same, they must be rate-limited by some
step other than electron transfer. A mechanism involving rate-
limiting dissociation of the CMPI‚yCcIII product complex
as shown in Schemes 1 and 2 is most consistent with a wide
range of observations. It is proposed that binding yCcII to
the low-affinity site increases the rate constant for dissocia-
tion of yCcIII from the high-affinity site, as shown in Scheme
3. This is a “substrate-assisted product dissociation” mech-
anism similar to those proposed by other workers (41, 47-
49). The kinetic parameters obtained for the data of Figure
7 arekd1 < 5 s-1, kd2 g 2000 s-1, Kd2 g 200 µM, andkd2/
Kd2 ) (1 ( 0.3) × 107 M-1 s-1. Although the value ofKd2

was not determined accurately because of the small curvature
in the data of Figure 7, it is consistent with measurements
of the dissociation constant of the low-affinity binding site
by other techniques (21, 25, 28, 29).

It is well-established that hCc binds much more weakly
to the high-affinity site than yCc but that hCc and yCc bind
with similar affinities to the low-affinity site (25, 32, 35,
41). This property was utilized in a study of the reaction of
hCcII with a preformed 1:1 complex in which yCcIII is bound
strongly to the high-affinity site in CMPI (Figure 8). The
reaction of hCcII with the CMPI‚yCcIII complex is greatly
inhibited compared to the reaction of hCc with CMPI (Figure
8) or the reaction of yCcII with the preformed CMPI‚yCcIII

complex (Figure 7). Thekobs values for reduction of the
radical cation and the oxyferryl heme are the same over the
entire hCcII concentration range, consistent with a mechanism
in which hCcII binding to the low-affinity site increases the
rate of dissociation of yCcIII from the high-affinity site, as
shown in Scheme 3. The very small rate observed for the
reaction of hCcII with the CMPI‚yCcIII complex, even when
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hCcII is in large excess over yCcIII , is due to the much lower
affinity of hCcII for the high-affinity site than that of yCcIII .
Equilibrium binding studies have shown that yCc binds to
the high-affinity site more than 100-fold more strongly than
hCc (41, 50). The concentration dependence ofkobs shown
in Figure 8 is consistent with aKd2 value of 200µM or
greater, which is comparable to aKd2 value of 130µM
determined for zinc hCc binding to the low-affinity site at
4.5 mM ionic strength (31). The same value ofKd2 was
obtained for zinc hCc when the high-affinity site was
occupied by copper Cc from the fungusPichia membrane-
faciens, indicating that the interaction with the low-affinity
site does not depend on whether the high-affinity site is
occupied by a tight-binding fungal Cc or weak-binding hCc
(32). The finding that reduction of oxyferryl heme by hCcII

is greatly inhibited by binding yCcIII to the high-affinity site
(Figure 8) provides strong evidence that this reaction involves
electron transfer from the high-affinity binding site rather
than the low-affinity site as suggested by others (33, 35).

The effects of ionic strength and CcP surface charge
mutations are also consistent with the mechanism of Schemes
1 and 3. The rate constantkobs for wild-type CMPI increased
to a maximum at 125 mM ionic strength and then decreased
with further increases in ionic strength (Figure 10).kobs is
thus controlled by dissociation of the high-affinity product
complex at low ionic strength and by complex formation at
high ionic strength. The CcP surface mutations D34N,
E290N, A193F, E35Q, and E32Q increasekobs by up to 20-
fold at low ionic strength, which was shown to result from
an increase in the rate constantkd1 for dissociation of the
high-affinity complex (Figure 9, Table 1). The effects of
these mutations in the Pelletier-Kraut high-affinity binding
domain provide additional evidence that dissociation of the
high-affinity product complex is rate-limiting at low ionic
strength. These same CcP surface mutations decreasekobsat
high ionic strength (17), consistent with a decrease in the
value of the complex formation rate constantkf. These results
indicate that the high-affinity binding site is involved in
electron transfer at all ionic strengths. The low-affinity
binding site becomes too weak to play a role in the reaction
at ionic strengths above 70 mM and is therefore not involved
under physiological conditions (20, 21).

Recombinant CcP(MI) used in previous studies from this
laboratory and others has two variations in sequence
compared to wild-type yeast CcP, D152G and T53I (36, 37,
51). It has been suggested that these sequence differences
may affect the interaction of yCc with the low-affinity site,
since residue 152 is close to the proposed location of the
low-affinity binding site (34). However, there were no
significant differences in the kinetics of CcP(MI) and wild-
type CcP in the experiments of Figures 2-8, indicating that
these mutations do not affect the interaction of yCc with the
low-affinity binding site. Likewise, no significant differences
were observed between wild-type yeast CcP and CcP(MI)
in the reactions with Cc at high ionic strength (15-17).

On the basis of Brownian dynamics simulations, Northrup
et al. (52) suggested that the low-affinity binding site might
be located near Asp-148, which is distant from the high-
affinity binding site but close to the heme. This is supported
by the finding that the mutation K149E increases the affinity
of zinc hCc for the low-affinity binding site by 6-fold (34).
To test the role of this binding site in electron transfer, Papa

et al. (53) prepared a 1:1 yCc‚CcP cross-linked complex in
which a disulfide bond was formed between yCc Cys-79 and
CcP Cys-149. The rate constant for electron transfer from
yCcII to CMPI in the complex was only 1 s-1 and involved
reduction of the radical cation rather than the oxyferryl heme,
even though the tethered yCc is closer to the CcP heme than
to Trp-191 (14-18 versus 20-23 Å). The steady-state
kinetics of this complex with solution phase yCcII or hCcII

was similar to that of wild-type CcP, calling into question
the assignment of the low-affinity site to the region near Asp-
148. Another complex in which yCc was cross-linked to the
high-affinity site in CcP was found to have a turnover number
for the reaction with solution phase yCcII that was less than
10% of the value for native CcP (53). The results with these
cross-linked complexes provide additional evidence that
electron transfer from the low-affinity site to the oxyferryl
heme is much slower than from the high-affinity site.

A comparison of the electron-transfer properties of the
radical cation and oxyferryl heme in CMPI with the results
of Hoffman and co-workers using zinc-substituted Cc or CcP
(30-35) provides important insight into the nature of
biological electron transfer. They found that3Zn-hCc bound
in the low-affinity site transfers an electron to the ferric heme
in CcP with a rate constant of 1490 s-1 but is nearly inactive
in electron transfer from the high-affinity site (31). The Trp-
191 indole cannot be oxidized to the radical cation by the
reductive3Zn-porphyrin and cannot be a redox intermediate
in the reaction. Hence, the large separation between the3Zn-
hCc in the high-affinity site and the CcP heme (26.5 Å, metal
to metal) would limit the rate of electron transfer.3Zn-hCc
binding in the low-affinity site is closer to the CcP heme
(22-25 Å, metal to metal), consistent with the larger rate
of electron transfer. Reduction of the CcP ferric heme by
3Zn-hCc is a pure electron-transfer process which should be
governed by Marcus theory. In contrast, reduction of the
oxyferryl heme is a complex process involving proton
transfer to the oxygen atom and release of water and is
inherently slower than a simple electron-transfer process. We
have provided evidence that reduction of CMPII(FeIVdO,R)
involves rapid internal electron transfer leading to transient
formation of the radical cation in CMPII(FeIII ,R•+), which
is then reduced by yCcII in the high-affinity binding site (18,
19). Because the radical cation is a redox intermediate in
electron transfer, the effective distance of electron transfer
is much less (16 Å from the yCc heme edge to the Trp-191
indole) and the rate can be much faster. It is well-established
that biological electron transfer is greatly accelerated by the
presence of redox intermediates with smaller separations (54).
The reduction of the oxyferryl heme thus requires transient
formation of the Trp-191 radical cation as an essential
intermediate. The critical role of the Trp-191 radical cation
was demonstrated by the finding that the rate of reduction
of the oxyferryl heme by yCcII was decreased more than
10000-fold by mutating Trp-191 to Phe (6). The very small
rate of reduction of the oxyferryl heme from the low-affinity
binding site most likely reflects the large distance between
this site and Trp-191 and the absence of an efficient pathway
for electron transfer. The distance between Trp-191 and the
yCc heme at the proposed low-affinity binding site near Asp-
148 has been estimated to be 20-23 Å, which would result
in a very small rate of electron transfer (53). However, the
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location of the low-affinity site remains uncertain and may
even involve a distribution of sites (34, 53).
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