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ABSTRACT: Many heme proteins have distal histidine residues that play important roles in determining heme
protein reactivity. These distal histidines are in significantly different orientations,and distances from the
heme iron in different heme proteins and the position of the distal histidine relative to the heme iron can
influence reactivity at the heme center. To explore the effect of distal histidine position on the properties of
cytochrome c peroxidase (CcP), three CcP mutants in which tryptophan 51 was replaced with a histidine
residue were constructed. All three mutants, CcP(W51H), CcP(W51H/H52W), and CcP(W51H/H52L), have
altered electronic absorption spectra, indicating that the heme group in the mutants is six-coordinate rather
than five-coordinate as it is in wild-type CcP. The hydrogen peroxide reaction rate is 56-6200-fold slower for
the mutants than for wild-type CcP. All three mutants form a CcP Compound I-like intermediate, in which
the Fe(IV) site decays between 500 and 3000 times more rapidly than the Fe(IV) site in wild-type CcP
Compound I. The W51H mutations have a weaker effect on cyanide binding, with the cyanide affinity only
2-8 times weaker than for CcP. The cyanide association rate constants are between 5 and 85 times slower for
the W51H mutants, while the cyanide dissociation rate constants range from 3 times slower to 6 times faster
than those of wild-type CcP.

Cytochrome c peroxidase (CcP),1 a heme protein found in the
yeast Saccharomyces cerevisiae, belongs to a superfamily of
peroxidases and catalase-peroxidases, all of which have similar
structure in the distal pocket above the heme. CcP is a part of
Class I, which includes the ascorbate peroxidases of higher plants
and green algae, and the catalase-peroxidases of bacteria and
lower eukaryotes. Of 12 ascorbate peroxidases and 15 catalase-
peroxidases investigated, all have the same amino acid sequence
in the distal heme pocket, Arg-X-X-Trp-His (1), with one
exception, the ascorbate peroxidase from Mesembryanthemum
crystallinum that has a phenylalanine in place of tryptophan.

A comparison of the properties of metmyoglobin (metMb)
and CcP is useful in trying to understand the role of the amino
acid residues within the heme pockets of both proteins. CcP and
metMb are similar in that both have a heme b prosthetic group
ligated to the Nε atom of a histidine residue in the proximal heme
pocket and both proteins have distal histidine residues, His-64 in
metMb and His-52 in CcP (2, 3). However, there are significant
differences. The proximal histidine in CcP, His-175, is hydrogen
bonded to the carboxylate group of Asp-235, while the proximal
histidine in metMb, His-93, is hydrogen bonded to the peptide
carbonyl of Leu-80. The distal pocket of CcP is more polar than
that of metMbwith Arg-48, Trp-51, andHis-52 nearest the heme
iron in CcP compared to Phe-43, His-64, and Val-68 in metMb.

Peroxidases are characterized by a very rapid reaction with
hydrogen peroxide that produces an intermediate called Com-
pound I, which is oxidized 2 equiv above the native Fe(III)
state of the enzyme. In most peroxidases, such as horseradish
peroxidase (HRP), Compound I is an oxyferryl porphyrin
π-cation radical species, while in CcP, the radical is localized
on Trp-191, near the proximal histidine (4, 5).MetMb also reacts
with hydrogen peroxide to form a Compound I-like intermediate
with an oxyferryl group and a transient radical that decays
rapidly (6). However, metMb reacts 5 orders of magnitude more
slowly than the peroxidases. Several studies using site-directed
mutagenesis have probed the role of individual residues in the
proximal and distal heme pockets of the peroxidases and have
found that replacing the distal histidine with an apolar residue
has the most profound effect, with CcP(H52L), HRP(H42A),
and HRP(H42V) reacting 5-6 orders of magnitude more slowly
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than wild-type CcP or HRP (7-9). On the other hand, the distal
histidine inmetMb seems to play aminor role in the reactionwith
hydrogen peroxide. Brittain et al. (10) observed a 1-2 order of
magnitude decrease in the hydrogen peroxide reaction rate for the
H64A and H64V mutants of sperm whale metMb and a 3-fold
increase in the rate for the H64Q mutation.

The distal histidine in CcP is directly over the heme iron with
an Nε-Fe distance 5.6 Å (3). Compared to CcP, the distal
histidine in sperm whale metMb is off-center and slightly closer
to the heme with an Nε-Fe distance 4.3 Å (4). Watanabe and
co-workers (11, 12) speculated that the distal histidine-iron
distance is critical to efficient hydrogen peroxide reduction and
tested that hypothesis by constructing two metMb double
mutants, F43H/H64L and L29H/H64L, that moved the histidine
Nε atom 5.7 and 6.6 Å away from the heme iron, respectively.
The F43H/H64L mutant had an Nε-Fe distance similar to that
of CcP and increased the hydrogen peroxide reaction rate
11-fold. The L29H/H64L mutant, with the 6.6 Å Nε-Fe
distance, reacted 3-6 times slower with hydrogen peroxide
compared to wild-type metMb.

In this work, we relocate the distal histidine in CcP in studies
similar to those ofWatanabe and co-workers for metMb (11, 12).
If CcP has evolved to facilitate the reaction with hydrogen
peroxide, the distal histidine in wild-type CcP should be in a
near optimal position to promote peroxide binding and oxygen-
oxygen bond cleavage to form CcP Compound I. Any alteration
in the position of the distal histidine would be expected to
decrease the rate ofCompound I formation.Wehave constructed
CcP(W51H/H52W), which interchanges the positions of the
distal histidine and tryptophan residues. Modeling of the active
site suggests that the histidine Nε-Fe distance decreases from
5.6 Å inwild-typeCcP to 5.2 Å inW51H/H52W.As expected, the
hydrogen peroxide reaction rate for the W51H/H52W mutant is
slower than that of wild-type CcP, decreasing ∼2.5 orders of
magnitude. Relocation of the distal histidine in CcP has a much
greater effect on the reaction with hydrogen peroxide than does
the relocation of the distal histidine in metMb. We have also
constructed two additional mutants, W51H and W51H/H52L,
and characterized all three in terms of their spectroscopic proper-
ties, hydrogen peroxide reactivity, Compound I decay, and
cyanide binding properties.

MATERIALS AND METHODS

Cloning, Expression, and Purification of CcP Mutants.
J. Satterlee (Washington State University, Pullman, WA) kindly
provided the expression system for the recombinant CcP (rCcP)
used in this study (13). The CcP gene was modified to include an
N-terminal methionine for bacterial expression and the exact
amino acid sequence of mature baker’s yeast CcP (14). The CcP
gene was inserted into the multiple cloning site of Novagene
vector pET24a(+) under control of the T7 promoter. The CcP
mutants were created using the Stratagene QuikChange muta-
genesis kit and sequenced in both directions to ensure that,
except for the intended mutations, the gene was identical to
the published sequence. Expression and purification of rCcP
and the CcP mutants were performed as previously described
(15-18).
Other Materials. Acetic acid, potassium acetate, potassium

phosphate salts, potassium cyanide, and hydrogen peroxide
(30%) were obtained from Fisher Scientific. Concentrations of
hydrogen peroxide were determined in two ways: by titration

withCe(IV) as described previously (19) and from the absorbance
at 240 nm using an extinction coefficient of 39.4 M-1 cm-1 (20).
Buffers.Between pH4.0 and 5.5, bufferswere 0.010Macetate

with sufficient KH2PO4 to adjust the ionic strength to 0.100 M.
Between pH 5.5 and 8.0, the buffers were mixtures of KH2PO4

and K2HPO4 with a total ionic strength of 0.100 M.
SpectroscopicMeasurements and Protein Concentration

Determination. Spectra of protein solutions were determined
using either aVarian/Carymodel 3E or aHewlett-Packardmodel
8452A spectrophotometer. The extinction coefficients of the four
CcP mutants were determined using the pyridine hemochromo-
gen method of Berry and Trumpower (21).
Kinetics of Compound I Formation.The rate of Compound

I formation was determined under pseudo-first-order conditions,
with peroxide concentrations ranging from 10- to 100-fold
greater that the enzyme concentration. Concentrations of CcP
and its mutants were typically between 1 and 2 μM. Transient-
state kinetic experiments were performed with an Applied
Photophysics DX.17MV stopped-flow spectrophotometer at
25 �C, using a wavelength of 424 nm, the wavelength of
maximum change between Compound I and the native enzyme.
The observed pseudo-first-order rate constant, kobs, was deter-
mined at a minimum of five different concentrations of hydrogen
peroxide. The apparent bimolecular rate constant, k1, for the
reaction between hydrogen peroxide and CcP (or its mutants)
was determined from the slope of a plot of kobs as a function of
hydrogen peroxide concentration.
Kinetics of Compound I Decay. Compound I was formed

using either 0.5, 1.0, or 2.0 equiv of hydrogen peroxide to enzyme
to investigate the effects of excess hydrogen peroxide on the
stability of Compound I. Conversion of Compound I back to
the Fe(III) state was followed spectrophotometrically using the
HP 8452A diode array spectrophotometer at 25 �C. Complete
spectrawere collected at 30-150 s intervals for at least 1 h or until
the spectrum of the decay product stabilized.
Determination of the Equilibrium Constants for Cyanide

Binding. Spectroscopic changes associated with the formation of
the cyanide complex enabled monitoring of complex formation.
Determination of the equilibrium constants was done by titrating
∼5 μM protein with increasing concentrations of a buffered
cyanide solution until saturation with cyanide was reached.
The spectrum of the solution was determined after equilibrium
had been reached at each cyanide concentration. Equilibrium
constants were determined from changes in absorbance as a
function of cyanide concentration at 25 �C.
Transient-State KineticMeasurements of Cyanide Bind-

ing. The rates of cyanide binding were determined using
an Applied Photophysics Ltd. model DX.17MV stopped-flow
instrument at 25 �C. Reactions were conducted under pseudo-
first-order conditions with excess cyanide. Protein concentrations
were typically ∼2 μM. Observed rate constants were determined
at a minimumof five different cyanide concentrations at each pH
with the cyanide concentrations varying by a factor of at least
5 for each experiment. A minimum of 10 individual traces of
absorbance change versus time were acquired at each cyanide
concentration, allowing the mean value of the observed rate
constant and its standard deviation to be determined.

RESULTS

Spectroscopic Properties of CcP Variants. One of the
most dramatic changes in the properties of the three W51H
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mutants compared to wild-type CcP occurs in the electronic
absorption spectrum (Figure 1). The Soret band becomes nar-
rower and much more intense with the extinction coefficient
increasing by ∼60% in CcP(W51H) compared to that of rCcP.
The spectral changes signal a change in heme coordination upon
mutation of Trp-51 to a histidine residue. The spectrum of CcP
(W51H) is characteristic of a predominantly hexacoordinate,
high-spin heme protein, while the spectrum of rCcP is that of a
predominantly five-coordinate, high-spin ferric heme protein
(22). The spectrum of CcP(W51H) is similar to that of metmyo-
globin, a ferric heme protein with water bound to the sixth
coordination site of the heme iron (23), and we suggest that water
binds to the heme iron in the W51H mutants. Spectroscopic
parameters for rCcP and the three W51H mutants at
pH 6.0 are collected in Table 1.

CcP and its mutants are generally stable between pH 4 and 8,
and spectra for all threeW51Hmutants were recorded at pH 4.0,
6.0, and 8.0. The pH 4.0 spectra indicate that the three W51H
mutants are significantly less stable at pH 4.0 than wild-type
rCcP. When solutions of the W51H mutants are adjusted to
pH 4.0, the intensity of the Soret maximum decreases signifi-
cantly compared to its absorbance at pH 6.0, and the spectrum
is time-dependent with continued loss of absorptivity in the
Soret region. Because of the low stability of the W51H mutants
at low pH, we have focused on the spectral properties between
pH 6 and 8.

The spectra for CcP(W51H/H52L) at pH 6.0 and 8.0 are
shown in Figure 2, while spectra for CcP(W51H) and CcP
(W51H/H52W) are shown Figures S1 and S2 of the Supporting
Information. Note that the spectrum of CcP(W51H/H52L)
and CcP(W51H) are almost identical at pH 6.0 (Figures 1 and
2 and Table 1). Comparison of the spectra of the mutants at
pH6.0 and 8.0 indicates that the heme-boundwater ionizes in this
pH region and that the pH 8.0 spectra are those of the
predominantly hydroxyl-ligated mutants with a six-coordinate,
low-spin ferric heme group. Spectral parameters for the three
mutants at pH 8.0 are included in Table 1.
Reaction of the CcP Mutants with Hydrogen Peroxide.

Addition of excess hydrogen peroxide to CcP(W51H) at pH 6.0
causes formation of an oxidized intermediate with spectroscopic
characteristics similar to those of yeast CcP Compound I
(Figure 3). CcP(W51H) Compound I has R, β, and Soret bands
at 558, 530, and 416 nm, respectively, compared to rCcP
Compound I, which has R, β, and Soret bands at 560, 530, and
420 nm, respectively. The extinction coefficients at the maxima
are also similar (Table 1). For reasons to be presented later, the
spectrum of CcP(W51H) Compound I shown in Figure 3 was
corrected for ∼15% Compound I decay.

The rate of reaction between theW51Hmutants and hydrogen
peroxide was investigated using stopped-flow techniques. The
reactions of all three mutants were biphasic with the major phase
of the reaction accounting for 80-88% of the reaction amplitude
at 424 nm. Figure 4 shows a plot of the absorbance change at
424 nm upon addition of 21.0 μMH2O2 to 2.25 μMCcP(W51H)
at pH 6.0. The formation of CcP(W51H) Compound I is biphasic
with the fast phase of the reaction contributing ∼80% to the
reaction amplitude. The observed rates were determined as
a function of the H2O2 concentration (11-84 μM), and both
increase linearly with an increasing H2O2 concentration
(Figure 5). The slopes of the plots shown in Figure 5 give the
apparent bimolecular rate constants for the reaction betweenCcP
(W51H) andH2O2. The fast and slow phases of the reaction have
bimolecular rate constants of (8.5( 0.1)� 105 and (5.8( 1.0)�
104 M-1 s-1, respectively. These data are collected in Table 2
along with those of yCcP, rCcP, and other CcP mutants.

The reaction between CcP(W51H/H52W) and hydrogen per-
oxide shows a somewhat different pattern of reactivity compared
to that of CcP(W51H). The reaction is biphasic, but in the case of
CcP(W51H/H52W), the major phase of the reaction (86%) has
the slower rate, with an apparent bimolecular rate constant of

FIGURE 1: Absorption spectrum of CcP(W51H) (thick line) and
rCcP (thin line) at pH 6, in a 0.10 M ionic strength potassium
phosphate buffer, at 25 �C.

Table 1: Peak Positions and Extinction Coefficients for the W51H Mutants of CcP and Their Cyanide Complexesa

protein pH protein band λ (ε) δ band λ (ε) Soret band λ (ε) visible region λ (ε)

rCcP 6.0 281 (76) 408 (101) 508 (11.2), 641 (3.5)

CcP(W51H) 6.0 281 (76) 409 (159) 502 (9.8), 632 (4.8)

CcP(W51H/H52L) 6.0 281 (76) 408 (160) 502 (10.5), 633 (4.7)

CcP(W51H/H52W) 6.0 278 (90) 409 (137) 526 (9.5), 632 (3.1)

rCcP 8.0 281 (75) 410 (98) 515 (10.3), 639 (2.7)

CcP(W51H) 8.0 277 (75) 412 (119) 533 (10.2)

CcP(W51H/H52L) 8.0 278 (75) 410 (105) 533 (9.7)

CcP(W51H/H52W) 8.0 278 (88) 412 (111) 533 (10.5)

rCcP Compound I 6.0 278 (74) 420 (107) 530 (12.9), 560 (14.7)

CcP(W51H) Compound I 6.0 416 (115) 530 (12.8), 558 (13.4)

rCcP-CN 6.0 282 (83) 362 (34) 422 (117) 542 (13.4)

CcP(W51H)-CN 6.0 280 (74) 364 (34) 422 (112) 540 (13.0)

CcP(W51H/H52L)-CN 6.0 277 (80) 362 (39) 421 (112) 542 (12.6)

CcP(W51H/H52W)-CN 6.0 277 (91) 360 (32) 420 (109) 541 (13.1)

a λ, wavelength in nm. ε, extinction coefficient in M-1 cm-1.
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(1.6( 0.1) � 105 M-1 s-1, while the minor phase of the reaction
has the larger rate constant, (8.6 ( 3.4) � 105 M-1 s-1.

CcP(W51H/H52L) shows a third pattern of reactivity. The
reaction with hydrogen peroxide is much slower compared to
those of the first two W51H mutants with the apparent second-
order rate constant for the major phase (88%) of the reaction
being only (7.8( 0.4)� 103M-1 s-1 (Figure S4 of the Supporting
Information). The minor phase of the CcP(W51H/H52L)/H2O2

reaction is independent of hydrogen peroxide concentration
(Figure S5 of the Supporting Information), with an apparent
first-order rate constant of (6 ( 3) s-1 (Table 2), quite different
from the peroxide dependence of the minor phases of the
reactions with CcP(W51H) and CcP(W51H/H52W).

The major, bimolecular phases of the reaction between the
W51H mutants and hydrogen peroxide show significant de-
creases in the rate of reaction, with 56-, 300-, and 6200-fold
decreases for CcP(W51H), CcP(W51H/H52W), andCcP(W51H/
H52L), respectively, compared to that of rCcP, indicating that
the position of the distal histidine has a significant effect on the
rate of reaction with H2O2.

Decay of Compound I Formed by the W51H Mutants.
Another profound difference between the W51H mutants and
either yCcP or rCcP is that Compound I formed by the W51H
mutants is significantly less stable than Compound I formed by
yCcP (24). In addition, the pattern of endogenous reduction of
the Fe(IV)dO heme and radical sites in Compound I of the
W51H mutants is unique. Figure 6 shows the change in absor-
bance over a period of 1 h at 424 nm after addition of 2.07 equiv
of H2O2 to CcP(W51H) at pH 6.0. The data are triphasic and
were fit to a three-exponential decay curve using nonlinear least-
squares regression. The fastest phase of the reaction is also the
one that produces the largest decrease in absorbance at 424 nm
and is attributed to reduction of the Fe(IV)dO heme in CcP
(W51H) Compound I. Best-fit values for the decay rates and

FIGURE 2: Spectra of CcP(W51H/H52L) at pH 6 (solid line) and
pH 8 (dashed line). The visible regions of the spectra are shown
multiplied by a factor of 10.

FIGURE 3: Spectra of CcP(W51H) (thin solid line), CcP(W51H)
Compound I (thick solid line), and yCcP Compound I (dashed line).
The visible regions of the spectra are shown multiplied by a factor of
5.The spectrumofCcP(W51H)Compound Iwas calculated from the
initial spectrum acquired (dotted line) after manual mixing of
7.24 μM CcP(W51H) and 20.8 μM H2O2 (∼10 s) by correcting for
an estimated ∼15% of decay product.

FIGURE 4: Absorbance change at 424 nm upon addition of 21 μM
H2O2 to 2.25μMCcP(W51H) at pH6.0.Datawere acquired between
7.55 ms and 50 s using a logarithmic time with the Applied Photo-
physics stopped-flow spectrophotometer; only the first 2 s of the data
is shown, and these are shown on a linear time axis. The absorbance
change is biphasic and was fit to the sum of two exponential curves.
Nonlinear least-squares regression analysis gives best fit values of
20.9(0.1 and1.23( 0.03 s-1 for the observedpseudo-first-order rate
constants and amplitude values of 0.0652 ( 0.0001 and 0.0132 (
0.0001 for the fast and slow phases, respectively. Both the data and
the regression line, which are superimposable, are shown.

FIGURE 5: Plot of the observed rate constants for the CcP(W51H)/
H2O2 reaction at pH 6.0 as a function of H2O2 concentration: fast
major phase of the reaction, k1

obs (b, left-hand axis), and slowminor
phase of the reaction, k2

obs (O, right-hand axis). The slopes of the
plots give the apparent bimolecular rate constants, k1

app and k2
app,

for the reaction between substrate and enzyme. These data are
collected in Table 2 for both the major and minor phases of the
reaction.
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amplitudes of the three phases are collected in Table 3. The
observed amplitudes in Table 3 are expressed as the percent of the
total absorbance change between Compound I and the native Fe
(III) form of the enzyme. A negative sign indicates a decrease in
absorbance at 424 nm, while a positive sign indicates an increase
in absorbance. The latter two phases of CcP(W51H) Compound
I decay are attributed to either reduction of the radical site or
migration of the radical site away from the heme.

For CcP(W51H/H52W) and CcP(W51H/H52L), the rate of
formation of Compound I is 5-100 times slower than for CcP
(W51H) and the rate of decay is 2-6 times faster. As a
consequence, when a stoichiometric amount of H2O2 is added
to the two doublemutants usingmanual mixing procedures, only
∼20% of Compound I is formed for CcP(W51H/H52L) and
10%forCcP(W51H/H52W). The decay ofCompound I for these
two double mutants was followed at 424 nm for 1 h. The decay is
biphasic with the fast phase, attributed to reduction of the Fe(IV)
dO heme, causing a decrease in absorbance at 424 and the slow
phase, attributed to radical reduction ormigration away from the
heme pocket, causing an increase in absorbance at 424 nm
(Figure S6 of the Supporting Information). The small amplitude
of the second phase of the decay reaction makes it difficult to
obtain accurate values for the rate constant. In addition, there is
some evidence that the rate may depend upon the initial ratio of
H2O2 concentration to enzyme concentration used to generate
Compound I. The kinetic parameters are collected in Table 3.

The rapidity of decay of the Fe(IV) site in all three mutants
containing the W51H alteration makes determination of the

Compound I spectrumdifficult. The fastest rate of formation and
the slowest rate of decay ofCompound I are forCcP(W51H).The
spectrum of CcP(W51H) Compound I, determined frommanual
mixing experiments, is shown in Figure 3. It is estimated that
∼15% of the Fe(IV) site had decayed by the time the spectrum of
CcP(W51H) Compound I was recorded. The rates of Compound
I formation are slower for the double mutants (Table 2), and the
decay of the Fe(IV) site is faster (Table 3); therefore, Compound I
spectra were not obtained for the double mutants.
Spectroscopic Properties of Cyanide Binding to the CcP

Mutants. Addition of buffered cyanide solutions to the three
CcP mutants causes large changes in the absorption spectrum of
the enzyme. Spectral changes associated with cyanide binding to
CcP(W51H) at pH 6.0 are shown in Figure 7. Upon binding of
cyanide, the Soret maximum of CcP(W51H) shifts from 409 to
422 nmwith the extinction coefficient decreasing from 159 to 112
mM-1 cm-1. The spectrum of the cyanide complex is typical of
a six-coordinate, low-spin species with a prominent β band at
540 nm. The spectrumof the cyanide complex of rCcP is shown in
Figure 7 for the sake of comparison. The spectra of the cyano
complexes of the double CcP mutants are shown in Figures S7
and S8 of the Supporting Information and are similar to that
shown inFigure 7. Spectral parameters for the cyanide complexes
of all three CcP mutants are collected in Table 1.
Equilibrium Dissociation Constants for Binding of Cya-

nide to the CcPMutants. Titration of the threeW51Hmutants
with buffered cyanide solutions at pH 6.0 fit a simple one-to-one
titration equation. The titration data for CcP(W51H) are shown
in Figure 8. The absorbance was monitored at 428 nm, the
wavelength of maximum absorbance change between cyanide-
bound and cyanide-free CcP(W51H). The binding is quite strong,
and the data were fit to the quadratic form of the one-to-one
titration equation (eq 1).

ΔA ¼ ΔA¥

2ET
½ET þ LT þ

Kequil
D -

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðET þ LT þ Kequil

D Þ2 -4ETLT

q � ð1Þ

where ET and LT are the total concentrations of enzyme and
ligand in solution, respectively, ΔA¥ is the maximum change in
absorbance in the presence of an infinite concentration of ligand,
andKD

equil is the equilibrium dissociation constant for the cyanide
complex. Best-fit values for ΔA¥ and KD

equil were determined
using nonlinear least-squares regression. The best-fit value for
KD
equil in the experiment shown in Figure 8 is 14 ( 2 μM.

The equilibrium dissociation constants for yCcP and the three
W51Hmutants are collected inTable 4. The affinity for cyanide is
decreased 2-8-fold in the threeW51Hmutants compared to that
in yCcP (25).
Kinetics of Binding of Cyanide to the CcP Mutants. The

binding of cyanide to the CcP mutants was sufficiently fast that

Table 2: Rate Constants for Formation of Compound I from Selected CcP Mutants at pH 6.0

protein k1 (major phase) (M-1 s-1) k2 (minor phase) % amplitude (major phase)

yCcPa (4.5( 0.3)� 107 100

rCcPa (4.8( 0.2)� 107 (1.3( 0.1)� 106M-1 s-1 82

W51H (8.5( 0.1)� 105 (5.8( 1.0)� 104M-1 s-1 80

W51H/H52W (1.6( 0.1)� 105 (8.6( 3.4)� 105M-1 s-1 86

W51H/H52L (7.8 ( 0.4)� 103 6( 3 s-1 88

H52Lb (7.3( 0.4)� 102 100

aData from ref 35. bData from ref 8.

FIGURE 6: Decay of CcP(W51H) Compound I at pH 6.0. With
respect to experimental conditions, 7.91 μM H2O2 was manually
added to 3.82 μMCcP(W51H) (∼10 s) and the absorbance at 424 nm
was measured at 15 s intervals for a period of 1 h. The absorbance
change was normalized to 1.00 μM enzyme. The upper and lower
dashed lines represent the absorbance of 1 μM CcP(W51H) Com-
pound I and CcP(W51H), respectively. The data were fit to a three-
exponential decay curve using nonlinear least-squares regression.
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the reaction was monitored by stopped-flow techniques. The
reactions of cyanide with all three mutants are biphasic under all
experimental conditions, and the observed rate constants are
defined as kfast and kslow for the fast and show phases, respec-
tively. The fast rate constant, kfast, is linearly dependent upon the
cyanide concentration, while kslow is independent of cyanide
concentration (Figure 9 and Figures S11 and S12 of the Support-
ing Information). Association and dissociation rate constants
for cyanide binding, ka and kd, respectively, can be determined
from the slopes and intercepts of the plots of kfast as a function of
the cyanide concentration shown in Figures 9, S11, and S12.
The slow rate is attributed to an isomerization between two
conformations of the enzyme. The values of ka, kd, and kslow for
the three CcP mutants are listed in Table 4 along with data for
yCcP (25). The association rate constant is between 5 and
85 times slower for the mutants than for yCcP, while the
dissociation rate constants are similar, ranging from 3 times
slower to 6 faster compared to that of yCcP.

DISCUSSION

Spectroscopic Properties of CcP Variants. All heme
proteins have four characteristic absorption bands defined as
the R, β, γ (Soret), and δ bands in the visible and near-UV region
of the electronic absorption spectrum (26, 27). High-spin ferric
heme proteins have two additional ligand-to-metal charge trans-
fer bands designated CT1 and CT2 (26, 27). Both the band
position and the extinction coefficient are sensitive to the spin and
coordination state of the ferric heme group, providing informa-
tion about the nature of heme ligation. Heme protein spectra are
often pH-dependent, indicating changes in heme coordination
with changes in pH.

The CcP variants with the W51H mutation have dramatically
altered absorption spectra compared to that of wild-type CcP,
and at pH 6.0, their spectra are very similar to that of metmyo-
globin (23). The spectra of the mutants are characteristic of a
heme group with water bound at the sixth coordination site.
Going from a five-coordinate heme to a six-coordinate heme
increases the extinction coefficient at the Soret maximum by
∼60%. The heme-bound water in CcP(W51H) and CcP(W51H/
H52L) ionizes between pH 6 and 8, and the spectra at pH 8 are
consistent with hydroxide ion binding to the heme iron (Table 1).
At pH 4, the Soret band for all three mutants undergoes a loss of
absorptivity, suggesting the beginning of acid denaturation,
which is confirmed by the time dependence of the spectra.

Savenkova et al. (28) have made similar mutations in horse-
radish peroxidase, HRP, and did not observe significant changes
in the spectrum of HRP as seen for the W51H mutants of CcP.
The amino acid residues forming the distal heme pocket in HRP
are Arg-38, Phe-41, and His-42, with Phe-41 in a position
equivalent to that of Trp-51 in CcP. The extinction coefficient
at the Soret maximum of HRP(F41H/H42A) is similar to that
of wild-type HRP (28). However, metmyoglobin (metMb) mu-
tants do show large perturbations of the absorption spectrum
depending upon the presence or absence of heme-bound water.
Brancaccio et al. (29) have shown that sperm whale metMb is
five-coordinate when an apolar residue such as Val, Ile, Leu, or
Phe is substituted for the distal histidine,His-64.Matsui et al. (11)
show that while sperm whale metMb(H64L) has a substantially
decreased Soret absorption compared to that of wild-type
metMb, consistent with five-coordinate heme, double mutations
that move the distal histidine to alternative locations within the
distal heme pocket can restore the water binding to the heme.

Table 3: Kinetic Parameters for Compound I Decay for yCcP and the W51H Mutantsa

Fe(IV) site k1
decay (s-1) ΔA1

obs (%) radical site 1 k2
decay (s-1) ΔA2

obs (%) radical site 2 k3
decay (s-1) ΔA3

obs (%)

yCcPb (2.9( 0.6)� 10-5 -80 (1.3( 0.3)� 10-3 -20

W51H (1.4( 0.3)� 10-2 -83 (3.2( 1.2)� 10-3 -19 2� 10-5 to 2� 10-6 +17

W51H/H52W (8.8 ( 0.5)� 10-2 -8 1� 10-3 to 7� 10-4 +5

W51H/H52L (3.7 ( 0.1)� 10-2 -31 2� 10-3 to 5� 10-4 +16

aAt pH 6.0, 0.10 M ionic strength with potassium phosphate buffer, [H2O2]/[enzyme] ratio between 0.7 and 2.1. The observed amplitudes are expressed as
the percent of the total absorbance change betweenCompound I and the native Fe(III) form of the enzyme.A negative sign indicates a decrease in absorbance at
424 nm for the decay process, while a positive sign indicates an increase in absorbance. bData from ref 24.

FIGURE 7: Spectra ofCcP(W51H) (thin solid line), theCcP(W51H)-
cyanide complex (thick solid line), and the rCcP-cyanide complex
(dashed line) atpH6.0.Spectroscopic parametersare listed inTable 1.

FIGURE 8: Titration of CcP(W51H) with cyanide at pH 6.0. A 5 μM
solution of CcP(W51H) was titrated with small aliquots of buffered
KCN. The absorbance changes at 428 nm were monitored and
corrected for dilution. The data fit a simple one-to-one titration
curve. Nonlinear least-squares regression gave a best-fit value for the
equilibrium constant (KD

equil) of 14 ( 2 μM.
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The spectra of metMb(L29H/H64L) and metMb(F43H/L64L)
are similar to that of wild-type metMb, indicating heme-bound
water.
Reaction of the CcP Mutants with Hydrogen Peroxide.

A primary objective of this study was to determine if the location
of the distal histidine residue within the distal heme pocket would
have a significant effect on the rate of reaction with hydrogen
peroxide. The answer is yes, with the three W51H mutants all
reacting with H2O2 at reduced rates. The reduction varies from
56-fold for CcP(W51H) (which has two histidines in the heme
pocket) to 6200-fold for the double mutant W51H/H52L. The
reduction in rate is attributed to disruption of the hydrogen
bonding network and the rearrangement of water molecules
within the distal heme pocket. TheW51Hmutation allows water
to bind to the heme iron at pH 6.0, and this ligation may be
important in slowing the H2O2 reaction. If one assumes that the
five- and six-coordinate forms of CcP are in rapid equilibrium
and that H2O2 reacts with only the five-coordinate form, the
observed rate constant for the mutants would be the bimolecular
rate constant for the five-coordinate form times the fraction of
enzyme in the five-coordinate form.

If the only effect of the W51H mutation in CcP(W51H) is to
facilitate coordination of water to the heme iron, then an estimate
of the equilibrium fraction of five-coordinate heme in thismutant
can be made by multiplying the ratio of k1 for CcP(W51H) to k1
for rCcP by 100%. The estimated fraction of five-coordinate
heme in CcP(W51H) is 1.8%. This estimate assumes that the
W51H mutation does not interfere with the catalytic His-52,
which is still present in this enzyme.

The CcP double mutants have reduced activity compared to
CcP(W51H), and we suggest that a second factor contributes to
slowing the reactionwithH2O2, the reduced catalytic efficiency of

His-51 compared to His-52. CcP(W51H/H52W) is 5-fold less
active than CcP(W51H), while CcP(W51H/H52L) is ∼100-fold
less active. It is interesting to note that the identity of the residue
at position 52 causes a 20-fold difference in activity. This is most
likely due to alteration of the hydrogen bonding network within
the distal heme pocket depending upon whether a leucine or
tryptophan residue is at position 52. The tryptophan side chain
can hydrogen bond to water, while that of leucine cannot. While
both mutations allow water to coordinate to the heme iron, the
W51H/H52Lmutantmay be less efficient at deprotonation of the
incomingH2O2, slowing its binding to the heme iron. It is difficult
to assess the catalytic efficiency of His-51 in the CcP W51H
double mutants since multiple factors are involved. However,
the spectra of CcP(W51H) and CcP(W51H/H52L) are almost
identical, andwe can assume the fraction of five-coordinate heme
enzyme is approximately the same, ∼2%. If this is true, then
His-51 catalyzes the activation ofH2O2∼100 times less efficiently
than His-52, with a rate of ∼5 � 105 M-1 s-1 for the
five-coordinate form of the mutant, compared to a rate of
∼5 � 107 M-1 s-1 for the five-coordinate form of rCcP.

Ortiz de Montellano and colleagues have performed similar
studies with HRP (9, 28, 30). Mutations within the distal heme
pocket of HRP do not appear to affect heme ligation, and this
minimizes the problem of correcting for the inactive six-coordi-
nate forms of the mutants. In the case ofHRP, the observed rates
of reaction with H2O2 can be used directly to assess the effect of
relocating the distal histidine. HRP(F41H/H42A) is 300 times
less reactive than native HRP (28), indicating that a histidine at
position 41 is∼300-fold less efficient than the wild-type histidine
at position 42. The 300-fold decrease in catalytic activity for His-
41 is similar to the 100-fold decrease in catalytic efficiency we
attributed to His-51 in CcP. Ortiz de Montellano and colleagues
have also relocated the histidine to the arginine position in the
distal heme pocket, residue 38 in HRP and residue 48 in CcP.
Histidine at position 38 is much less effective in promoting
the reaction between H2O2 and the heme iron in HRP than
either His-41 or His-42. The HRP(R38H/H42V) mutant is∼2 �
104 times less reactive than native HRP (30) and only approxi-
mately 80-160-fold more reactive than HRP(H42A) and HRP
(H42V), two mutants that lack a distal histidine (9).

The studies on the relocation of the catalytic histidine within
the distal heme pocket are consistent with the idea that the active
sites in the peroxidases have been optimized for H2O2 activation.
Moving the histidine to either theArg site (position 38 inHRP) or
the aromatic residue site (position 41 in HRP and position 51 in
CcP) decreases the rate of reaction with H2O2. MetMb reacts
with H2O2 to form a “Compound I-like” intermediate (6);
however, it has not evolved to optimize this reactivity. Several
studies have shown that the rate of reaction between H2O2

and metMb can be enhanced by specific mutations within
the distal heme pocket as well as elsewhere within the molecule
(10-12, 31-33). Three single-site mutants have been reported

Table 4: Equilibrium and Kinetic Parameters for Binding of Cyanide to the W51H Mutants of CcPa

ka (M
-1 s-1) kd (s

-1) kslow (s-1) KD
kin (μM) Kiso KD

equil (μM)

yCcPb (1.1( 0.1)� 105 0.39( 0.05 3.6( 0.6 6( 3

W51H (5.7( 0.3)� 103 0.60( 0.04 0.36( 0.11 110( 10 0.15( 0.03 14( 2

W51H/H52W (2.1( 0.1)� 104 2.5( 0.3 0.63( 0.18 120( 20 0.62( 0.21 46( 6

W51H/H52L (1.3( 0.1)� 103 0.11( 0.03 0.16( 0.11 85( 24 0.60( 0.30 32( 4

aAt pH 6.0 and 0.10 M ionic strength with potassium phosphate buffer. bFrom ref 25.

FIGURE 9: Plots of the observed rate constants for binding of cyanide
to CcP(W51H) at pH 6.0: (b) observed rate constant, kfast, for the
major phase of the reaction and (O) observed rate constant, kslow, for
the minor phase of the reaction.
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that increase the rate of reaction with H2O2. H64Q has been
reported to increase the rate 3.2-fold (10), although a second
study saw no enhancement (31). H64D is reported to increase the
rate 50-70-fold, the largest increase reported to date (32). F46L
enhances the H2O2 rate by a factor of 2.4 even though Phe-46 is
not within the distal heme pocket (33). The F46L mutation was
identified in an in vitro random mutagenesis study that was
screened for increased peroxidase activity. Two double mutants,
L29F/V68F (31) and F43H/H64L (11), have reported enhance-
ments of 2.7- and 11-fold, respectively, with the latter specifically
designed tomove the distal histidine to a locationwithin the heme
pocket that better mimics the position of the distal histidine in the
peroxidases. A third double mutant, F46L/I107F, was identified
in the second round of random mutagenesis and enhanced the
rate 4.9-fold (33). In the final two rounds of randommutagenesis,
a triple mutant, T39I/F46L/I107F, and a quadruple mutant,
T39I/K45D/F46L/I107K, that increased the H2O2 reaction rate
by factors of 19 and 25, respectively, were identified (33). All of
themutations in the randommutagenesis studywere on the distal
side of the heme, although none of the sites are generally
recognized as being within the distal heme pocket or having
significant influence on the functional or spectroscopic properties
of metMb.
Decay of Compound I Formed by the W51H Mutants.

The decay of CcP(W51H) Compound I is distinctly different
from the decay of wild-type CcP Compound I (24). Decay of
yCcPCompound I is biphasic with an initial fast phase [k1

decay=
(1.3 ( 0.3) � 10-3 s-1] accounting for 20% of the total
absorbance change and a slower phase [k2

decay = (2.9 ( 0.6) �
10-5 s-1] accounting for 80% of the reaction. The initial phase is
attributed to migration of the Trp-191 radical to alternative sites
and the second phase to reduction of the Fe(IV) site in yCcP
Compound I. Using the decay rate constants associated with the
largest absorbance changes at 424 nm [∼80% of the total
absorbance change for both CcP(W51H) and yCcP] as ameasure
of the reduction of the Fe(IV)dO heme in Compound I, the
Fe(IV) site in CcP(W51H) Compound I is∼500 times less stable
than the Fe(IV) site in yCcPCompound I, while theW51H/H51L
and W51H/H52W mutants are 1100- and 3000-fold less stable.

The second unusual aspect of the decay of CcP(W51H)
Compound I is that the absorbance at 424 nm actually decreases
below that of the native Fe(III) state of the enzyme and then
recovers to that of the native state (Figure 6). All mutants
containing the W51H alteration, CcP(W51H), CcP(W51H/
H52L), and CcP(W51H/H52W), show this decrease in absor-
bance below that of the of the Fe(III) state before recovery to that
of the Fe(III) state. We have observed this behavior only for the
W51H mutants. The initial phase of Compound I decay in the
W51H mutants is reduction of the Fe(IV)dO heme site, produ-
cing a protein-based radical species. If the radical species is near
the Fe(III) heme group, it most likely perturbs the spectrum
of the heme. A calculated difference spectrum between CcP
Compound I and CcP Compound II shows a decrease of
∼0.004 μM-1 cm-1 at 424 nm (34), the difference in absorbance
of the Fe(IV) site with and without the Trp-191 radical. The
amplitude of this perturbation is similar to the amplitudes of the
second and third phases of the decay ofCcP(W51H)Compound I
(Figure 6), providing some support for the idea that the two
slower decay phases represent the reduction of the radical site or
migration of the radical away from the vicinity of the heme.
Binding of Cyanide to the CcP Mutants. At pH 6.0, the

rate of binding of cyanide to yCcP is monophasic (25), while the

rates of binding for the three W51H mutants are biphasic. The
fast phase of the reaction with the W51H mutants is linearly
dependent upon the cyanide concentration (Figures 9, S11, and
S12), indicating that the fast phase is the bimolecular cyanide
binding reaction. The slow, cyanide-independent phase
(Figures 9, S11, and S12) is attributed to an isomerization within
the enzyme.

Enzyme isomerization can affect the apparent equilibrium
dissociation constant for the cyanide complexes. If one compares
the kinetically calculated equilibrium constant (KD

kin = kd/ka) for
the monophasic binding of cyanide to yCcP with the equilibrium
constant determined from equilibriummeasurements (KD

equil), the
two values are within experimental error (Table 4), confirming
that binding of cyanide to yCcP is a simple bimolecular process.
However, for the three W51H mutants, the value of KD

kin is from
3 to 8 times larger thanKD

equil (Table 4). The discrepancy between
KD
kin and KD

equil can be rationalized in terms of Scheme 1. In
Scheme 1, the enzyme exists in two conformational states, E and
E0, interconverting with rate constants ki and k-i. These two
enzyme states are not the penta- and hexacoordinate forms but
some other conformational equilibrium that affects the rate of
cyanide binding. Under the experimental conditions used in this
study, cyanide binding is faster than the conformational isomer-
ization and kfast and kslow are given by eqs 2 and 3, respectively.
The isomerization equilibrium constant is defined in eq 4. Like-
wise, KD

kin and KD
equil are given by eqs 5 and 6, respectively. The

value of Kiso can be calculated from KD
kin and KD

equil, and the
calculated values are included in Table 4.

kfast ¼ ka½CN� þ kd ð2Þ

kslow ¼ ki ð3Þ

Kiso ¼ ½E�=½E0� ¼ ki=k-i ð4Þ

Kkin
D ¼ kd=ka ð5Þ

Kequil
D ¼ Kkin

D Kiso=ð1 þ KisoÞ ð6Þ
The rate of cyanide binding, characterized by ka, can be viewed as
diffusional partitioning of HCN into the distal heme pocket,
followed by ionization of HCN within the pocket and binding of
the cyanide anion to the heme iron. For many heme proteins, the
rate of ionization of HCN within the distal heme pocket appears
to be a rate-controlling step for cyanide binding (29, 36), and this
seems to be the case for the CcP W51H mutants.
Conclusions. The data presented in this study, along with

other studies cited from the literature, support the idea that the
structure of the peroxidase distal heme pocket has evolved to
optimize activation of H2O2 to form the oxidized enzyme
intermediate known as Compound I. All known mutations in
the distal heme pocket of the peroxidases tested to date decrease
the rate of the H2O2 reaction (37). Even relatively small changes
such as moving the ε-nitrogen of the distal histidine∼0.4 Å closer

Scheme 1
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to the heme iron and placing it in an orientation similar to that in
catalase (38) decrease the rate of Compound I formation 300-fold
as seen for CcP(W51H/H52W). There are at least two factors
involved in decreasing the rate of reaction with H2O2, less
efficient base catalysis due to relocation of the distal histidine
and blockage of the heme iron due to water binding. It is
estimated that water coordination to the heme iron decreases
the rate by a factor of∼50, related to the fraction of enzyme in the
hexacoordinate form, while relocation of the distal histidine from
position 52 to 51 causes decreases on the order of 5-100-fold due
to less efficient base catalysis of the binding of hydrogen peroxide
to the heme iron.

SUPPORTING INFORMATION AVAILABLE

Figures showing the spectra of CcP(W51H), CcP(W51H/
H52W), and their cyanide complexes, hydrogen peroxide kinetic
data, and cyanide binding data. This material is available free of
charge via the Internet at http://pubs.acs.org.
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