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ABSTRACT: Steady-state oxidation of yeast cytochromec (yCc) was monitored as a function of ionic strength
(µ) for mutants of a cloned cytochromec peroxidase [CcP(MI)]. The data are best interpreted in the
context of a two binding site model, where the affinity of the two sites for yCc differs by approximately
1000-fold and rapid intracomplex electron transfer (ET) occurs only at the high-affinity site identified in
the crystal structure. At lowµ, catalysis is apparently limited by the rate of yCc dissociation from the
reactive high-affinity site (koff). Binding of yCc at the low-affinity site increaseskoff and therefore increases
the rate of catalysis. Mutations at the high-affinity site also increase the rate of catalysis by the 1:1
CcP(MI):yCc complex by increasingkoff. Mutations at residues that interact strongly with yCc at the
high-affinity site (Asp 34, Glu 290, and Ala 193) cause the greatest increase inkoff (25-38-fold atµ )
20 mM). Mutations at residues that interact less strongly with yCc (Glu 32 and Glu 291) cause smaller
increases inkoff (10- and 3-fold, respectively, atµ ) 20 mM). The results provide additional evidence
that the high-affinity site formed in solution is similar to the one identified in the crystal structure and
that yCc dissociation from this site limits enzyme turnover at low ionic strength. Numerical integration
simulations show that the model accurately predicts enzyme turnover rates at the high-affinity site, using
published rate constants for the elementary reaction steps.

Cytochromec peroxidase (CcP)1 catalyzes the reduction
of peroxide to water. During the catalytic cycle, hydroper-
oxide reacts with ferric CcP to form compound I (eq 1),
which retains the oxidizing equivalents of peroxide as a stable
oxy-ferryl heme and an indolyl cation radical at Trp 191
[Trp•+; for review see English and Tsaprailis (1995)]. The
two oxidized sites of compound I are then reduced by two
molecules of CcII to regenerate the ferric enzyme (eq 2).

Electron transfer (ET) from the heme of CcII to Trp•+ and
the oxy-ferryl heme of CcP occurs over distances of at least
13 and 19 Å, respectively (Finzel et al., 1984; Pelletier &
Kraut, 1992).
A substantial body of kinetic evidence (Geren et al., 1991;

Hahm et al., 1992, 1993, 1994; Roe & Goodin, 1993; Liu et

al., 1995; Miller et al., 1994; Pappa et al., 1996) indicates
that compound I reduction proceeds via initial reduction of
the Trp 191 radical, followed by reduction of the oxyferryl
heme [this view is not universally held, however; see Matthis
and Erman (1995)]. Reduction of the oxy-ferryl heme is
dependent upon a readily oxidizable Trp residue at position
191 (Mauro et al., 1988; Miller et al., 1995; Bonagura et
al., 1996), and the evidence suggests the reaction mechanism
involves an equilibrium between the oxy-ferryl heme and
Trp 191, as shown in Scheme 1 (Liu et al, 1994):

In this mechanism, intramolecular ET reduces the oxy-ferryl
heme and regenerates Trp•+ (eq 4) and then intermolecular
ET from yCcII reduces Trp•+ (eq 5). In the crystal structures
of the CcP:yCc and CcP:hCc complexes, Trp 191 is
interposed between the hemes of CcP and Cc (Pelletier &
Kraut, 1992), a configuration that is consistent with Scheme
1. Recent evidence indicates that the predominant CcP(MI):
Cc complex formed in solution is similar to the crystal
structure (Miller et al., 1994, 1996; J. E. Erman, unpublished
observations), and that ET occurs only at this binding site
(Miller et al., 1996). A readily oxidized Trp 191 is required
for rapid reduction of compound I, consistent with the
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1 Abbreviations: CcP, cytochromec peroxidase from yeastSaccha-

romyces cereVisiae; CcP(MI), a cloned CcP expressed inEscherichia
coli; CMPI ) compound I, the two-electron oxidation product of the
reaction of ferric CcP with hydrogen peroxide; CMPII) compound
II, the one-electron reduction product formed by reaction of compound
I with one molecule of CcII; FeIVdO, oxy-ferryl heme; Trp•, the indolyl
radical formed at Trp 191 of CcP; yCc, cytochromec from yeastS.
cereVisiae; hCc, cytochromec from horse; Zn-CcP, Zn-Cc, cytochrome
c peroxidase and cytochromec which have the native heme replaced
by a zinc porphyrin; Ru-39-yCc, cytochromec from yeast with a
ruthenium (bipy)2(4,4′-dimethylbipyridine) moiety attached to an
engineered Cys at position 39; MPB, 3-(N-maleimidylpropionyl)-
biocytin;µ, ionic strength; ET, electron transfer; NMR, nuclear magnetic
resonance spectroscopy.

CcP(FeIII ) + HOOHf

CMPI(FeIVdO;Trp•+) + H2O (1)

CMPI(FeIVdO;Trp•+) + 2CcII + 2H+ f

CcP(FeIII ) + 2CcIII + H2O (2)

Scheme 1

CMPI(FeIVdO;Trp•+) + yCcII f

CMPII(FeIVdO;Trp)+ yCcIII (3)

CMPII(FeIVdO;Trp)+ H+ a

CMPII(FeIII -OH;Trp•+) (4)

CMPII(FeIII -OH;Trp•+) + yCcII + H+ f

CcP(FeIII ) + yCcIII + H2O (5)
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reaction shown in eq 4 (Mauro et al., 1988; Liu et al., 1994,
1995, Miller et al., 1995; Bonagura et al., 1996).
The one binding site mechanism of Scheme 1 is not

entirely satisfactory because enzyme turnover (kcat) at low
ionic strength exceeds the rate of yCcIII dissociation from
the high-affinity binding site (Yi et al., 1994). This
observation suggests that the second, low-affinity binding
site for yCc (Kornblatt & English, 1986; Mauk et al., 1994;
Stemp & Hoffman, 1993; Zhou & Hoffman, 1994; Zhou et
al., 1995) must also be involved in catalysis. It has generally
been assumed that a significant percentage of the total ET
at low ionic strength occurs via the second, low-affinity
binding site (Matthis & Erman, 1995; Matthis et al., 1995;
Zhou & Hoffman, 1994; Pappa & Poulos, 1995; Wang &
Margoliash 1995), but this assumption is in conflict with
recent evidence that only the high-affinity binding site is
reactive in physiological ET (Miller et al., 1996).
To investigate this discrepancy further, steady-state oxida-

tion of yCcII was examined in several point mutants of a
cloned CcP [CcP(MI); Fishel et al., 1987] that perturb the
high affinity CcP:yCc complex (Miller et al., 1994). Each
of the mutants has a single residue substitution in one of the
three regions that contact yCc in the crystal structure of the
CcP:yCc complex (Figure 1; Pelletier & Kraut, 1992). Two
of these residues, Glu 290 and Asp 34, have carboxylate
side chains within 4 Å of theε-amino groups of Lys 73 and
Lys 87 of yCc, respectively. The Glu 290f Asn and Asp
34 f Asn mutations were created to eliminate these
complementary charge:charge interactions. A third residue,
Ala 193, is only 4 Å from the yCc heme. The Ala 193f
Phe mutation was designed to create steric conflict between
Phe 193 of CcP(MI) and Gln 16 of Cc in the crystal
structures.2 To discriminate between general and specific
effects of charge neutralization, two other carboxylate
residues were modified. The Glu 32f Gln mutation
neutralizes a carboxylate residue that is 5 Å from Lys 87 of

yCc, while the Glu 291f Gln mutation neutralizes a
carboxylate side chain that projects away from the interface
with yCc. Based on the crystal structure, the affinity of these
enzymes for yCc is expected to decrease in the order
CcP(MI) > CcP(MI,Q291)> CcP(MI,Q32)> CcP(MI,N34)
) CcP(MI,F193) ) CcP(MI,N290), as observed for the
closely related complex formed by CcP(MI) and horse
cytochromec (hCc) (Liu et al., 1995; J. E. Erman, unpub-
lished observations).

EXPERIMENTAL PROCEDURES

Materials. Cytochromec from yeast (Sigma) was used
without further purification. All other materials were of
reagent grade or better.
Mutant Enzymes.Mutations were introduced into the

coding sequence of a cloned cytochromec peroxidase gene
[CcP(MI)] as described (Fishel et al., 1987; Miller et al.,
1994). The enzymes were expressed in 15 L cultures of
Escherichia colistrain SK383, converted to the holo-enzyme,
and purified to homogeneity as described (Fishel et al., 1987).
The absorption spectra of all mutants reported here were
within experimental error of the CcP(MI) parent (ε408) 102
mM-1 cm-1 in 100 mM potassium phosphate buffer, pH 6.0,
25 °C).
Steady-State Kinetics. The protocol for steady state

activity measurement has been described elsewhere (Miller
et al., 1995). Solutions of yCcII used for kinetic experiments
contained no more than 5% yCcIII . Kinetic measurements
were conducted in 5 mM sodium phosphate buffer, pH 6.0,
brought to the desired ionic strength by adding a calculated
amount of NaCl. For each condition, measurements were
made at four enzyme concentrations. The data traces were
best fit by an equation describing two decay processes: one
was first order in yCc concentration and linearly dependent
upon enzyme concentration, while the other was second order
in yCc concentration and independent of enzyme concentra-
tion. The value ofV0 was calculated as the best linear fit of
initial rate versus enzyme concentration. Reproducibility was
typically (5% on any given day, and(10% from day to
day. Reported values ofV0 were corrected for two molecules
of yCcII oxidized per enzyme turnover, i.e.,V0 ) 1/2(d[CcII ]/
dt).
Data Analysis.Because a non-hyperbolic dependence of

V0 on yCcII concentration has been reported (Matthis &

2 The Ala 193f Phe mutation was expected to decrease the affinity
of CcP(MI) for Cc by introducing a close contact between the Phe
side chain at position 193 and Gln 16 of Cc. Recent calorimetric studies
confirm that this substitution decreases the affinity of CcP(MI) for hCc,
but it does not alter the change in enthalpy of CcP(MI):hCc complex
formation (J. E. Erman, unpublished observations). Thus, in the case
of hCc, the decreased affinity is most likely caused by an increase in
the entropy of CcP(MI) rather than a steric conflict with Gln 16 of
hCc.

FIGURE 1: Stereoview of the interface between CcP(MI) and yCc. TheR-carbon traces for CcP and yCc are shown in thin lines, and the
side chains of mutation sites, Trp 191 of CcP(MI), and important Lys residues of yCc are shown with bold lines. Data are from Pelletier
and Kraut (1992).
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Erman, 1995; Wang & Margoliash, 1995; Kang et al., 1977;
Miller et al., 1996), the data were analyzed assuming one or
two saturable processes may be present under these condi-
tions. The general form of the fit is

For a single binding site mechanism, a simple hyperbolic
substrate-dependence is expected, i.e.,kcat2 ) 0. If two
binding sites are involved, the substrate dependence may take
the form of two hyperbolas (i.e.,kcat1; kcat2 * 0). Equation
6 has two limiting forms: if [CcII ] . Km1, the substrate
dependence will appear as a rectangular hyperbola with a
non-zero intercept; and if [CcII ] , Km2, the substrate
dependence will appear as the sum of a rectangular hyperbola
and a straight line. All four possible cases were considered
in analyzing the data for each of the mutants characterized
here. The parameters reported in Tables 1 and 2 were
derived by finding the best fit of the data to two, three, or
four parameter fits, using a commercially available software
package which employs a modification of the Marquardt
(1963) algorithm. The standard error for each parameter was
estimated by the matrix inversion method (Bevington &
Robinson, 1992).

RESULTS

The kinetics of yCcII oxidation by the mutants was
examined betweenµ ) 20 mM andµ ) 110 mM. The ionic

strength dependence of yCcII oxidation for all of the mutants
is qualitatively similar to the CcP(MI) parent (Miller et al.,
1996). At high ionic strength (µ g 110 mM) the yCcII

dependence of the initial rate of yCcII oxidation (V0) conforms
to a simple hyperbola and can be described by two
parameters,kcat1 andKm1. As the ionic strength decreases
from µ ) 110 mM toµ ) 20 mM, a second kinetic process
is detected. At the highest ionic strengths where it is
detected, the second process appears non-saturable, and the
yCcII dependence ofV0 is best described as the sum of a
hyperbola and a line. The hyperbolic process is defined by
the parameterskcat1 and Km1, while the linear process is
described by the parameterkcat2/Km2. As the ionic strength
is decreased further, the second process exhibits satura-
tion behavior. Atµ ) 20 mM, the data for CcP(MI),
CcP(MI,Q291), and CcP(MI,Q32) are most accurately de-
scribed as a hyperbola with a non-zeroY-intercept (Figure
2). The hyperbola is defined by the parameterskcat2andKm2,
while theY-intercept is defined askcat1 (see below). The
data for CcP(MI,N34), CcP(MI,N290), and CcP(MI,F193)
are best described as the sum of two hyperbolas, defined by
the four parameterskcat1, Km1, kcat2, andKm2 in eq 6. The
relevant parameters derived from these experiments are
collected in Tables 1 and 2.
It is assumed here thatkcat andKm will vary continuously

with ionic strength if these parameters describe a single
process. For example, bothkcat1andKm1 decrease monotoni-
cally for CcP(MI) as the ionic strength decreases fromµ )
200 mM toµ ) 50 mM (Figure 3A,B), and it is assumed
that this reflects the influence of ionic strength on a single

Table 1: Kinetic Parameters for High Affinity Kinetic Process of CcP(MI) and Mutantsa

CcP(MI) Q291 Q32 N34 F193 N290µ
(mM) kcat1(s-1) Km1(µM) kcat1(s-1) Km1(µM) kcat1(s-1) Km1(µM) kcat1(s-1) Km1(µM) kcat1(s-1) Km1(µM) kcat1(s-1) Km1(µM)

20 5( 2 ,0.1 14( 2 ,0.1 50( 4 ,0.1 138( 10 0.1( 0.1 127( 5 0.31( 0.08 189( 11 <0.2
30 25( 6 ,0.1 160( 10 0.8( 0.3 386( 32 0.8( 0.1 400( 21 1.4( 0.3 459( 26 0.5( 0.1
40 49( 2 ,0.1 772( 30 1.0( 0.3
50 130( 6 0.16( 0.05 229( 18 1.3( 0.5 556( 40 2.2( 0.5 828( 20 2.8( 0.3 1122( 16 2.7( 0.2
75 456( 20 1.0( 0.1 1097( 125 8( 2
90 692( 30 2.3( 0.3
110 1189( 27 5.8( 0.5 1530( 39 5.4( 0.5 2300( 90 19( 2 893( 29 24( 2 1490( 50 18( 2 1963( 83 24( 2
125 1600( 30 8.2( 0.5
140 2009( 74 24( 2
160 2123( 141 55( 5
200 2000( 180 65( 10

a Kinetic data were obtained in 5 mM sodium phosphate buffer, pH 6.0, 25°C, brought to the indicated ionic strength with NaCl. Kinetic
parameters derived from the best fit of the data to eq 6 and are expressed( standard error (for details, see Experimental Procedures).

Table 2: Kinetic Parameters for Low-Affinity Kinetic Process of CcP(MI) and Mutantsa

CcP(MI) Q291 Q32 N34 F193 N290µ
(mM) kcat2(s-1) Km2(µM) kcat2(s-1) Km2(µM) kcat2(s-1) Km2(µM) kcat2(s-1) Km2(µM) kcat2(s-1) Km2(µM) kcat2(s-1) Km2(µM)

20 319( 45 122( 29 159( 44 46( 20 364( 127 127( 70 688( 141 104( 38 - - 812( 314 109( 78
30 361( 100 115( 55 - - - - - - - - - -

kcat2/Km2
(×10-6 M-1 s-1)

kcat2/Km2
(×10-6 M-1 s-1)

kcat2/Km2
(×10-6 M-1 s-1)

kcat2/Km2
(×10-6 M-1 s-1)

kcat2/Km2
(×10-6 M-1 s-1)

kcat2/Km2
(×10-6 M-1 s-1)

20 - - - - 5.9( 0.2 -
30 - - 1.8( 0.1 3.8( 0.3 6.3( 0.4 4.6( 0.5
40 1.8( 0.1 - 4.2( 1.1 - - 5.3( 1.1
50 1.7( 0.1 1.7( 0.4 4.4( 1.4 nd nd -
75 1.8( 0.1 - 2.6( 1.5 - - -
90 1.8( 0.5 - - - - -
110 ndb nd nd nd nd nd

a Kinetic data were obtained in 5 mM sodium phosphate buffer, pH 6.0, 25°C, and brought to the indicated ionic strength with NaCl. Kinetic
parameters derived from the best fit of the data to eq 6 and are expressed( standard error (for details, see Experimental Procedures).b nd, not
determined.

V0 )
kcatl[Cc

II ]

Kml + [CcII ]
+

kcat2[Cc
II ]

Km2 + [CcII ]
(6)
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kinetic process. The data presented in Figure 3B makes it
possible to predict that whenµ < 50 mM, Km1 , 0.2 µM
for CcP(MI). Thus, whenµ < 50 mM, the process described
by kcat1 and Km1 will be saturated at the lowest yCcII

concentration employed, andkcat1 will be given by the
Y-intercept observed in plots ofV0 vs yCcII concentration.
The values ofkcat1 derived in this way are continuous with
those observed whenµ g 50 mM (Figure 3A), and it is
therefore assumed that the parameterskcat1 andKm1 (Table
1) describe a single kinetic process that involves yCc binding
at the high-affinity site of CcP(MI).
By similar logic, it is assumed that the process described

by kcat2andKm2whenµ e 30 mM is the same one described
by kcat2/Km2 at higher ionic strength (Table 2). This process
is presumed to depend upon formation of a low-affinity
complex between CcP and yCc. At high ionic strength,
saturation is not detected, presumably because yCc binding
at the low-affinity site is weaker at high ionic strength (i.e.,
Km2 . 80 µM). This is consistent with previous results
(Mauk et al., 1994; Mei et al., 1996). At low ionic strength,
binding at this site is stronger and saturation can be detected
in the concentration range of yCcII employed here. This is

the predicted effect of ionic strength upon complex formation
between molecules of opposite charge. There is not a
pronounced effect of ionic strength uponKm2 or kcat2/Km2,
however (Table 2). This may indicate that ionic strength
has a weaker effect on yCc binding at the low-affinity site
than on binding at the high-affinity site, as predicted by
Matthis and Erman (1995). More accurate determinations
of these parameters will be required to clarify this point.

The high- and low-affinity processes observed for
CcP(MI) are also observed for each of the mutant enzymes.
As the ionic strength decreases fromµ ) 110 mM toµ )
20 mM, kcat1 andKm1 decrease monotonically as a function
of ionic strength for each mutant enzyme (Figure 3A,B). As
the ionic strength decreases, the low-affinity process becomes
apparent. This process exhibits a linear dependence on yCcII

whenµ > 30 mM and a hyperbolic dependence upon yCcII

whenµ ) 20 mM.

The effect of individual mutations on the high-affinity
process are revealed by changes inkcat1andKm1. At µ ) 20
mM, theY-intercept (kcat1) for CcP(MI,Q291) increases 3-fold
relative to CcP(MI), while kcat1 for CcP(MI,Q32) increases
10-fold (Figure 2). Mutations at Asp 34, Ala 193, and
Glu 290 cause even larger effects. Each of these muta-
tions increases the apparentKm1 to measurable values (Table
2; Figure 2), andkcat1 for CcP(MI,N34), CcP(MI,F193),
and CcP(MI,N290) is 25-, 27-, and 36-fold greater than
CcP(MI), respectively.

As with CcP(MI), the value ofkcat1 for the mutants has a
strong dependence upon ionic strength. For each mutant,
the value ofkcat1 increases as the ionic strength increases.
The CcP(MI,N34), CcP(MI,F193), and CcP(MI,N290) en-
zymes approach a limiting value forkcat1whenµ > 50 mM.
As kcat1 approaches this limiting value, the second kinetic
process is no longer detected, andV0 has a simple hyperbolic
dependence upon yCcII concentration. The ionic strength
dependence ofkcat1 for the CcP(MI,Q32) and CcP(MI,Q291)
mutants was similar to that observed for CcP(MI) (Figure
3), where the value ofkcat1 increases over the entire ionic
strength range examined. The transition to simple hyperbolic
kinetics occurs at a lower ionic strength (µ > 75 mM)
for CcP(MI,Q32) than for CcP(MI). The value ofkcat1 at
high ionic strength varied by only 2.5-fold for the mutants,
ranging from 900 s-1 for CcP(MI,N34) to 2300 s-1 for
CcP(MI,Q32).

The effect of mutations onkcat2andKm2 are more difficult
to analyze, because of the large uncertainty in these
parameters. The values ofkcat2 as well as the bimolecular
rate constantkcat2/Km2 appear to be 2-3-fold greater for
CcP(MI,N34), CcP(MI,F193), and CcP(MI,N290) than for
CcP(MI), while the values ofkcat2andKm2 for CcP(MI,Q291)
are 2-fold smaller than for CcP(MI). These differences
appear to be statistically significant, and may indicate that
the mutations alter the second kinetic process as well as the
first.

DISCUSSION

Steady-State Mechanism for CcP(MI).The kinetic results
presented here are interpreted in the context of the mecha-
nism shown in Figure 4. It is assumed that reduction of the
Trp 191 radical occurs first, followed by reduction of the
oxy-ferryl heme. For the purposes of model building,

FIGURE 2: yCcII dependence of the initial rate of yCcII oxidation
by CcP(MI), CcP(MI,Q32), and CcP(MI,N34) atµ ) 20 mM. The
buffer system was 5 mM sodium phosphate, pH 6.0, adjusted to
20 mM with NaCl, 25°C. Solid circles, CcP(MI); open squares,
CcP(MI,Q32); open triangles, CcP(MI,N34). The lines are best fits
of the data for CcP(MI) and CcP(MI,Q32) to the three-parameter
(hyperbola with a non-zero intercept) and CcP(MI,N34) to the four-
parameter (two hyperbolas) model described in eq 6 under
Experimental Procedures. The relevant parameters for each fit are
given in Tables 1 and 2.

FIGURE 3: Ionic strength dependence of steady-state parameters
kcat1andKm1 for CcP(MI) and mutants. Experiments were conducted
as described under Experimental Procedures in 5 mM sodium
phosphate buffer, pH 6.0, 25°C, with sufficient NaCl added to
bring the buffer to the indicated ionic strength. CcP(MI), closed
circles; CcP(MI,Q291), open circles; CcP(MI,Q32), open squares;
CcP(MI,N34), open triangles; CcP(MI,F193), closed triangles;
CcP(MI,N290), closed squares.

15794 Biochemistry, Vol. 35, No. 49, 1996 Miller

+ +

+ +



reduction of the Trp 191 radical and the oxy-ferryl heme
are adequately represented as simple first-order reactions,
with rate constantsketa andketb, respectively (Wang et al.,
1996).
The model shown in Figure 4 is sufficient to account for

the data at high ionic strength, where the dependence ofV0
on yCcII concentration is adequately described by a simple
rectangular hyperbola. The model predicts thatkcat1) k0ketb/
k0 + ketb if yCc binding and dissociation are rapid relative
to intracomplex ET. The model is not sufficient to account
for the non-hyperbolic yCcII dependence ofV0 at lower ionic
strength (µ e 90 mM), however. The data at low ionic
strength are best explained by assuming that two (or more)
yCc binding sites are important in determining the rate of
enzyme turnover at lower ionic strength. The existence of
a second, low-affinity yCc binding site has been demon-
strated (Kornblatt & English, 1986; Stemp & Hoffman, 1993;
Mauk et al., 1994; Zhou & Hoffman, 1994; Zhou et al.,
1995), but this site is unreactive in ET (Miller et al., 1996).
The model must therefore include a second, low-affinity
binding site that increases enzyme turnover without being
reactive in ET.
A mechanism that meets these criteria can be constructed

by replacing the one binding site equilibria in Figure 4 with
the two binding site equilibria shown in Figure 5. Two
additional criteria must be imposed upon the model: (1)
formation of the [CMPII(FeIVdO;Trp):yCcII ] intermediate
must be limited by yCcIII dissociation from the high-affinity
binding site whenµ e 90 mM and (2) the rate of yCcIII

dissociation from the high-affinity binding site must increase
when yCcII binds at the low-affinity binding site (i.e.,k-1 <
k-9 in Figure 5).

Dissociation ofyCc from the High-Affinity Site Limits
Catalysis. The notion that yCcII oxidation is limited by
product dissociation at low ionic strength is not new (Kang
et al., 1977). To confirm this aspect of the mechanism, it
must be shown thatkcat1 is proportional tok-1 rather than
ketb. The relationship betweenk-1 andkcat1 was examined
by using the numerical integration program KINSIM (Bar-
shop et al., 1983) to simulate turnover rates for CcP(MI) at
the high-affinity binding site. Simulations were based on
the mechanism in Figure 4, with two simplifying assump-
tions. First, the rate of the peroxide reaction was assumed
to be unaffected by yCc binding at the high-affinity site. It
is known that hCc binding at the high-affinity site does not
alter the peroxide reaction (Hoth & Erman, 1984); given the
similarity of the CcP(MI):hCc and CcP(MI):yCc complexes
(Pelletier & Kraut, 1992) it seems reasonable to assume the
same will be true for yCc. Second, the dissociation rate for
yCc was assumed to be unaltered by the oxidation states of
yCc and CcP(MI) (i.e.,k-1 ) k-2 ) k-3 ) k-4 ) k-5 ) k-6

in Figure 4). The effect of yCc oxidation state on binding
is known to be small (Mauk et al., 1994), but comparable
data are not available for CcP(MI). The assumption seems
reasonable because the heme of CcP is at least 17 Å from
any surface of the enzyme where yCc can bind.

Rate constants for the simulations were obtained from the
literature. The bimolecular rate constant for the peroxide
reaction is 3.9× 107 M-1 s-1 in phosphate buffer (Vitello
et al., 1990), which gives a pseudo-first-order rate constant
k0 ) 5850 s-1 at 150 µM HOOH. Rate constants for
intracomplex ET were determined using yCc labeled with a
ruthenium dimethylbipyridine group at position 39 (Ru-39-
yCc). At pH 7.0, the rate constantketa decreases from 2×
106 s-1 at µ ) 5 mM to 1.2× 106 s-1 at µ ) 105 mM and
the rate constantketb decreases fromketb ) 5000 s-1 at µ )
5 mM toketb) 3500 s-1 atµ ) 105 mM at pH) 7.0 (Wang
et al., 1996). Assuming that logketaand logketavary linearly
with (µ)1/2, the rate constants were calculated from the
following relations: logketa ) -0.88(µ)1/2 + 6.36 and log
ketb ) -0.61(µ)1/2 + 3.74. The rate constantk-1 betweenµ
) 44 mM andµ ) 158 mM is reported in the accompanying
paper (Mei et al., 1996). Over this ionic strength range,k-1

() k-2 ) k-3 ) k-4 ) k-5 ) k-6) was estimated from the

FIGURE 4: Kinetic model for catalysis at the high-affinity site of CcP(MI). The rate constants were estimated as described under Discussion.

FIGURE 5: Two-binding site model for CcP. The gray spheres
represent CcP, the black spheres represent yCc bound at the high-
affinity site, and the white spheres represent yCc bound at the low-
affinity site.
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empirically determined relation logk-1 ) 5.36- 0.676(µ)-1/2.
The equilibrium binding constant was estimated as logKD1

) log(1.2Km1) ) 14(µ)1/2 - 9.77, on the basis of the
relationship betweenKm1, KD1, and ionic strength between
µ ) 40 mM andµ ) 160 mM at pH 6.0. The value ofk1
() k2 ) k3 ) k4 ) k5 ) k6) was calculated by assuming a
simple binding equilibrium whereKD1) k-1/k1.
As shown in Figure 6, the values ofkcat1 predicted by the

model are in excellent agreement with observed values
betweenµ ) 40 mM andµ ) 160 mM. Thus, the model
adequately describes catalysis at the high-affinity site. The
model predicts that most of the enzyme exists as
CMPI(FeIVdO;Trp•+):yCcIII and CMPII(FeIVdO):yCcIII (Fig-
ure 4) betweenµ ) 20 mM andµ ) 90 mM. Under these
conditions,kcat1 ≈ k-1k-3/k-1 + k-3. The assumption that
the oxidation state of CcP(MI) does not influence the rate
of yCc dissociation seems to hold, sincekcat1≈ k-1/2 at low
ionic strength. As the ionic strength is increased above 90
mM, k-1 becomes sufficiently large (e.g., 1900 s-1 at µ )
105 mM) that it is comparable toketb (3500 s-1 at µ ) 105
mM) andk0 (5850 s-1). Under these conditions, the model
predicts that yCc dissociation will influence the rate of
enzyme turnover, but the rate should also be influenced by
ketb andk0.
To test the prediction thatk0 influences enzyme turnover

at high ionic strength, the HOOH dependence ofV0 was
characterized atµ ) 200 mM. As shown in Figure 7,V0
increases with increasing HOOH concentration, and satura-
tion occurs at greater than 600µM HOOH. The best fit of
the data to a simple rectangular hyperbola gave a maximal
turnover rate of 1370( 40 s-1 and apparentKm1 ) 57( 8
µM when yCcII ) 80 µM. The results show thatk0 has a
significant influence on enzyme turnover rate, as predicted
by the model. The value ofkcat1 in Table 1 represents only
∼72% of the maximal turnover rate atµ ) 200 mM.
Previous studies employing HOOH concentrations of 200
µM or less also underestimatekcat1 to the extent thatk0ketb/
k0 + ketb < ketb.
In evaluating the model, it is important to note that log

k-1 and logKD1 do not have a linear dependence upon (µ)1/2
(Figure 3B; Mei et al., 1996). Instead, the ionic strength
dependencies ofk-1 (i.e., δk-1/δµ) andKD1 (i.e., δKD1/δµ)

increase as the ionic strength decreases. Data reported by
others do not conflict with this conclusion [see Matthis and
Erman (1995) for review]. This nonideal behavior is not
surprising, since the simple linear relationship between free
energy and (µ)1/2 breaks down even for NaCl whenµ > 10
mM. Nonideal behavior in the CcP:hCc system was
recognized by Erman and Vitello (1980), who noted that the
ionic strength dependence ofKD1 for CcP:hCc was signifi-
cantly weaker than would be predicted, based on the charges
on the individual molecules solution.
This observation is important in interpreting the ionic

strength dependence of yCc binding and dissociation at the
high-affinity site. Generally, yCc binding is assumed to be
a simple process whereKD1 ) k-1/k1, and it is known that
k1 decreases with increasing ionic strength (Liu et al., 1994;
Matthis & Erman, 1995; Mei et al., 1996). These observa-
tions require thatδKD1/δµ > δk-1/δµ. The data are
consistent with this prediction. Point by point comparison
of KD1 andk-1 shows thatδKD1/δµ g δk-1/δµ over the ionic
strength range where both parameters can be determined.
On the other hand,δk1/δµ decreases as the ionic strength
decreases, presumably becausek1 reaches a limiting value
at low ionic strength.
Although the model adequately describes the ionic strength

dependence of enzyme turnover at pH 7.0, it should be noted
that enzyme turnover has a pH dependence that has not yet
been built into the model. Whenµ e 90 mM, the values of
kcat1 are 1.3-fold smaller at pH 7.0 than at pH 6.0 and 7.5
(Figure 6, Table 2; Matthis & Erman, 1995). It seems likely
thatk-1 is 1.3-fold greater at pH 6.0 and 7.5 than at pH 7.0,
sinceKD1 reaches its minimum value at pH 7.0 (Mauk et
al., 1994). The pH dependence observed at high ionic
strength cannot be explained in the context of changes in
k-1, however. Whenµ g 160 mM, kcat1 decreases mono-
tonically from 2200 s-1 at pH 6.0 to 880 s-1 at pH 7.5,
instead of reaching a minimum value at pH 7.0 (Figure 6;
Matthis & Erman, 1995). Given thatk0 is independent of
pH and ionic strength (Vitello et al., 1990), the pH
dependence at high ionic strength may be caused by a weak
pH dependence ofketb and/or a pH-dependent change in the
ratio k-1/k-3.

Role of the Low-Affinity yCc Binding Site in Catalysis

The accompanying paper presents evidence that the rate
of yCc dissociation from the high-affinity site increases when
yCc binds at the low-affinity site (Mei et al., 1996). This
satisfies the second requirement of the two-site model and
provides a molecular interpretation for the “substrate-assisted
displacement” observed by others (Satterlee et al., 1992;
McLendon et al., 1993; Corin et al., 1993; Yi et al., 1994).
The bimolecular rate constants estimated by others (1.0-
1.8× 106 M-1 s-1 at µ ) 10 mM; McLendon et al., 1993;
Yi et al., 1994) are comparable to the value of 1.7× 106

M-1 s-1 for CcP(MI) betweenµ ) 40 mM andµ ) 90 mM
(Table 2).
According to the two-site model, the rate constant for

yCcIII dissociation from the high-affinity site (koff) is given
by

where [CcP:yCc]/CcPtot is the mole fraction of the enzyme

FIGURE 6: Comparison of predicted and observed values ofkcat1
for yCcII oxidation by CcP(MI) at pH 7, 25°C. Experimental values
(open circles) were obtained as described under Experimental
Procedures. Predicted values (closed circles) were obtained using
the numerical integration program KINSIM. The calculated values
were obtained by applying rate constants derived from the literature
(see Discussion) to the model in Figure 4.

koff ) k-1[CcP:yCc]/CcPtot +
k-9[CcP:yCc2]/CcPtot (7)
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in the 1:1 complex with yCc bound at the high-affinity site
and [CcP:yCc2]/CcPtot is the mole fraction of the 1:2 complex
with yCc bound at both sites.3 At low yCcII concentrations,
CcP:yCc2 ≈ 0, andkoff ≈ k-1. Under these conditions,V0
will obey a hyperbolic dependence on yCcII concentration,
where kcat1 is proportional tok-1. With increasing yCcII

concentrations, the mole fraction of the 1:2 complex in-
creases, and the second term in eq 7 becomes significant.
This will cause the yCcII dependence ofV0 to deviate from
simple hyperbolic kinetics. At very high yCc concentrations,
all of the enzyme will be converted to the CcP:yCc2 complex,
andkoff ≈ k-9.
The two-site model accounts for the change in yCcII

dependence ofV0 with ionic strength. Atµ > 90 mM, the
hyperbolic dependence described byKm1 andkcat1 indicates
that catalysis is predominantly by the 1:1 complex. Thus,
althoughk-1 is partially limiting, the low-affinity site has a
very low occupancy atµ > 90 mM under the conditions of
the experiments (Mei et al., 1996; Mauk et al., 1994). Atµ
e 90 mM, a linear yCcII dependence is observed in addition
to the hyperbolic process because a fraction of enzyme is
present as the 1:2 complex and [yCcII ] , Km2; therefore the
mole fraction of the 1:2 complex increases linearly with
increasing yCcII concentration up to 80µM yCcII . Under
these conditions, the apparent rate of the second process is
∼kcat2/Km2, which is proportional tok-9k7/k-7 (Figure 5).
When µ < 50 mM, catalysis by the 1:1 CcP(MI):yCc
complex saturates at less than 1µM yCcII and saturation of
the low-affinity site can also be detected in the concentration
range of the experiment whenµ < 40 mM. Under these
conditions, the model predicts that the apparentKm2 is
proportional tok-7/k7 while kcat2 is proportional tok-9. It is
interesting to note that the slope of the line describing the

second process (k-9k7/k-7) does not have a strong dependence
upon ionic strength. This is presumed to indicate thatk-9

andk-7 have a similar dependence upon ionic strength.
The strength of the interaction between the two binding

sites can be estimated by assumingkcat2 ≈ 0.5k-9 andkcat1
≈ 0.5k-1. At µ ) 20 mM,kcat2/kcat1) 64, which means the
affinity for yCc at the high-affinity site will decrease 64-
fold if the bimolecular rate of binding is unchanged (i.e.,k1
) k9, Figure 5). The model requires that binding at the high-
affinity site weakens binding at the low-affinity site as well.
Thus, atµ ) 20 mM, the equilibrium binding constant for
the low-affinity site (KD2) must increase 64-fold when the
high-affinity site is occupied. Assuming thatKm2≈ K2, then
k-8/k8 ) Km2/(kcat2/kcat1) ) 122µM/64 ) 1.9 µM.

Effect of Mutations on Enzyme TurnoVer

The effect of the mutations on enzyme turnover can also
be explained in the context of the two binding site model.
All of the mutations increase the value ofkcat1; the greatest
increases (27-38-fold at µ ) 20 mM) are observed for
CcP(MI,N290), CcP(MI,N34), and CcP(MI,F193), while the
smallest increase (3-fold atµ ) 20 mM) is observed for
CcP(MI,Q291). A similar trend is observed for the effect
of the mutations onk-1 (Mei et al., 1996). Together, the
data support the interpretation that enzyme turnover is
controlled by the rate of yCc dissociation at low ionic
strength.
The model also makes it possible to interpret the effect of

mutations on the transition from two kinetic processes to a
single hyperbolic process. This transition occurs atµ ) 110
mM for CcP(MI), but the Asp 34f Asn and Ala 193f
Phe mutations shift the transition toµ < 50 mM. The model
identifies two possible causes for this transition: (1) binding
of yCc at the low-affinity site becomes very weak, or (2)
the rate-limiting step changes from yCc dissociation to
intracomplex ET. Since these mutations are not expected
to alter binding at the low-affinity site, changes in the rate-
limiting step seem more likely.
The data support this conclusion. For both CcP(MI,N34)

and CcP(MI,F193), the value ofkcat1 reaches a maximum
betweenµ ) 50 mM andµ ) 110 (Figure 3A), and atµ )
110 mM, kcat1 ≈ ketb. These observations indicate that the
transition to simple hyperbolic kinetics for CcP(MI,N34) and
CcP(MI,F193) occurs because turnover is limited by the rate

3 The fraction of CcP present as the 1:1 and 1:2 complexes is given
by eq 8 (below).

CcP:yCc
CcPtot

) [yCcII ]/{Km1 + [yCcII ] + ([yCcII ]2/Km2)};

CcP:yCc2
CcPtot

) [yCcII ]/{Km2 + [yCcII ] + (Km1Km2/[yCc
II ])} (8)

Parameters derived from fits of the data to eq 8 were identical (within
the error of the experiments) to parameters derived from eq 6, which
indicates that the denominator terms [yCcII ]2/Km2 andKm1Km2/[yCcII ]
are negligible.

FIGURE7: Dependence ofV0 upon yCcII and HOOH concentration atµ ) 200 mM, pH 6.0. (A) yCcII dependence ofV0; HOOH concentration
) 150 µM. (B) HOOH dependence ofV0; yCcII concentration) 80 µM. The solid lines represent the best fit of the data to a simple
rectangular hyperbola; the parameters arekcat1) 2000 s-1 andKm1 ) 65µM (panel A);kcat1) 1374 s-1 andKm1 ) 57µM. (panel B). The
open circles show data from the adjacent panel that were collected under comparable conditions. These are included to indicate reproducibility
between experiments.
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of intracomplex ET rather than yCc dissociation. In contrast,
the values ofkcat1for CcP(MI,Q32), CcP(MI,Q291), and CcP-
(MI) increase significantly betweenµ ) 50 mM andµ )
110 mM. Atµ ) 110 mM, the values ofkcat1 for CcP(MI,-
Q32), CcP(MI,Q291), and CcP(MI) are 52%, 35%, and 24%
of ketb, respectively. For these enzymes, turnover is still
partially limited byk-1 at µ ) 110 mM, and the transition
to simple hyperbolic kinetics occurs because binding of yCc
to the low-affinity site is very weak at this ionic strength.
The two site model also explains the effect of a bulky

derivative at position 193 on the kinetics of yCcII oxidation.
When 3-(N-maleimidylpropionyl)biocytin (MPB) is attached
at position 193 of CcP(MI,C193), the intracomplex ET rate
(keta) decreases substantially, and the binding constant for
yCc at the high-affinity site increases (Miller et al., 1996).
If it is assumed thatk-1 g 360 s-1 for this enzyme (the value
observed atµ ) 20 mM when Ala 193 is replaced by Phe),
numerical integration predicts that the MPB-mutant will
exhibit simple hyperbolic kinetics withkcat1 ) 38 s-1.
Becausekcat1 , k-1, kcat1 is predicted to be independent of
ionic strength. In good agreement with the model, the data
for MPB-CcP(MI,C193) show thatkcat1 ) 32 s-1, indepen-
dent of ionic strength (Miller et al., 1996). An interesting
consequence of the interaction between the two binding sites
is that whenketb , k-1, binding at the low-affinity site will
not increasekcat1, but should cause an increase in the apparent
Km1. This effect is not observed for CcP(MI) becauseketb
, k-1 only at high ionic strength, where binding at the low-
affinity site is not detected under current experimental
conditions. However, for MPB-CcP(MI,C193),ketb , k-1

atµ ) 20 mM, where the low-affinity site is occupied when
yCcII e 80 µM. The apparentKm1 for yCcII increases from
8 to 16µM as the ionic strength decreases from 30 to 20
mM (Miller et al., 1996), in good agreement with the model.

Relationship to PreVious Studies

The model presented here accounts for the presence of
two yCc binding sites that differ vastly in their affinity for
yCc (Kornblatt & English, 1986; Stemp & Hoffman, 1993;
Mauk et al., 1994; Zhou & Hoffman, 1994, 1995). It also
accounts for the observation that both sites can influence
the catalytic rate at low ionic strength (Matthis & Erman,
1995; Wang & Margoliash, 1995; present work), although
only one site is reactive in intramolecular ET (Miller et al.,
1996). It explains the dependence of the ET reaction on
the presence of a readily oxidized Trp 191 near the heme
(Miller et al., 1995; Millett et al., 1995; Mauro et al., 1988;
Bonagura et al., 1996) and supports the high-affinity binding
site observed in the crystal structure of the CcP(MI):yCc
complex (Pelletier & Kraut, 1992).
Although the agreement between model and experiment

is substantial, it is important to acknowledge that data from
several previous studies appear to conflict with the present
model. On the basis of stopped-flow measurements of the
reaction between compound I and yCcII (Matthis et al., 1995;
Nuevo et al., 1993; Summers & Erman, 1988), Matthis and
Erman (1995) proposed that ET occurs at both high- and
low-affinity binding sites and that ET at the low-affinity site
predominates at low ionic strength. This interpretation is
incompatible with the observation that both high and low
Km processes are altered by single-site mutations (Figure 2;
Tables 1 and 2). It is also incompatible with the observation
that covalent modification at position 193 of CcP(MI,C193)

dramatically alters both high- and low-affinity processes
(Miller et al., 1996). Moreover, recent work by others (Wang
et al., 1996) suggests that the discrepancy may be the result
of a technical problem with the stopped-flow measurements.
Matthis and Erman (1995) also concluded that enzyme

turnover at the high-affinity site is limited by a conforma-
tional change rather than yCc dissociation, because the value
of k-1 ) 187 s-1 estimated from NMR data (Yi et al., 1994)
was much larger than the rate of turnover atµ ) 10 mM
(kcat1) 4 s-1). The value ofk-1 calculated from NMR data
employed only two concentrations of yCc, however, and the
error inherent in this calculation is significant. Mei et al.
(1996) report thatk-1 < 5 s-1 andKD2 ) k-7/k7 ) 65µM at
µ ) 5 mM. The latter two values, together with the NMR
data, predict thatk-9 ≈ 890 ( 30 s-1, in reasonable
agreement with the valuek-9 ) 600( 200 s-1 reported by
Mei et al. (1996). The lower value ofk-1 is also supported
by the data of McLendon et al. (1993) using techniques that
provide greater precision.
Despite the discrepancies between the two models, the

steady-state parameters for oxidation of yCcII by CcP(MI)
(Tables 1 and 2) are quite similar to values reported for
bakers’ yeast CcP in phosphate/nitrate buffer at pH 7.5
(Erman et al., 1991; Matthis & Erman, 1995). The substrate
dependence ofV0 is distinctly non-hyperbolic for both
enzymes when 20 mM< µ < 110 mM. The similarities
between the two data sets indicate that the mechanism does
not depend upon the precise buffer composition or pH.
Moreover, the similar kinetic behavior of CcP(MI) and CcP
indicates that the sequence differences [Gly 152 for
CcP(MI) vs Asp for CcP, and Ile 53 for CcP(MI) vs Thr for
CcP] do not have a dramatic effect on enzyme turnover rates.
The results of Hazzard et al. (1987, 1988a,b) are also

difficult to interpret in the context of the present model.
These experiments used photolysis of flavin semiquinones
to generate a small quantity of yCcII in the presence of excess
compound I. Because compound I is present is molar excess,
the experiments should measure only the initial site of
compound I reduction. The difference absorption spectrum
for this reaction indicates that these experiments measure
reduction of the oxy-ferryl heme (Hazzard et al., 1987) rather
than Trp•+ as would be predicted by the present model.
Further experimentation will be required to reconcile these
observations with the results obtained by others (Wang et
al., 1996; Pappa et al., 1996).
Studies employing chemically cross-linked CcP:yCc com-

plexes have also been interpreted in the context of two
reactive ET sites (Wang & Margoliash, 1995; Pappa &
Poulos, 1995). The results can be reconciled with the present
model by assuming that free rotation about single bonds in
the cross-linking groups can expose the high affinity site of
CcP. The “highKm” kinetic process observed for cross-
linked CcP:yCc (Wang & Margoliash, 1995) may indicate
that yCc binding at the low-affinity site increases the rate of
yCc rotation away from the high-affinity binding site in
cross-linked CcP:Cc complexes.

EVolutionary Implications for Physiological Electron
Transfer

The model presented here predicts that the CcP:yCc
complex is optimized both for efficiency of intracomplex
ET and stability. ET efficiency is optimized by adjusting
the orientation of the two partners to achieve maximal
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intracomplex ET rates. The data indicate that rapid ET from
yCcII to compound I occurs at only one site (Miller et al.,
1996), and that this site is correctly identified by the crystal
structure of the CcP(MI):yCc complex (Pelletier & Kraut,
1992). Intracomplex ET to the compound I radical remains
rapid even at low ionic strength (Geren et al., 1991; Millett
et al., 1995), which suggests that the orientation of the two
partners does not change significantly with ionic strength.
Reduction of the oxy-ferryl heme becomes slow at low ionic
strength because product dissociation from the high-affinity
site is slow, but not because pairing between CcP and yCc
is imperfect, as was previously thought (Hazzard et al., 1987;
1988a,b; Summers & Erman, 1988; Nuevo et al., 1993;
Matthis et al., 1995). Complex stability is optimized by
balancing the need for a stable 1:1 complex against the need
for rapid product dissociation. Oxidation of yCcII by CcP
is optimal at physiological ionic strength (Tollin et al., 1993)
and falls off steeply at lower ionic strength where yCcIII

dissociation becomes rate-limiting. Thus, evolution has made
the CcP:yCc complex as stable as possible without causing
product dissociation to limit enzyme turnover. The low-
affinity binding site contributes to catalysis only by increasing
the rate of yCcIII dissociation from the reactive high-affinity
site. The evolutionary significance of this site remains
unclear, since it has little influence on enzyme turnover at
physiological ionic strength.
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