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ABSTRACT: Forty-six charge-reversal mutants of yeast cytochrome c peroxidase (CcP) have been constructed
in order to determine the effect of localized charge on the catalytic properties of the enzyme. The mutants
include the conversion of all 20 glutamate residues and 24 of the 25 aspartate residues in CcP, one at a
time, to lysine residues. In addition, two positive-to-negative charge-reversal mutants, R31E and K149D,
are included in the study. The mutants have been characterized by absorption spectroscopy and hydrogen
peroxide reactivity at pH 6.0 and 7.5 and by steady-state kinetic studies using recombinant yeast iso-1
ferrocytochrome c (C102T) as substrate at pH 7.5. Many of the charge-reversal mutations cause detectable
changes in the absorption spectrum of the enzyme reflecting increased amounts of hexacoordinate heme
compared to wild-type CcP. The increase in hexacoordinate heme in the mutant enzymes correlates with
an increase in H2O2-inactive enzyme. The maximum velocity of the mutants decreases with increasing
hexacoordination of the heme group. Steady-state velocity studies indicate that 5 of the 46 mutations
(R31E, D34K, D37K, E118K, and E290K) cause large increases in the Michaelis constant indicating a
reduced affinity for cytochrome c. Four of the mutations occur within the cytochrome c binding site
identified in the crystal structure of the 1:1 complex of yeast cytochrome c and CcP [Pelletier, H., and
Kraut, J. (1992) Science 258, 1748–1755] while the fifth mutation site lies outside, but near, the
crystallographic site. These data support the hypothesis that the CcP has a single, catalytically active
cytochrome c binding domain, that observed in the crystal structures of the cytochrome c/CcP complex.

Cytochrome c peroxidase (CcP)1 catalyzes the reduction
of hydrogen peroxide to water using ferrocytochrome c (1).
The catalytic mechanism involves oxidation of the native
enzyme by hydrogen peroxide to an enzyme intermediate
called CcP Compound I (CcP-I) (eq 1). CcP-I is reduced
back to the native state via a second intermediate, CcP

Compound II (CcP-II), by two sequential electron transfer
steps from ferrocytochrome c (eqs 2 and 3).

CcP + H2O2 f CcP-I + H2O (1)

CcP-I + C2+ f CcP-II + C3+ (2)

CcP-II + C2+ f CcP + C3+ + H2O (3)

In eqs 2 and 3, C2+ and C3+ represent ferro- and ferricyto-
chrome c, respectively. CcP-I contains two oxidized sites,
an oxyferryl Fe(IV) heme group and a tryptophan π-cation
radical located within van der Waals distance of the heme.
Steps 2 and 3 of the catalytic mechanism involve binding
of, and electron transfer from, ferrocytochrome c. The
number, location, affinity, and electron transfer activity of
the cytochrome c binding sites on the surface of CcP are
still unresolved (2, 3).

Margoliash and co-workers were the first to suggest the
possibility of multiple cytochrome c binding sites on the
surface of CcP in 1977 (4). They observed biphasic steady-
state velocity profiles as a function of the cytochrome c
concentration and interpreted their results on the basis of
formation of both 1:1 and 2:1 cytochrome c/CcP complexes.
Since that time a large number of studies have been published
concerning the nature of the cytochrome c/CcP interaction
and the potential locations of the cytochrome c binding sites
on CcP (5–28). There is general agreement that both 1:1 and
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1 Abbreviations: CcP, generic abbreviation for cytochrome c per-
oxidase whatever the source; yCcP, yeast cytochrome c peroxidase
isolated from bakers’ yeast, Saccharomyces cerVisiae; rCcP, recom-
binant CcP expressed in Escherichia coli with an identical amino acid
sequence as yCcP; CcP(MI), recombinant CcP expressed in E. coli
with four amino acid variations compared to yCcP, a Met-Ile N-terminal
extension and mutations T53I and D152G; CcP-I, CcP Compound I,
the first intermediate observed in the catalytic cycle produced upon
oxidation of CcP with hydrogen peroxide; CcP-II, CcP Compound II,
the second intermediate observed in the catalytic cycle produced by
one-electron reduction of CcP-I; CcP-IIF, CcP Compound II in which
the oxidized site is Fe(IV); CcP-IIR, CcP Compound II in which the
oxidized site is the Trp-191 radical; C2+, ferrocytochrome c; C3+,
ferricytochrome c. Mutations in the amino acid sequences of either
CcP or cytochrome c are indicated by using the one letter code for the
amino acid residue in the wild-type protein, followed by the residue
number and the one letter code for the amino acid residue in the mutant
protein; i.e., C102T represents a mutant in which a threonine residue
replaces the cysteine residue at position 102 of the wild-type protein.
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2:1 cytochrome c/CcP complexes exist in solution, that
formation of both complexes is dependent upon the ionic
strength with strongest binding occurring at low ionic
strength, and that formation of the 1:1 complex is about 103

times stronger than formation of the 2:1 complex.

Two general binding models have been proposed for
binding of cytochrome c to CcP. The first is a unique site
model in which there is a single high-affinity cytochrome c
binding site and a much weaker secondary cytochrome c
binding site. The unique site model is supported by crystal
structures of several 1:1 cytochrome c/CcP complexes that
show cytochrome c binding to the same general area on the
surface of CcP (5, 26–28). The second model proposes that
there are several binding sites on CcP with similar affinities
for cytochrome c. Multiple 1:1 cytochrome c/CcP complexes
can exist in solution, each differing by the location of the
bound cytochrome and their relative abundance determined
by the binding affinities at each site. In this model, formation
of the 2:1 complex is much weaker due to strong electrostatic
repulsion between bound cytochromes in the 2:1 complex.
The multiple, interacting site model is supported by computer
simulations of the interaction between the two proteins (7)
and by chemical modification of CcP in the presence and
absence of bound cytochrome c (11).

Site-directed mutagenesis of CcP has been used to test
suggested locations for the cytochrome c binding sites (14–20).
However, the studies published to date are incomplete in
that all potential cytochrome c binding sites may not have
been identified through theoretical studies or tested experi-
mentally. We have initiated a systematic study to identify
all of the negatively charged groups on CcP that influence
formation of both the 1:1 and 2:1 yeast iso-1 cytochrome
c/CcP complexes. If there is a single high-affinity binding
site, the charge-reversal mutations that affect formation of
the 1:1 complex should be clustered near the binding site
identified in the crystal structures of the cytochrome c/CcP
complex (5, 26–28). However, if there are multiple binding
sites with similar affinities for cytochrome c, then charge-
reversal mutations located more distant from the crystal-
lographic site will affect formation of the 1:1 complex.
Likewise, determining the negatively charged residues on
the surface of CcP that affect formation of the 2:1 complex
will locate at least two binding regions for cytochrome c.

We have mutated, individually, every aspartate and
glutamate residue on the surface of CcP to a lysine residue.
In addition, we have constructed two internal aspartate to
lysine mutants, D76K and D235K, and two positive-to-
negative charge reversal mutants, R31E and K149D, provid-
ing a library of 46 charge-reversal mutants that will be useful
in identifying the cytochrome c binding sites and to
investigate the effect of localized charge on the properties
of CcP.

In a previous report (29), we presented initial characteriza-
tion of 15 charge-reversal mutants in which the site of
mutation was located near the crystallographically defined
binding site (5, 26–28). In this report, we complete the
characterization of all 46 charge-reversal mutants using
UV–visible spectroscopy, hydrogen peroxide reactivity, and
steady-state kinetic studies of the CcP-catalyzed oxidation
of yeast iso-1 ferrocytochrome c (C102T) by H2O2.

MATERIALS AND METHODS

All relevant experimental protocols have been described
in detail in the previous report on this investigation (29).
Briefly, the expression system for the recombinant CcP
(rCcP) was provided by James Satterlee, Washington State
University (30). The cloned gene has a sequence identical
to that of mature baker’s yeast CcP (yCcP) with the exception
of the methionine codon required for bacterial expression
(31). The N-terminal methionine is removed from rCcP in
this expression system, producing a recombinant enzyme
identical to yCcP (32). Gary Pielak, University of North
Carolina at Chapel Hill, provided the plasmid pBTR(C102T)
containing the gene for yeast iso-1 cytochrome c (C102T)
used in this study (33). Cys-102 in yeast iso-1 cytochrome
c has been replaced with threonine (C102T) to prevent
dimerization of the native protein via disulfide bond forma-
tion. The plasmid also contains the gene for yeast cytochrome
c heme lyase to promote covalent attachment of the heme
(34). Mutations in CcP were created using Stratagene
QuikChange mutagenesis kits.

Protein expression, purification, and concentration deter-
minations have been described previously (29). Spectra were
determined using either a Hewlett-Packard Model 8452A
diode array spectrophotometer or a Varian/Cary Model 3E
spectrophotometer.

The rates of the reaction between hydrogen peroxide and
the mutant enzymes were determined using an APL Ltd.
model SX.17MV stopped-flow spectrofluorometer. Reactions
were carried out in 0.100 M ionic strength potassium
phosphate buffer, at both pH 6.0 and pH 7.5, 25 °C. Rates
were measured under pseudo-first-order conditions with H2O2

in excess, 3-18 µM. The fraction of H2O2-active enzyme
was estimated by comparing the spectrum of the hydrogen
peroxide-oxidized mutant to that of authentic yCcP Com-
pound I. Steady-state kinetic studies of the enzyme-catalyzed
oxidation of yeast iso-1 ferrocytochrome c (C102T) by H2O2

were performed at pH 7.5 using 0.100 M ionic strength
potassium phosphate buffer. Steady-state velocities were
measured over a range of ferrocytochrome c concentrations,
1-100 µM, at constant 200 µM H2O2. Enzyme concentra-
tions were generally between 1 and 10 nM for the steady-
state kinetic experiments. For the inactive mutants, i.e.,
CcP(D235K) and CcP(E267K), enzyme concentrations of up
to 1 µM were used.

RESULTS AND DISCUSSION

Location of Charge-ReVersal Mutation Sites. The crystal
structures of nine different cytochrome c/CcP complexes
have been published to date with their coordinates deposited
in the Protein Data Bank (5, 26–28). In all cases, cytochrome
c binds to the same general region on the surface on CcP as
shown in Figure 1, and we have defined this surface as the
“front face” of CcP (29). We also define the “right face”
and “left face” of CcP by 90° rotations about a vertical axis
in the clockwise and counterclockwise directions, respec-
tively, while a 180° rotation from the front face reveals the
“back face” of CcP. Table 1 lists the 44 surface mutants
used in this study with respect to their location on the four
faces of CcP. The two internal mutants, E76K and D235K,
are not included in Table 1. Figures of the four faces of CcP
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with the mutation sites identified are included in the
Supporting Information.

Spectroscopic Properties of the Charge-ReVersal Mutants.
UV–visible absorption spectroscopy was used for the initial
characterization of the mutants. Spectra were determined at
pH 6.0, the center of the pH stability region for CcP, and at
pH 7.5, the pH at which kinetic studies were performed.
Spectra for all 46 rCcP mutants at both pH 6.0 and pH 7.5
are shown in the Supporting Information. Selected spectro-
scopic parameters, including the ratio of absorbance at the
Soret maximum to the absorbance at the maximum of the
protein band near 280 nm, at pH 6.0, the wavelength of the
Soret maximum at both pH 6.0 and pH 7.5, and the ratio of
the absorbance at the Soret maximum to that at 380 nm,
ASoret/A380, at both pH 6.0 and pH 7.5, are included in Table
S1 of the Supporting Information.

The ASoret/Aprotein value is often used as a measure of heme
protein purity since nonheme proteins will contribute to the

absorbance near 280 nm but not in the Soret band. We use
it here to monitor heme reconstitution and changes in heme
coordination of the charge-reversal mutants. The ASoret/Aprotein

values for all 46 mutants at pH 6 are plotted in order of the
sequence position in Figure 2. Forty-two of the 46 mutants
have ASoret/Aprotein values between 1.18 and 1.37 with a mean
and standard deviation of 1.28 ( 0.04. The ASoret/Aprotein

values for these mutants are consistent with the ASoret/Aprotein

values for multiple isolations of rCcP and yCcP done in our
laboratory. The ASoret/Aprotein values for 6 preparations of rCcP
and the last 20 isolations of yCcP both average 1.28 ( 0.03,
ranging between 1.22 and 1.32. There are four significant
outliers in Figure 2. Three of the mutants, E11K, E118K,
and E201K have significantly smaller ASoret/Aprotein values than
rCcP while E267K has a significantly higher ASoret/Aprotein

value.
The smaller ASoret/Aprotein values for E11K, E118K, and

E201K are attributed to incomplete heme incorporation into
the apoenzyme during the isolation process rather than the
copurification of a nonheme protein impurity. On the basis
of the ASoret/Aprotein values, the samples of E11K, E118K, and
E201K contain approximately 24%, 12%, and 43% apopro-
tein, respectively. The apoenzyme does not interfere with
the determination of the kinetic properties of these mutants
since the concentration of active enzyme is based upon the
heme content and only the holoenzyme will react with
hydrogen peroxide in the kinetic studies. In the steady-state
kinetic studies, the apoenzyme may bind cytochrome c, but
since the catalytic amounts of apoenzyme, and the amount
of cytochrome c bound to the apoenzyme, are in the
nanomolar concentration region, this will have an insignifi-
cant effect on the concentration of free ferrocytochrome c
and how the ferrocytochrome c interacts with the holoenzyme.

The increase in ASoret/Aprotein for E267K is related to a
change in heme coordination. The spectra of rCcP and
E267K are shown in Figure 3. The spectrum of rCcP is
characteristic of a five-coordinate heme group while the
spectrum of E267K is typical for a predominantly six-
coordinate, low-spin heme. The extinction coefficient at the
Soret maximum of six-coordinate heme is generally larger

FIGURE 1: Cytochrome c footprint on the surface of CcP. Nine
crystal structures of various cytochrome c/cytochrome c peroxidase
complexes have been reported with their coordinates deposited in
the Protein Data Bank (5, 26–28). The PDB IDs are 2pcb, 2pcc,
1u74, 1u75, 2b0Z, 2b10, 2b11, 2b12, and 2bcn. Only 25 atoms on
the surface of CcP, residing in 14 residues, are within 3.4 Å of an
atom in cytochrome c in at least one of the nine structures. The 25
atoms are shown in black, and the 14 residues are labeled.

Table 1: Location of the Charge-Reversal Mutants on the Four Faces of
CcPa

front face left face right face back face

E17K D37K E167K E11K
D18K D79K E250K D58K
R31Eb E93K D254K D61K
E32K D132K D256K D140K
D33K E135K D261K D146K
D34K D136K E267K D148K
E35K E188K E271K K149Db

E98K E214K D150K
E118K D217K D152K
E201K D224K D165K
E209K E221K
D210K D241K
E290K D279K
E291K

a The front face of CcP is defined as the surface that contains the
cytochrome c binding domain identified in nine different crystal
structures of the 1:1 cytochrome c/CcP complex (5, 26–28). The right
face and left face of CcP are defined by 90° rotations about a vertical
axis in the clockwise and counterclockwise directions, respectively,
while a 180° rotation from the front face reveals the back face of CcP.
Two mutants with internal mutation sites, E76K and D235K, are not
listed in the table. b Positive-to-negative mutations.

FIGURE 2: Plot of ASoret/Aprotein, the ratio of the absorbance at the
Soret maximum to that at the maximum of the protein band, for
46 charge-reversal mutants in order of primary sequence position
of the mutation. yCcP has an average ASoret/Aprotein value of 1.28 (
0.03 (20 isolations), which is shown by the solid line. Four mutants,
E11K, E118K, E201K, and E267K, with the greatest deviation from
1.28 are labeled. The low ASoret/Aprotein values are attributed to
incomplete incorporation of heme, and the high ASoret/Aprotein value
is attributed to a change in heme ligation.
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than for five-coordinate hemes, leading to the higher ASoret/
Aprotein value for E267K compared to rCcP.

Spectroscopic Properties and Heme Ligation. Spectra of
heme proteins are sensitive to the redox state, ligation state,
and configuration of the d electrons in the heme iron (35–38).
Generally, the spectra of Fe(III) heme proteins can be
classified into three groups based on the properties of the
heme iron: five-coordinate, high-spin (5c-hs), six-coordinate,
high-spin (6c-hs), and six-coordinate, low-spin (6c-ls). Heme
proteins can also have equilibrium mixtures of these three
states. Wild-type CcP is a predominantly 5c-hs between pH
4 and pH 7 and is characterized by a Soret maximum near
408 nm, prominent charge transfer bands in the visible region
of the spectrum near 645 and 505 nm, with the R and �
bands appearing as shoulders near 590 and 544 nm,
respectively, and the δ band appearing as a very distinct
shoulder on the Soret band near 380 nm (Figure 3). Addition
of a sixth ligand can generate a high-spin or low-spin heme
iron depending upon the field strength of the ligand (35–38).
In a 6c-hs heme protein spectrum, all heme bands will be
blue shifted relative to the 5c-hs spectrum, with an increase
in the extinction coefficient at the Soret maximum and a
decrease in the extinction coefficient of the δ band. The major
spectroscopic changes that occur on going from a 5c-hs heme
to a 6c-ls heme include a red shift and increase in extinction
coefficient of the Soret band and loss of absorptivity in the
charge transfer and δ bands. The spectrum of E267K shown
in Figure 3 is typical of a predominantly 6c-ls heme protein.
The most consistent changes on going from a five-coordinate
heme to a six-coordinate heme, whether high spin or low
spin, are the increase in extinction coefficient at the Soret
maximum and the loss of absorptivity in the δ band. We
have used the ratio of the absorbance at the Soret maximum
to the absorbance at 380 nm, ASoret/A380, as a monitor of
changes in heme coordination in CcP and the charge-reversal
mutants.

At pH 6.0, the ASoret/A380 values for yCcP and rCcP are
1.52 ( 0.04 (20) and 1.60 ( 0.05 (6), respectively (Table
S1, Supporting Information). The slightly larger value for
rCcP may indicate that rCcP has a slightly greater tendency
to form six-coordinate heme than yCcP although the change

is small and not much larger than the standard deviation in
determining the absorbance ratio.

The charge-reversal mutants have a reasonably large
spread in the ASoret/A380 values, ranging between 1.44 and
2.53 at pH 6.0 and between 1.57 and 2.74 at pH 7.5 (Table
S1, Supporting Information). The pH 7.5 data are shown in
Figure 4. The average value of ASoret/A380 for all 46 mutants
is 1.67 ( 0.19 at pH 6.0 and 1.91 ( 0.31 at pH 7.5 (Table
S1, Supporting Information), indicating that the charge-
reversal mutants tend to have higher fractions of six-
coordinate heme than wild-type enzyme and that the fraction
of six-coordinate heme increases with increasing pH.

The spectra of yCcP, CcP(MI), and rCcP are independent
of pH between pH 4 and about pH 7 in the absence of buffer
components that bind in the heme pocket such as high
concentration of acetate and nitrate (39–41). The heme group
of CcP is predominantly 5c-hs between pH 4 and pH 7.
Above pH 7.5, Yonetani et al. observed that the Soret band
is red shifted, with increased absorbance at the R and � band
positions and decreased absorbance in the charge transfer
bands, consistent with conversion to a 6c-ls heme (39). These
changes are associated with a complex series of transforma-
tions at alkaline pH leading to two distinct low-spin forms
of CcP, followed by complete denaturation of the enzyme
at pH 12 (42, 43). The low-spin forms of CcP have
absorption spectra that are consistent with a hydroxy-ligated
heme and a bisimidazole form of heme. For the latter species,
it has been suggested that the polypeptide chain has enough
flexibility at alkaline pH to allow the distal histidine, His-
52, to coordinate to the heme iron (43). The five- and six-
coordinate species exist in a pH-dependent equilibrium with
apparent pKA’s of 9.7 ( 0.2 and 8.7 ( 0.2 (41, 42).

Since most of the charge-reversal mutants have larger
fractions of six-coordinate heme than either yCcP or rCcP
at pH 7.5, we suggest that the charge-reversal mutations
perturb the apparent pKA’s for formation of the 6c-ls species.
For hydroxy-ligated CcP this can be rationalized on the basis
of electrostatic considerations. The heme group in the 5c-hs
form of CcP has a net charge of +1 (neglecting the
propionate substituents) resulting from Fe(III) binding into
the ring of the porphyrin dianion. Hydroxide binding to the
heme iron at alkaline pH neutralizes the net charge at the

FIGURE 3: Spectrum of E267K (solid line) compared to that of rCcP
(dashed line) at pH 6.0. Both spectra are normalized to the
maximum in the protein band near 280 nm. The spectrum of E267K
has a higher fraction of 6c-ls heme than rCcP as exemplified by
the lower absorptivity in the δ band near 350 nm for E267K and
near 380 nm for rCcP. The absorbance values in the visible region
of the spectra have been multiplied by a factor of 5.

FIGURE 4: Plot of ASoret/A380 ratio at pH 7.5 for 46 charge-reversal
mutants in order of primary sequence position of the mutation. The
ASoret/A380 ratio for 100% 5c-hs yCcP is 1.52 ( 0.04 and is shown
by the solid line. Values of ASoret/A380 above 1.52 represent
increasing contributions from hexacoordinate heme species. Two
mutants, E132K and K149D, have the largest values for ASoret/A380
ratio observed in this study, a value of 2.74.

Catalytic Properties of Charge-Reversal CcP Mutants Biochemistry, Vol. 47, No. 9, 2008 2769



heme core. Electrostatic interactions are long range in nature,
and changing a charge on the surface of the protein from
-1 to +1 would tend to destabilize the positively charged
heme in 5c-hs CcP relative to hydroxide-ligated CcP, leading
to lower values of the apparent pKA for the 5c-hs/6c-ls
equilibrium and higher concentrations of the six-coordinate
forms at pH 7.5 (Figure 4).

Estimation of the Fraction of H2O2-ReactiVe Enzyme for
the Charge-ReVersal Mutants. There is an inverse correlation
between the H2O2 titer of yCcP and the fraction of 6c-ls heme
in yCcP, indicating that the 6c-ls forms of the enzyme do
not react with H2O2 to form CcP Compound I (41). In our
previous report on 15 of the charge-reversal mutants (29),
we noted that most of the mutants did not react stoichio-
metrically with H2O2, especially at pH 7.5. Figure 5 shows
a correlation of the percentage of H2O2-inactive enzyme as
a function of the ASoret/A380 value, using the latter parameter
as a monitor of the six-coordinate heme in the charge-reversal
mutants.

In general, the percentage of H2O2-inactive enzyme
increases as the value of ASoret/A380 increases (Figure 5).
Mutants with ASoret/A380 values between about 1.5 and 2.2
appear to be mixtures of H2O2-active and H2O2-inactive
species while mutants with ASoret/A380 values above 2.3 are
completely inactive, except for the D37K mutant, which is
a conspicuous outlier. The correlation between ASoret/A380 is
not perfect for a number of reasons. First, the ASoret/A380 does
not represent conversion of the five-coordinate wild-type
enzyme to a single six-coordinate, low-spin species with a
specific H2O2 reactivity. This is readily apparent with mutants
having high ASoret/A380 values. Both D79K and D241K have
ASoret/A380 values of 2.33 and are effectively 100% inactive
while both D132K and K149D have ASoret/A380 values of 2.74
and are also 100% inactive. The different ASoret/A380 values
could reflect differences in the sixth ligand. There are at least
three potential six-coordinate forms of CcP with either water,
hydroxide, or His-52 bound to the heme iron. Each of these
three six-coordinate forms will have different ASoret/A380

values. While it has not been possible to obtain accurate

spectra of the alkaline forms of yCcP due to complex kinetic
behavior at pH values greater than 9 (42), the two six-
coordinate forms of the D235N mutant of CcP(MI) observed
between pH 5 and pH 8 have ASoret/A380 values of about 2.5
and 3.3 (43). The species with ASoret/A380 of 2.5 has been
assigned to the hydroxy-ligated form and the species with
ASoret/A380 of 3.3 to the His-52 coordinated form.

The possibility of water existing as the sixth ligand could
also lead to variation in the correlation between ASoret/A380

and the percentage of active enzyme. Water is an intermedi-
ate field ligand, and in many heme proteins, water coordina-
tion leads to an equilibrium mixture of high- and low-spin
heme (37). It is expected that water ligation would increase
ASoret/A380 over the 5c-hs form but it may not completely
inactivate the enzyme. For example, metmyoglobin has a
water molecule bound at the sixth coordination site of the
heme, yet it still reacts with hydrogen peroxide (44). This
may be the reason that D37K is an outlier in the correlation
shown in Figure 4. Although Asp-37 is a surface residue in
CcP, the carboxylate group of Asp-37 hydrogen bonds to
His-181 in the interior of the protein. His-181 is part of a
hydrogen-bonding network that extends from the proximal
heme pocket to the distal heme pocket and includes water-
595 (identified in the crystal structure of yCcP), which is
poised above the sixth-coordination site of the heme
iron (45–48). The D37K mutation breaks the hydrogen bond
with His-181, altering the hydrogen-bonding network and
perhaps allowing water-595 to coordinate to the heme iron.
Evidence for this interpretation comes from the H181G
mutant, which has a predominantly 6c-hs heme with water-
595 as the most probable heme ligand (46–48). We can
speculate that the heme-bound water in D37K is readily
displaced by H2O2 and D37K retains 30% of its activity in
spite of being six-coordinate with an ASoret/A380 ratio of 2.59.
The differential reactivity of various six-coordinate CcP
species toward H2O2 is a second factor that may cause
variation in the correlation shown in Figure 5.

A third factor that could lead to variation in the correlation
between the percentage of inactive enzyme and the value of
ASoret/A380 is the method used for the estimation of inactive
enzyme. As a quick screen of the ability of the mutant to
react with H2O2 to form a Compound I-like intermediate,
the spectrum of the mutant was determined in the presence
and absence of a slight stoichiometric excess of H2O2. The
assumption was made that the spectrum of the H2O2-oxidized
mutants is identical to the spectrum of yCcP Compound I.
The fractional change in the absorbance at 424 nm upon
addition of H2O2 to the mutant compared to the change for
yCcP Compound I was used as the fraction of mutant that
reacted with H2O2. The calculated fractions of H2O2-inactive
mutant enzyme for all 46 charge-reversal mutants are given
in Tables S2 and S3 of the Supporting Information for the
data at pH 6.0 and 7.5, respectively.

Even though several factors can affect the correlation
between the ASoret/A380 values and the percentage of inactive
enzyme, Figure 5 is useful in showing that the six-coordinate
forms tend to be less active toward H2O2 than the five-
coordinate enzyme.

Rate of Reaction between H2O2 and the Charge-ReVersal
Mutants. The mutant enzymes were further characterized by
determining their rate of reaction with H2O2 using stopped-
flow techniques at both pH 6.0 and pH 7.5. The rate data

FIGURE 5: Plot of ASoret/A380 versus the percentage of H2O2-inactive
enzyme for 46 charge-reversal mutants of rCcP at pH 7.5. The
percentage of H2O2-inactive enzyme was estimated from the
absorbance change at 424 nm upon addition of a slight stoichio-
metric excess of hydrogen peroxide. The datum for D37K is labeled
and shown as a solid point. The properties of D37K are discussed
in the text.

2770 Biochemistry, Vol. 47, No. 9, 2008 Pearl et al.



are included in Tables S2 and S3 of the Supporting
Information.

The rates of the reaction with H2O2 could not be
determined for 7 of the 46 mutants at pH 7.5 because the
absorbance changes upon addition of H2O2 were too small
to detect. Of the remaining 39 mutants, 11 gave monophasic
kinetics with H2O2 while 28 of the mutants gave biphasic
kinetics, with the slow phase of the reaction at least 10 times
slower than the fast phase. The observed pseudo-first-order
rate constants are defined as kfast and kslow. Values of kfast

were linearly dependent upon the H2O2 concentration and
were generally in the range of 150 to 900 s-1. Values of
kslow could either be linearly dependent upon the H2O2

concentration (19 mutants) or be independent of the H2O2

(10 mutants), but they were generally at least 10 times
smaller than kfast.

The fast phase of the H2O2 reaction is attributed to the
bimolecular reaction between H2O2 and the 5c-hs form of
CcP and the mutant enzymes. The slow phase of the reaction
is attributed to the reaction between H2O2 and a six-
coordinate form of CcP and the CcP mutants in which the
sixth ligand is readily displaced by H2O2 such as water. One
can accommodate all of the H2O2 reactivity data, including
the fraction of H2O2-inactive enzyme, by Scheme 1.

In Scheme 1, H2O2 initially reacts only with that fraction
of CcP present as the five-coordinate form. This gives the
observed fast phase of the reaction, and if this is the only
form of CcP present in solution, only the fast phase of the
reaction will be observed. The observed rate constant is given
by eq 4.

kfast ) k1[H2O2] (4)

The rate of equilibration between CcP(5c-hs) and
CcP ·H2O is slow compared to kfast, and as CcP(5c-hs) is
depleted, dissociation of the water will form additional
CcP(5c-hs) that reacts in the second phase of the reaction
with observed rate constant kslow. That fraction of CcP that
does not react with H2O2 during the experiments must have
a ligand that is not readily displaced, represented by CcP ·L
in Scheme 1. This ligand could be a hydroxide ion or the
distal histidine. The important point is that the conversion
of CcP ·L to more reactive forms is very slow, much slower
than the time frame of the H2O2 reactivity studies.

The observed rate constant for the slow phase of the
reaction can be either dependent or independent of the H2O2

concentration depending upon the relative rates of the various
reactions and the H2O2 concentration. After the initial
depletion of CcP(5c-hs) in the fast phase of the reaction,
the concentration of CcP(5c-hs) is assumed to be in a steady
state determined by the competing rates of water dissociation
and CcP-I formation. Under these conditions, the observed
rate constant for the slow reaction is given by eq 5.

kslow ) (kdk1[H2O2])/(k1[H2O2] + ka[H2O] + kd) (5)

The concentration of water in the term ka[H2O] is a constant
whether it is water-595 in the heme pocket or bulk solvent.
This term can be replaced with an apparent first-order rate
constant, kb. We will also introduce the equilibrium constant
for water binding, defined in eq 6, which allows us to express
kslow as in eq 7.

Keq ) [CcP · H2O]/[CcP(5c-hs)] ) ka[H2O]/kd ) kb/kd

(6)

kslow ) (kdk1[H2O2])/(k1[H2O2] + kdKeq + kd) (7)

For situations where k1[H2O2] , kdKeq + kd the slow rate
will be linearly dependent upon the H2O2 concentration as
given by eq 8.

kslow ) k1[H2O2]/(Keq + 1) (8)

For situations where k1[H2O2] . kdKeq + kd the slow rate
will be independent of the H2O2 concentration as given by
eq 9.

kslow ) kd (9)

In Tables S2 and S3 of the Supporting Information, when
the slow phase of the reaction is linearly dependent upon
the H2O2 concentration, the value of k1/(Keq + 1) is tabulated,
and when the slow phase of the reaction is independent of
the H2O2 concentration, kd is tabulated.

At pH 7.5, 37 of the charge-reversal mutants have a
component that reacts rapidly with H2O2. The average value
of k1 for these 37 mutants is 42 ( 7 µM-1 s-1, comparable
to the value of 45 ( 3 µM-1 s-1 determined for yCcP at pH
7.5 (41, 50), and we can conclude that the five-coordinate
forms of the charge-reversal mutants are as reactive toward
H2O2 as wild-type enzyme.

Nineteen of the mutants have slow phases of the reaction
that are linearly dependent upon the H2O2 concentration, and
the average value for k1/(Keq + 1) is 2.7 ( 0.9 µM-1 s-1.
Ten of the mutants have slow phases that are independent
of the H2O2 reaction, with kd ranging in value between 6 (
3 and 54 ( 24 s-1 and averaging 26 ( 18 s-1.

Steady-State Velocity Measurements. We were able to
detect catalytic activity for 45 of the 46 charge-reversal
mutants used in this study. The internal mutant, D235K, was
completely inactive toward H2O2 both in the H2O2-reactivity
studies and in the steady-state catalysis studies. Forty-three
of the mutants exhibit simple Michaelis–Menten behavior,
characterized by a Michaelis constant, KM, and a maximum
velocity, Vmax. The steady-state parameters are collected in
Table S4 of the Supporting Information. Visual representation
of KM and Vmax/e0 as a function of the primary sequence
position for the mutation is given in Figure 6.

Two mutants, R31E and D34K, have a biphasic depen-
dence on the cytochrome c concentration with a minor phase
characterized by Vmax/e0 and KM values and a major phase
in which the velocity increases linearly up to the highest
substrate concentrations used in the study, ∼100 µM
ferrocytochrome c. The steady-state catalytic properties of
R31E and D34K were reported previously (29). The major
kinetic phase for the R31E and D34K mutants can only be
characterized by giving lower limits for Vmax/e0 and KM

values, and these are included in Figure 6 and in Table S4
of the Supporting Information. On the basis of the lower
limits for the Vmax/e0 values for the major phases of the

Scheme 1

Catalytic Properties of Charge-Reversal CcP Mutants Biochemistry, Vol. 47, No. 9, 2008 2771



reaction, the minor phases contribute less than 5% to the
maximum activity of R31E and D34K.

Variation in Vmax/e0. At the beginning of these studies,
we had anticipated that the charge-reversal mutations would
modulate the binding affinity of cytochrome c to CcP but
that cytochrome c would bind to the same site and, at
saturation, would have the essentially the same maximum
velocity as the wild-type enzyme. The observation of the
large variation in Vmax/e0 (Figure 6) was unexpected. As the
study progressed, it became apparent that significant fractions
of some of the charge-reversal mutations were inactive
toward H2O2 and this resulted in a significant variation in
Vmax/e0. If we neglect the inactive mutant, D235K, and the
two mutants that have biphasic kinetic behavior, R31E and
D34K, Vmax/e0 varies over 2500-fold, from 0.3 ( 0.1 s-1 for
E267K to 760 ( 20 s-1 for E35K with an average value of
314 ( 213 s-1. The standard deviation for the average is
indicative of the large variation of Vmax/e0 in the mutants.
On average, the mutants are about 50% as active as the wild-
type enzyme.

A major factor contributing to the variation in Vmax/e0 for
the charge-reversal mutants is the variation in the fraction
of H2O2-inactive enzyme documented in Figure 5 and Tables
S2 and S3 (Supporting Information). A correlation between
the fraction of H2O2-inactive enzyme and Vmax/e0 for the
charge-reversal mutants is shown in Figure 7. Data for yCcP
and rCcP are included in the figure. In general, Vmax/e0

decreases with increasing percentage of H2O2-inactive en-
zyme, but the correlation is not perfect. There are a number
of significant downside outliers, mutants whose maximum
turnover rate is much less than predicted from the fraction
of H2O2-inactive enzyme, and a few upside outliers. This
indicates that additional factors, in addition to the percentage

of H2O2-inactive enzyme, influence the turnover rate. Four
of the downside outliers have mutations within or near the
crystallographically defined cytochrome c binding site, and
three of these, D34K, D37K, and E290K, significantly alter
the binding affinity as measured by the KM (Figure 6). It is
reasonable to assume that these mutations alter the orientation
of bound cytochrome c such that the rate of ferrocyto-
chrome c oxidation is severely inhibited, leading to lower
turnover rates than predicted by the percentage of enzyme
that reacts with H2O2. These data are consistent with the
idea that oxidation of ferrocytochrome c by CcP Com-
pound II within the 1:1 complex, rather than product
dissociation, is the rate-limiting process at 0.10 M ionic
strength (51).

FIGURE 6: Upper panel: KM as a function of the primary sequence position. The KM value for rCcP is shown at the left-hand side of the top
panel. Five charge-reversal mutants significantly increase the value of KM, and these are located at primary sequence positions 31, 34, 37,
118, and 290. Lower panel: Vmax/e0 as a function of the primary sequence position. The Vmax/e0 value for rCcP is shown at the left-hand side
of the lower panel.

FIGURE 7: Correlation of Vmax/e0 and the percentage of H2O2-inactive
enzyme at pH 7.5. Significant outliers are labeled and shown with
filled circles. The correlation line is calculated by the equation Vmax/
e0 ) (723 s-1)(fraction of active enzyme).
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The E201K mutant has one of the greatest effects on Vmax/
e0, with a value of 2.8 ( 0.2 s-1, less than 0.5% of rCcP.
Calculation of the percent active enzyme shows that 58%
of E201K reacts with H2O2 to form Compound I with a rate
comparable to rCcP (Table S3, Supporting Information).
E201K has a KM value comparable to rCcP, suggesting that
there is no alteration in binding affinity due to mutation,
consistent with the crystal structure of yeast cytochrome
c/CcP complexes (5, 26–28), which shows no significant
electrostatic interaction between Glu-201 and any of the
positively charged residues in bound cytochrome c. Never-
theless, residue Glu-201 is quite close to Ala-193 and Ala-
194 on the surface of CcP, the putative entry point for
electron transfer into CcP from cytochrome c within the
complex (5). Changing the glutamate to lysine may have
altered the exact orientation of the two proteins in the
complex, slowing the rate of electron entry into CcP.

Two other interesting mutants are identified in Figure 7,
D150K and D217K. These two mutations are far from the
crystallographic cytochrome c binding site, have KM values
similar to rCcP, and have nearly identical Vmax/e0 values, 330
( 20 and 320 ( 10 s-1 for D150K and D217K, respectively.
However, the fractions of H2O2-inactive enzyme are quite
different, 10% for D217K and 82% for D150K. These two
mutants show the extremes in the deviation of Vmax/e0 values
from that predicted by the correlation line in Figure 7, with
D150K reacting 2.5 times faster than predicted while D217K
reacts 2.2 times slower than predicted.

We believe that simple electrostatic considerations can
explain most of the data shown in Figure 7 for those
mutations that do not perturb the binding of cytochrome c.
Under the conditions of the steady-state analysis, Vmax/e0

appears to be measuring the reduction rate of the oxyferryl,
Fe(IV) group by bound ferrocytochrome c in the CcP
Compound II/cytochrome c complex. Millett and colleagues
(52) have proposed a mechanism for reduction of the Fe(IV)
group in Compound II involving rapid equilibrium between
two forms of Compound II, CcP-IIF, which has the oxyferryl
Fe(IV) site and is the most stable form at pH 7.5, and CcP-
IIR, an intermediate in which the single oxidized site in
Compound II has been transferred to Trp-191, generating

the π-cation radical of Trp-191. Ferrocytochrome c rapidly
reduces the Trp-191 radical, which in turn reduces the Fe(IV)
group via the rapid equilibrium. This mechanism is illustrated
in Scheme 2 with Vmax/e0 given by eq 10.

Vmax/e0 ) ket/(KCcP-II + 1) (10)

Millett has found that ket is 2 × 106 s-1 (51). KCcP-II would
have to be about 3 × 103 to be consistent with the value of
Vmax/e0 for wild-type CcP. This mechanism provides a
reasonable explanation for the data below the correlation line
in Figure 6. Just as we have suggested that the charge-
reversal mutations on the surface of CcP can alter the
equilibrium between five-coordinate CcP and the hydroxy-
ligated form, the charge-reversal mutations could also alter
the equilibrium between CcP-IIR and CcP-IIF. A negative-
to-positive charge-reversal mutant would tend to destabilize
the positively charged Trp-191 radical form of Compound
II, increasing the value of KCcP-II and decreasing the value
of Vmax/e0 as is observed for most of the mutants in Figure
7. The charge-reversal mutations would only have to change
the equilibrium constant by less than a factor of 3 to explain
the data in Figure 7. There are five mutations with significant
positive deviations from the correlation line shown in Figure
7, and the simple electrostatic explanation does not apply.
These mutants could decrease the value of KCcP-II for other
reasons or could increase the value of ket directly.

Variation in KM for the Charge-ReVersal Mutants. The
primary objective of this study was to determine which of
the charge-reversal mutations on the surface of CcP de-
creased the binding affinity for cytochrome c in order to map
the interaction site (or sites) for cytochrome c. We use the
KM values from the steady-state measurements as a measure
of cytochrome c affinity since a review of the literature shows
a very good correlation between the KM values and true

FIGURE 8: Model of CcP showing the locations of the five mutations that cause a >24-fold increase in KM. CcP is rotated counterclockwise
by 30° about a vertical axis relative to the orientation shown in Figure 1. This exposes portions of the left and front faces of CcP. D37 is
not visible in Figure 1. Left panel: Only the five mutation sites (blue) are labeled in this figure, R31, D34, D37, E118, and E290. The 25
atoms that define the cytochrome c footprint and are visible in this orientation are unlabeled but shown in black (see Figure 1). Right panel:
Same orientation as in the left panel except that bound yeast iso-1 cytochrome c is shown (red). Coordinates are from PCB ID 2pcc. In this
representation, three of the atoms (black) defining the cytochrome c footprint are not covered by the bound cytochrome c, and their parental
residues are labeled, E32, N38, and Y39.

Scheme 2
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equilibrium dissociation constants, KD1, for the 1:1 complex
whencarriedoutat identical conditionsof ionic strength (3,24).
As seen in Figure 6, only five mutations cause a significant
increase in the KM, R31E, D34K, D37K, E118K, and E290K.
All five of these mutations are either within or near the
crystallographically defined cytochrome c binding site as
shown in Figure 8. All five of these sites were previously
identified in our report on the effect of charge-reversal
mutations near the high-affinity cytochrome c binding site
(29). The important new result from this study is that there
are no other aspartate or glutamate residues anywhere on
the surface of CcP that affect formation of the catalytically
active 1:1 complex between yeast iso-1 cytochrome c and
CcP. This effectively eliminates any model for cytochrome
c binding that proposes multiple sites on the surface of CcP
that have similar affinity for cytochrome c. These data also
show that CcP in solution, unconstrained by crystal lattice
forces, has the same cytochrome c binding domain as has
been found in the crystalline state. This conclusion is
consistent with a recent NMR study (25) of the CcP/yeast
iso-1 cytochrome c complex that demonstrates the bound
cytochrome has considerable mobility but generally cor-
roborates the crystallographic structure, indicating that cy-
tochrome c resides at the crystallographic site about 70% of
the time and in much more dynamic encounter complexes
about 30% of the time.
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