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ABSTRACT: The role of two tryptophans (Trp51 and Trp191) and six tyrosines (Tyr36, Tyr39, Tyr42,
Tyr187, Tyr229, and Tyr236) in yeast cytochromec peroxidase (CcP) has been probed by site-directed
mutagenesis. A series of sequential mutations of these redox-active amino acid residues to the corresponding,
less oxidizable residues in lignin peroxidase (LiP) resulted in an increasingly more stable compound I,
with rate constants for compound I decay decreasing from 57 s-1 for CcP(MI, W191F) to 7 s-1 for CcP-
(MI, W191F,W51F,Y187F,Y229F,Y236F,Y36F,Y39E,Y42F). These results provide experimental support
for the proposal that the stability of compound I depends on the number of endogenous oxidizable amino
acids in proteins. The higher stability of compound I in the variant proteins also makes it possible to
observe its visible absorption spectroscopic features more clearly. The effects of the mutations on oxidation
of ferrocytochromec and 2,6-dimethoxyphenol were also examined. Since the first mutation in the series
involved the change of Trp191, a residue that plays a critical role in the electron transfer pathway between
CcP and cytc, the ability to oxidize cytc was negligible for all mutant proteins. On the other hand, the
W191F mutation had little effect on the proteins’ ability to oxidize 2,6-dimethoxyphenol. Instead, the
W51F mutation resulted in the largest increase in thekcat/KM, from 2.1 × 102 to 5.0 × 103 M-1 s-1,
yielding an efficiency that is comparable to that of manganese peroxidase (MnP). The effect in W51F
mutation can be attributed to the residue’s influence on the stability and thus reactivity of the ferryl
oxygen of compound II, whose substrate oxidation is the rate-determining step in the reaction mechanism.
Finally, out of all mutant proteins in this study, only the variant containing the Y36F, Y39E, and Y42F
mutations was found to prevent covalent protein cross-links in the presence of excess hydrogen peroxide
and in the absence of exogenous reductants. This finding marks the first time a CcP variant is incapable
of forming protein cross-links and confirms that one of the three tyrosines must be involved in the protein
cross-linking.

Redox-active amino acids, such as tyrosines and tryp-
tophans, can form radicals under oxidative conditions and
have been shown to play important roles in protein catalysis
and cellular oxidative stress. Understanding the exact location
and the nature of the protein radicals and their effect on the
structure and function of proteins has been the subject of
intense study (1). One primary example is the elucidation
of the role of tyrosine and tryptophan radicals in peroxidase
activity of heme proteins such as myoglobins (2) and
peroxidases (3-6).

Reaction of H2O2 with ferric heme in myoglobins or
peroxidases results in a state that is two oxidizing equivalents
above the resting state (6, 7). One of the oxidizing equivalents

is stored as the oxyferryl [Fe(IV)dO] state. In most peroxi-
dases, such as horseradish peroxidase (HRP),1 lignin per-
oxidase (LiP), and manganese peroxidase (MnP), the other
oxidizing equivalent is stored as a stable porphyrinπ cation
radical. The resulting heme protein is called compound I.
On the other hand, in myoglobin (Mb) and cytochromec
peroxidase (CcP), the porphyrinπ cation radical is observed
only transiently or not at all. Instead, the second oxidizing
equivalent is manifested as a stable protein radical. To
differentiate this state from the compound I mentioned above,
compound ES has often been used to refer to the state with
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a stable protein radical as the second oxidizing equivalent
in CcP (8-13).

The location of the radical and the mechanism of its
formation in myoglobin have been investigated by a variety
of biochemical and biophysical techniques (14-23). From
the studies, both tryptophan and tyrosine radicals have been
observed. For sperm whale Mb, the tryptophan radical is
primarily located at Trp14 while the tyrosine radical is at
either Tyr103 or Tyr151. In human Mb, an additional
cysteine radical was also observed (22, 23). The studies
support a model in which the second oxidizing equivalent
is spread over a few redox-active amino acids, at least some
of which are in equilibrium with each other (2, 20, 21). These
radical formations are responsible for both the protein-
protein and protein-heme cross-linking observed in the
system.

While Mb contains a limited number of tryptophans and
tyrosines (two tryptophans and three tyrosines for sperm
whale Mb), CcP from Saccharomyces cereVisiae has an
unusually high number of tryptophans (seven) and tyrosines
(fourteen) for its size (34 kDa). These numbers are high even
when compared with other peroxidases of similar size, such
as horseradish peroxidase (one Trp and four Tyr), ascorbate
peroxidase (two Trp and seven Tyr), lignin peroxidase (three
Trp and no Tyr), and manganese peroxidase (one Trp and
no Tyr). For years, CcP was one of a few proteins known to
utilize a protein radical for its function, which is believed to
be the oxidation of cytochromec (3-6). The primary location
of the protein radical in CcP was proposed to be either
tryptophan (Trp51 or Trp191) or methionine (Met172,
Met230, or Met231) on the basis of spectroscopic (8, 9, 24-
26) and crystallographic (27, 28) studies. Site-directed
mutagenesis of the above residues ruled out all but Trp191
as the site of the protein radical (10, 29, 30). On the other
hand, the W191F mutation resulted in a dramatic decrease
in CcP activity toward cytochromec oxidation (31), as well
as significant perturbation of spectroscopic signatures as-
signed to the protein radical (32-34). These results strongly
suggested that Trp191 was either the radical site or intimately
involved in the protein radical formation. Electron nuclear
double resonance (ENDOR) studies with deuterated me-
thionine or tryptophan of CcP variants, including the W191F
mutant protein, showed that Trp191 was the primary site of
the radical (11, 35, 36).

The W191F mutation in CcP allowed not only the
identification of Trp191 as the primary site of the protein
radical but also the observation of the porphyrinπ cation
radical for the first time (32). This occurrence may also
explain the presence of Phe at the corresponding position of
Trp191 in other peroxidases (such as HRP, LiP, and MnP)
that display stable porphyrinπ cation radicals. However, the
lifetime of the porphyrinπ cation radical in Trp191Phe CcP
is quite short (t1/2 ∼14 ms) (32). EPR and ENDOR studies
of the variant suggested that the porphyrinπ cation radical
decayed into a tyrosine-based radical (33, 34). Interestingly,
in the absence of exogenous reductant, the lifetimes of the
porphyrin π cation radical vary between peroxidases. For
example, the half-life of the radical in HRP and MnP is about
20 and 89 min, respectively (5, 6), while the half-life in LiP
is only a few seconds (37). The lifetime of the porphyrinπ
cation radical in peroxidases has been loosely correlated to
the number of endogenous redox-active amino acids present

in the polypeptide chain (5). Therefore, it is interesting to
investigate the role of tryptophans and tyrosines on the
lifetime of the porphyrinπ cation radical.

The EPR and ENDOR spectroscopic signals observed in
the Trp191Phe mutant protein that were attributed to a
tyrosine radical were also present in the compound ES of
wild-type CcP (WTCcP) (9, 10, 33, 34). However, these
signals in WTCcP were quite minor (0.05-0.2 spin) when
compared with the predominant signals from the Trp191
radical (∼1 spin). This observation indicates that, even
though Trp191 is the primary location of the protein radical
during the normal catalytic cycle of CcP, the radical may
spread onto other redox-active amino acids, especially when
no substrate (ferrocytc) or other exogenous reductants are
present. This observation is consistent with findings that
compound ES of WTCcP and its W191F and W51F variants
decayed spontaneously back to the resting ferric CcP, with
concomitant destruction of redox-active amino acids such
as tryptophans and tyrosines, especially when excess (g10
equiv) H2O2 was used (38-42). Higher molecular weight
species were observed in the decay products (42-44).
Peptide mapping of tryptic digests of the WTCcP dimer
indicated a dityrosine cross-link localized between residues
32 and 48, a sequence that includes Tyr36, Tyr39, and Tyr42
(43). Furthermore, Tyr236 was proposed to be an alternate
radical site to Trp191 when it was specifically modified by
2-aminothiazole in peroxide-oxidized Trp191Gly CcP (45).
A recent multifrequency high-field EPR study dismisses
Tyr236 as the alternate site and instead proposes it to be at
Tyr187, Tyr244, or Tyr251 (46).

Given the importance of tryptophans and tyrosines in
influencing the lifetime of compound I and providing
alternate radical sites for catalysis and for protein cross-
linking, we have made a series of site-directed mutants of
CcP, where two of the tryptophans in the active site and six
tyrosines on the proximal side (including Tyr36, Tyr39,
Tyr42, and Tyr236) have been replaced with the correspond-
ing residues of LiP. The effects of the sequential removal
of these endogenous redox-active amino acids on the lifetime
of compound I, substrate oxidation, and protein cross-linking
are reported.

EXPERIMENTAL PROCEDURES

Materials. HPLC-purified oligonucleotide primers (50
nmol scale) were ordered from Operon Technologies (Alame-
da, CA). Native and clonedPfupolymerases were purchased
from Stratagen (San Diego, CA). Restriction enzymes and
T4 DNA ligase were purchased from Gibco (Gaithersburg,
MD) or New England Biolabs (Beverly, MA) exceptDpnI,
which is obtained from Stratagen. XL-1 Blue and BL-21
Escherichia colicell strains were from Novagen (Madison,
WI) and were stored as frozen glycerol stocks. NaCl, 30%
hydrogen peroxide, Difco bacto-tryptone, and yeast extract
were purchased from Fisher Scientific (Pittsburgh, PA).
Horse heart cytochromec was obtained from Sigma (St.
Louis, MO). Plasmid DNA purification kits were purchased
from Qiagen (Valencia, CA). Protein chromatography col-
umns and chromatography materials were obtained from
Pharmacia (Piscataway, NJ). YM-10 membranes, stirred-cell
ultrafiltration apparatus, and Centricon-10 were from Amicon
(Beverly, MA). The low-range prestained SDS-PAGE
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protein standards were from Bio-Rad Laboratories (Hercules,
CA). Polymerase chain reactions and QCM reactions were
performed using a PTC-100 thermal cycler from MJ Re-
search (Watertown, MA). DNA sequencing was performed
by the University of Illinois Biotechnology Center, and the
University of Illinois Mass Spectroscopy facility performed
mass spectral analysis. Unless otherwise noted, chemicals
were obtained from commercial sources and used without
further purification. A hydrogen peroxide stock solution was
stored in the absence of light and the concentration deter-
mined by titration against KMnO4 or by UV absorption at
240 nm (47).

Construction, Expression, and Purification of Site-Directed
Mutant Proteins.Construction, expression, and purification
of site-directed mutant proteins were performed as described
previously (48-50). The CcP(MI) gene containing the Met-
Ile codon at the beginning was used as the template for site-
directed mutagenesis (30). The expressed protein with Met-
Ile at the N-terminus is identical to the native CcP in
structural and functional properties (30) and is thus called
wild-type CcP (WTCcP) in this paper. The primers for each
mutation were designed so that mutations caused insertion
or deletion of restriction sites in the plasmid containing the
CcP gene. The successful mutation was first screened by
restriction digests and then confirmed by DNA sequencing
and mass spectrometry of the purified proteins (results shown
in Table 1). Protein concentrations were calculated using the
extinction coefficients (ε408) shown in Table 1, determined
by a hemochromagen assay (51, 52). The extinction coef-
ficients were the average of at least two trials.

Electronic Absorption (UV-Vis) and Circular Dichroism
(CD) Studies.UV-vis spectra were obtained using a
Hewlett-Packard 8453 spectrophotometer. The samples were
in 50 mM potassium phosphate buffer at pH values specified
in the text or figure legends. CD spectra were taken using a
Jasco 720 spectrophotometer. The enzyme stock of 100µM
was diluted to 5µM in 50 mM phosphate, pH 6.0. The CD
spectra were measured from 250 to 200 nm using a quartz
cuvette with 0.1 cm path length. A scan rate of 50 nm/min
was used, and spectra were the average of four scans. The
observed ellipticityθ (millidegrees) was converted to molar
ellipticity [θ] by dividing θ with [10(Cl)], where C is
concentration (M) andl is the path length (0.1 cm) (53).
Percent helicity (fH) was calculated from the ellipticity at
222 nm [fH ) -([θ]222 + 2340)/30300].

Stopped-Flow Kinetics of Compound I Formation and
Decay.Stopped-flow UV-vis spectra were collected using
an Applied Photophysics Ltd. (Leatherhead, U.K.) SX18.MV
stopped-flow spectrometer equipped with a 256 element
photodiode array detector. Reactions were carried out at 21
°C using a circulating water bath. The protein and hydrogen

peroxide samples were prepared from concentrated stock
solution and dissolved in 50 mM potassium phosphate, pH
6.0. The hydrogen peroxide was always in excess of the
proteins to maintain the pseudo-first-order conditions. Spectra
were collected on a logarithmic basis for the first 10 s after
mixing. Kinetic constants were obtained using a global
analysis routine from the program Pro-Kineticist (Applied
Photophysics Ltd.).

Ferrocytochrome c Oxidation Assay. Horse heart cyto-
chromec was reduced with dithionite. Excess dithionite was
removed by passing the sample down a size exclusion (PD10)
column. The concentration of ferrocytochromec was deter-
mined at 550 nm usingε ) 27.7 mM-1 cm-1 (54).
Ferrocytochromec oxidation was carried out in 50 mM
potassium phosphate, pH 6.0 at 25.0°C, by monitoring
absorption changes at 550 nm using a HP 8453 spectropho-
tometer. Initial oxidation rates were calculated using∆ε550

of 19.5 mM-1 cm-1 (55). Rates were corrected for the
uncatalyzed oxidation by H2O2. The kinetic constantskcat

and KM were obtained from the double reciprocal plot of
initial rate versus substrate. The initial rates (ν/e) of
ferrocytochromec oxidation for all variants were calculated
at 10, 20, and 40µM cyt c and compared to WTCcP.

2,6-DMP Oxidation Assay and Kinetics.Steady-state 2,6-
DMP oxidations were performed in 50 mM phosphate, pH
6.0. For pH dependence studies, the ionic strength was
adjusted by addition of KCl (data not shown). Oxidation of
2,6-DMP was monitored by formation of correglione (ε468

) 56.6 mM-1 cm-1) from two molecules of 2,6-DMP using
an HP 8453 spectrophotometer. Typical assay solutions
contained 10µL of 10 µM stock enzyme. The reactions were
initiated by addition of hydrogen peroxide to a final
concentration of 83.3µM. Plots of initial rate versus substrate
concentration were constructed. The slope of the linear
portion of the initial rate versus substrate concentration is
equal to catalytic efficiency (kcat/KM) (56). Thekcat/KM values
obtained in this manner were used to determine the 2,6-DMP
activity of WTCcP and its variants.

Protein Cross-Link Analysis.Protein cross-link experi-
ments for the WTCcP and its variants were carried out as
previously described (42, 43). Reactions were initiated by
the addition of 10 equiv of H2O2 to 50 µM protein in 50
mM potassium phosphate, pH 4.5. After incubation for 30
min and 24 h, the reaction mixtures were analyzed using
SDS-PAGE (42, 43).

RESULTS

Site-Directed Mutation of Tryptophans and Tyrosines. Two
tryptophans and six tyrosines in CcP were changed sequen-
tially to the corresponding, less oxidizable residues in LiP

Table 1: Summary of Variant Proteins under Investigation

MW (Da)

name mutation
Soret

shift pKa

ε408
a

(mM-1 cm-1) calcd obsd

WTCcP CcP(MI) 113 33730.6 33731.0( 2.8
CcP(WYM1) CcP(MI, W191F) 115 33691.2 33690.9( 2.0
CcP(WYM2) CcP(MI, W191F, W51F) 7.9 123 33652.5 33653.7( 2.4
CcP(WYM3) CcP(MI, W191F,W51F,Y187F) 7.6 132 33636.6 33635.4( 4.2
CcP(WYM4) CcP(MI, W191F,W51F,Y187F,Y229F,Y236F) 7.3 126 33608.0 33608.2( 2.8
CcP(WYM5) CcP(MI, W191F,W51F,Y187F,Y229F,Y236F,Y36F,Y39E,Y42F) 6.5 131 33538.0 33537.5( 2.6

a At pH 6.0.
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(see Figure 1). The CcP mutant proteins were constructed,
expressed, and purified to homogeneity using protocols
described previously (48-50). Table 1 lists the specific
mutations, extinction coefficients, and mass spectrometric
properties of the five variant proteins in this investigation.
To aid the presentation and discussion of results, each mutant
protein is also given a short name (see Table 1).

UV-Vis Spectroscopy. The UV-vis spectra of CcP-
(WYM1) and CcP(WYM4) at pH 6.0 and 7.5 are shown in
Figure 2. As reported previously (32, 45), CcP(WYM1)
displays a Soret band at 408 nm andR andâ bands at 540
and 505 nm, respectively (Figure 2A). A shoulder at 380
nm and an absorption band at 642 nm, assignable to aδ
band and a charge-transfer (CT) band, respectively, are also
present. The ratio ofA408nm/A380nmis ∼1.7. These spectra are
very similar to that of WTCcP and have been shown to be
due to mainly a five-coordinated high-spin ferric heme (3,
49, 50, 57-63). This spectrum is largely unchanged from
pH 4.5 to pH 7.5 (Figure 2C). At pH above 7.5, the Soret
band at 408 nm decreases (Figure 2C) with concomitant
absorption changes in other regions that are indicative of an
alkaline transition. These behaviors are quite similar to that
of WTCcP (3, 49, 50, 57-63).

CcP(WYM4), on the other hand, displays a spectrum with
a CT band blue shifted from 642 to 637 nm and a higher
A408nm/A380nm ratio at 2.7 at pH 6.0. The spectrum is typical
of a six-coordinated high-spin ferric heme. However, at pH
7.5, the Soret,R, and â bands shift to 414, 568, and 536
nm, respectively. The characteristic high-spin ferric heme
charge transfer band is also absent at this pH, indicating that,
at high pH, the mutant proteins contain low-spin ferric heme.
The pKa of this transition is determined from the pH titration
curve (Figure 2C) and is listed in Table 2. At pH above 8.5,
the Soret band decreases even further, and the spectral change

is indicative of an alkaline transition as seen in CcP(WYM1)
and WTCcP (Figure 2C). The UV-vis spectra and their pH-
dependent behavior of CcP(WYM2), CcP(WYM3), and CcP-
(WYM5) are very similar to those of CcP(WYM4) (data not
shown). Their pH titration curves are shown in Figure 2C.
The pKa’s of pH-dependent spectral transitions for CcP-
(WYM3-5) are summarized in Table 2.

Circular Dichroism (CD) Spectroscopy.The CD spectra
in the UV region of WTCcP and all variants listed in Table
1 are shown in Figure 3. The spectra all show a maximum
at 210 nm and a broad shoulder around 222 nm. The spectra
are all consistent withR-helical secondary structure, with

FIGURE 1: The tryptophans and tyrosines in cytochromec peroxi-
dase investigated in this study. They were mutated to corresponding
residues in lignin peroxidase (shown in parentheses). Other active
site residues important for the function of CcP are also displayed
in the figure.

FIGURE 2: UV-vis spectra of (A) CcP(WYM1) and (B) CcP-
(WYM4) in 50 mM potassium phosphate, pH 6.0 (solid line) and
pH 7.5 (dotted line). (C) pH-dependent absorbance changes of the
Soret band at 408 nm. For clarity, data points in pH curves have
been offset.

Table 2: Rate Constants (k2,obs) for the Decay of Compound I to
Compound II and Catalytic Efficiencies (kcat/KM) of 2,6-DMP
Oxidation by CcP and Variants

k2,obs (s-1)
kcat/KM

(M-1 s-1) × 102

CcP(MI) 2.1
CcP(WYM1) 57 1.2
CcP(WYM2) 17 50
CcP(WYM3) 14 50
CcP(WYM4) 8 51
CcP(WYM5) 7 56
MnP77 95
rMnP78 40
rMnP S168W78 3000
rLiP78 4700
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calculated percentR-helicity of 17% for WTCcP, 18% for
CcP(WYM1), 20% for CcP(WYM2), 21% for CcP(WYM3),
19% for CcP(WYM4), and 20% for CcP(WYM5). The
similarity of the observed CD spectra and calculated percent
R-helicity between the variant proteins and WTCcP suggest
that the mutations caused no major secondary structural
changes.

Stopped-Flow Kinetics of Compound I Formation and
Decay.The reactions of CcP variants with hydrogen peroxide
were monitored using stopped-flow UV-vis spectroscopy.
Reaction of 100µM H2O2 with 5 µM CcP(WYM1) [CcP-
(MI, W191F)] resulted in an immediate intensity reduction

of the Soret band at 408 nm (Figure 4A). The Soret band
reached to the lowest intensity at∼9 ms, after which its
intensity increases with concurrent shifts of the position to
418 nm. In the visible region (Figure 4A, inset), broad
absorption bands with peaks around 540, 600, and 650 nm
appeared 4 ms after the reaction. The 650 nm band then
decayed and shifted to∼630 nm. At the same time, the broad
absorption bands around 540 and 600 nm converted to 529
and 561 nm. The spectral changes are similar to those
reported for the same mutant protein by Erman et al. (32).
The authors attributed the spectral changes to the formation
of compound I, which then decays to compound II. The final
spectrum at the end of the stopped-flow study with absorp-
tions at∼418, 529, 561, and 630 nm matches exactly that
of compound II. The strongest evidence for the formation
of compound I is the dramatic reduction of the Soret band.
However, the features of compound I in the visible region
are not as well defined. On the other hand, reaction of 100
µM H2O2 with 5 µM CcP(WYM2) [CcP(MI, W191F/W51F)]
resulted in much more pronounced spectral features with
absorptions at∼550, 600, and 660 nm (Figure 4B, inset).
The spectrum is almost identical to that of compound I in
other peroxidases such as horseradish peroxidase and lignin
peroxidase (6). The spectral changes of CcP(WYM3), CcP-
(WYM4), and CcP(WYM5) are qualitatively similar to those
of CcP(WYM2) (data not shown).

The spectra were fit to the following model:

The rapid reaction precluded a rigorous determination of the
pseudo-first-order rate constant (k1,obs) for the formation of
compound I. On the other hand, a rate constant for decay of
compound I (k2,obs) can be obtained. The plot ofk2,obs vs
hydrogen peroxide concentration is shown in Figure 5. Table
2 summarizes the kinetic constants obtained from the
spectroscopic fits.

Ferrocytochrome c Oxidation.Kinetic constants for fer-
rocytochromec oxidation by WTCcP were obtained from a
double reciprocal plot of initial rate versus substrate con-
centration (data not shown). WTCcP had akcat of 420 s-1

andKM of 3.1µM. Initial rates of the variants were compared
to WTCcP at three different substrate concentrations. The
rates for CcP(WYM1-5) at 10, 20, and 40µM cyt c, shown

FIGURE 3: Circular dichroim (CD) spectra of WTCcP and CcP-
(WYM1-5). The proteins were in 50 mM potassium phosphate,
pH 6.0.

FIGURE 4: Selected stopped-flow UV-vis spectra for the reaction
of (A) CcP(WYM1) and (B) CcP(WYM2) with H2O2 in 100 mM
potassium phosphate, pH 6.0.

FIGURE 5: Rates of spontaneous decay of compound I to compound
II (k2,obs) in 50 mM potassium phosphate, pH 6.0. Each data point
was the average of at least three trials. Where error bars are not
visible, they are contained within the symbol.

A 98
k1,obs

B

B98
k2,obs

C
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in Table 3, ranged from 0.03% to 0.1% of the respective
WTCcP rates at the given cytc concentration.

Oxidation of 2,6-DMP.The H2O2-dependent oxidation of
2,6-DMP by WTCcP and CcP(WYM1-5) was carried out
in 50 mM phosphate, pH 6.0 at 25°C. No oxidation was
observed in the absence of enzyme or H2O2 (data not shown).
The plot of initial rates with respect to the substrate
concentration is shown in Figure 6. All plots are essentially
linear over the entire range. From the plot, thekcat/KM of the
reaction for WTCcP and all variants was obtained and is
summarized in Table 2.

Protein Cross-Link Study.The extent of protein cross-links
upon reaction of excess H2O2 with ferric enzyme was
analyzed by SDS-PAGE. As shown in Figure 7, incubation
of purified WTCcP monomer (lane 2) with 10 equiv of H2O2

for 30 min resulted in a substantial decrease in intensity of
the monomer band (lane 3), with the appearance of bands
with molecular weights corresponding to a CcP dimer. Other
less clear bands also appear at higher molecular weights,
likely corresponding to trimers, tetramers, and other multi-
mers. CcP(WYM1-4) showed almost identical results (lanes
4-11). In contrast, the CcP(WYM5) monomer (lane 12)
showed no significant decrease in intensity and little evidence
for dimer or other multimer formation (lane 13). Incubation
of CcP(WYM5) with 10 equiv of H2O2 for 24 h produced
an almost identical result.

DISCUSSION

Probing the Role of Tryptophans and Tyrosines in CcP
through Site-Directed Mutagenesis.With seven tryptophans
and fourteen tyrosines, CcP contains an unusually high
number of redox-active amino acid residues for its 34 kDa
size. To investigate the role of the tryptophans and tyrosines
in the structure and function of heme enzymes, we chose a

subset of these residues, focusing on those that are close to
the heme and whose roles have been implicated in previous
studies. Both Trp191 on the proximal side and Trp51 on the
distal side (Figure 1) have been investigated extensively by
site-directed mutagenesis (11, 12, 29-36, 42, 45, 50, 59,
60, 64, 65). Almost all of the published work focused on
individual tryptophans. We wish to extend the work to
include a variant protein containing the W191F/W51F double
mutation and compare its properties with those of individual
mutations. Another unique aspect of this work is a systematic
probe of the role of several tyrosines in CcP including (a)
Tyr187, which is close to the heme and Trp191 and has been
proposed to be a potential alternate radical site (46), (b)
Tyr229, which is close to the primary Trp191 radical site
and may play a role in funneling the primary radical, (c)
Tyr236, which has been proposed to be an alternate radical
site to Trp191 because reaction between 2-aminothiazole and
peroxide-oxidized W191G resulted in the specific covalent
modification at this site (45), and (d) Tyr36, Tyr39, and
Tyr42, which were implicated to be potential sites of
protein-protein cross-linking when CcP is reacted with
excess H2O2 in the absence of exogenous reductants (43).

Our strategy to probe the role of the above tryptophans
and tyrosines is to change them into other, less oxidizable,
residues by site-directed mutagenesis. To minimize structural
perturbation from the mutations, we changed the tryptophans
and tyrosines into corresponding residues in LiP, a peroxidase
that shares a similar overall structure with CcP and contains
no observable protein radicals (66, 67). To aid in the

Table 3: Cytochromec Oxidation by CcP(MI) and Variantsa

[cyt c]
(µM) CcP(MI) CcP(WYM1) CcP(WYM2) CcP(WYM3) CcP(WYM4) CcP(WYM5)

10 100 (335) 0.08 0.03 0.05 0.06 0.04
20 100 (371) 0.08 0.05 0.07 0.07 0.03
40 100 (437) 0.06 0.05 0.08 0.08 0.10

a Rates are relative to CcP(MI) at given concentrations of cytc. V/e (s-1) of CcP(MI) is in parentheses.

FIGURE 6: 2,6-DMP oxidation catalyzed by WTCcP and CcP-
(WYM1-5). Oxidation reactions were carried out in 50 mM
potassium phosphate, pH 6.0 at 25°C. Each data point is the average
of at least three trials. Where error bars are not visible, they are
contained within the symbol.

FIGURE 7: SDS-PAGE analysis of protein cross-linking in WTCcP
and CcP(WYM1-5). Incubations of the proteins with and without
10 equiv of H2O2 were carried out as described in Experimental
Procedures. Lanes: 1, protein molecular weight markers; 2, WTCcP
without H2O2; 3, WTCcP with H2O2; 4, CcP(WYM1) without H2O2;
5, CcP(WYM1) with H2O2; 6, CcP(WYM2) without H2O2; 7, CcP-
(WYM2) with H2O2; 8, CcP(WYM3) without H2O2; 9, CcP-
(WYM3) with H2O2; 10, WYCcPM4 without H2O2; 11, CcP-
(WYM4) with H2O2; 12, CcP(WYM5) without H2O2; 13, CcP-
(WYM5) with H2O2.
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presentation and discussion of the results, we name these
variant proteins with sequential mutations as CcP(WYM1)
(with W191F mutation), CcP(WYM2) (with W191F/W51F
mutations), CcP(WYM3) (with W191F/W51F/Y187F muta-
tions), CcP(WYM4) (with W191F/W51F/187F/Y229F/
Y236F mutations), and CcP(WYM5) (with W191F/W51F/
Y187F/Y229F/Y236F/Y36F/Y39E/Y42F mutations). The
definition of the names and their properties are summarized
in Table 1.

UV-Vis and CD Spectroscopic Characterization.WTCcP
is known to contain a five-coordinated high-spin heme with
a low A408/A380 ratio (at 1.51) and a charge-transfer band
above 640 nm (at∼645 nm) (3, 62, 63, 68). In addition, it
maintains the same five-coordinated high-spin form between
pH 5.5 and pH 7.5. At pH 7.5, alkaline transition occurs,
resulting in further intensity reduction at the Soret band
(Figure 2C). The spectra and their pH-dependent behavior
of CcP(WYM1) (Figure 2A,C) are quite similar to those of
WTCcP. In contrast, with the exception of the alkaline
transitions at pH above 7.5, CcP(WYM2-5) variants are
different from CcP(WYM1) and WTCcP. At pH below 6.0,
CcP(WYM2-5) variants display UV-vis spectral charac-
teristics of a six-coordinated high-spin heme. The spectrum
of CcP(WYM4) is shown in Figure 2B as an example. It is
characterized by the highASoret/A380 ratio (at 2.7) and a charge
transfer band below 640 nm (at∼637 nm). At pH above
7.5, however, the UV-vis spectra of the variant proteins
clearly indicate that the proteins are in the low-spin heme
form. The major difference between the CcP(WYM2-5)
variants is the pKa at which the transition from the high-
spin state to the low-spin state occurs (Table 2); the pKa

decreases from 7.9 for CcP(WYM2) to 6.5 for CcP(WYM5),
indicating that introducing more mutations into CcP resulted
in increasingly lower pKa for the spin state transition.

Six-coordinated high-spin species and the pH-dependent
spin state changes have been observed in other CcP variants,
and the assignment of the state has been supported by other
spectroscopic studies such as EPR, MCD, RR, and NMR
(3, 49, 50, 57-63). The X-ray crystal structure of WTCcP
showed that there are three well-defined water molecules in
the distal side of heme pocket (27, 69). They are held away
from the heme iron by a hydrogen-bonding network. It is
generally believed that mutations in both sides of heme can
result in the disruption of the hydrogen-bonding network and
thus make it easy for the water molecule to bind to the heme
iron to form six-coordinated high-spin heme at low pH and
for the heme to be converted to low spin at high pH (3, 49,
50, 57-63). The low-spin heme at pH above 7.5 often
inhibited ligand binding and reaction (data not shown).
Therefore, all of the stopped-flow kinetic studies and
substrate oxidation studies were carried out using freshly
prepared proteins in phosphate buffer at pH 6.0, where all
variants remain in the high-spin heme form.

Despite these different pH-dependent behaviors, the CD
spectra of the variant proteins are quite similar to that of
WTCcP (Figure 3), suggesting that the mutations caused no
major changes in the overall secondary structure. The
mutations of these redox-active residues are expected to exert
many interesting effects on the function of the proteins. In
this report, we wish to focus on their effects on the lifetime
of compound I, on oxidation of cytochromec and 2,6-
dimethoxyphenol, and on protein-protein cross-linking.

Effects of Mutations on Compound I Formation and Its
Stability.The stability of compound I varies greatly among
the various heme peroxidases. Although the formation of
compound I is believed to precede compound ES formation
in CcP, compound I in WTCcP has not been observed. As
first observed by Erman et al. in a stopped-flow UV-vis
study (32), reaction of H2O2 with CcP(MI, W191F) [corre-
sponding to CcP(WYM1) in this study; see Table 1] resulted
in transient formation of compound I. Compound I then
decayed to compound ES containing a ferryl species and a
protein radical (Figure 4A). Similar conclusions can be
obtained from the spectral changes of reaction of H2O2 with
other variant proteins in Table 1 (see Figure 4B). As in CcP-
(MI, W191F) (32), thek2,obs’s of all variant proteins in this
study are independent of H2O2 concentration under pseudo-
first-order reaction conditions (Figure 5). This result is
expected since the decay of compound I to compound II
involves only internal radical transfer from the porphyrin to
an amino acid, without participation of exogenous H2O2.

There are, however, two major differences among the
variant proteins. First, the rates of compound I decay,k2,obs,
decrease from 57 s-1 for CcP(WYM1) to 7 s-1 for CcP-
(WYM5) (Table 2). These results suggest strongly that
compound I stability increases when more tryptophans and
tyrosines are converted to less oxidizable phenylalanines and
glutamate. The effects on the lifetime of compound I appear
to be cumulative. Our results provide experimental support
for the proposal that the stability of compound I depends on
the number of endogenous oxidizable amino acids in proteins
(5). Furthermore, our results also indicate that the effect is
not additive; the biggest drop in compound I decay rate
occurred when the W191F and W51F mutations were
introduced.

The differences in compound I stability of different
variants also affected the ability to observe distinct spectro-
scopic features of compound I. In CcP(WYM1), where
compound I is the least stable among the variants, the
absorption spectrum in the visible region resembles that of
compound I at the earliest time point (4 ms) of the stopped-
flow experiment (Figure 4A, inset). However, the spectrum
was not well defined and was rapidly converted to that of
compound II. On the other hand, the higher stability of
compound I in CcP(WYM2) made it possible to observe the
characteristic visible spectrum of compound I (at∼550, 600,
and 660 nm) as well as its well-defined transition to
compound II (Figure 4B, inset). These results provide
stronger support for the presence of compound I in CcP
lacking redox-active amino acids and for the involvement
of these amino acids as alternate sites of protein radicals.

Effect of Mutations on Ferrocytochrome c Oxidation and
2,6-DMP Oxidation.Since ferrocytochromec oxidation is a
common activity assay for CcP, we investigated the effects
of Trp and Tyr mutations on the CcP activity. The parameters
we obtained for WTCcP (kcat of 420 s-1 andKM of 3.1 µM)
are in agreement with previously reported values (3). In
contrast, the variant proteins in this study possessed only
0.03-0.10% of the activity of WTCcP (Table 3). These
results are not surprising because all variant proteins
investigated here contain the W191F mutation. Trp191 has
been shown to be the primary location of the protein radical
(11, 35, 36) and is critical in the electron transfer pathway
between CcP and cytc (70). Proteins containing the W191F
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mutation have been shown to possess negligible activity
toward ferrocytochromec oxidation (31). The low activity
that is detected could arise from cytc binding at a second,
low-affinity, binding site, which has been identified (71-
74). Interestingly, previous studies of the Trp51Phe CcP
single mutant protein showed that the mutation resulted in a
higher turnover rate toward cytc oxidation, with apparent
kcat up to 6 times greater than that of WTCcP (29, 30, 59).
However, the data presented here indicated that the same
W51F mutation cannot rescue any of the loss of cytc
oxidation activity in Trp191Phe/Trp51Phe double mutant
protein. This result provides another strong evidence for the
dominant role played by the Trp191 in cytc oxidation.

Since the tryptophans and tyrosines were changed to the
corresponding residues in LiP, we also investigated the
effects of the mutations on 2,6-DMP oxidation, a common
assay for fungal peroxidases, such as MnP and LiP (6, 66,
75). While the catalytic efficiency of CcP(WYM1) containing
the W191F mutation is slightly less than that of WTCcP,
the efficiency of CcP(WYM2) containing the W191F/W51F
mutations showed a significant (∼24-fold) increase in
efficiency over that of WTCcP (Table 2). These results
indicated that, even though both W191F and W51F mutations
helped to stabilize compound I, only the W51F mutation has
a major effect on 2,6-DMP oxidation.

Trp51 lies in the distal side of the heme pocket, with its
indole ring oriented parallel to the heme plane (Figure 1).
Significantly, the indole ring nitrogen forms a hydrogen bond
with one of the crystallographically well-defined water
molecules in the pocket and within hydrogen-bonding
distance to the ferryl oxygen of compound I or II. Mutations
of Trp51 to other residues including Phe have resulted in
CcP variants that are more active toward cytc oxidation and
the oxidation of small organic molecules such as aniline
derivatives (12). Furthermore, while mutation of Trp191 to
Phe in MnCcP, a CcP variant with an engineered Mn(II)
binding site at a location similar to that in MnP, also led to
a slight decrease in catalytic efficiency for manganese
oxidation, the W191F/W51F double mutation in MnCcP
showed a 6-fold increase (50, 76). The effect of W51F
mutation was attributed to its ability to disrupt the hydrogen
bond to the ferryl oxygen, decreasing the stability of the
ferryl oxygen of compound II, and in turn increase the
reactivity of compound II, whose substrate oxidation is the
rate-determining step in the reaction mechanism (12, 50, 59,
76). Similar conclusions can be drawn from the current study.
The fact that CcP(WYM3-5) variants did not show any
further increase in the catalytic efficiency is consistent with
the above conclusion because the CcP(WYM3-5) variants
all contain the W51F mutation and all other mutations in
the variants are far away from the ferryl oxygen of compound
II and thus exert little influence on the reactivity of compound
II.

Interestingly, the catalytic efficiency of CcP(WYM2-5)
for 2,6-DMP oxidation is similar to that observed for MnP
from P. ostreatus(77) and rMnP fromP. chrysosporium(78)
(Table 2). However, the efficiency is still 83-93-fold lower
than rLiP from P. chrysosporium(78). The difference is
likely attributable to the presence of Trp171 on the surface
of LiP (67, 79-81). Trp171 forms a transient radical that
has been shown to be vital to the catalytic mechanism of
veratryl alcohol oxidation by LiP (82, 83). In addition, the

Câ position of Trp171 is hydroxylated in an autocatalytic
manner during turnover; its function, however, is still under
investigation (80, 81, 84, 85). Mutation of Trp171 (W171F
and W171S) resulted in a nearly complete loss of veratryl
alcohol oxidation activity, while retaining 2,2′-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) oxidation activity, sug-
gesting the existence of two separate substrate interaction
sites (82). The introduction of a Trp in rMnP (S164W) at
the homologous position of rLiP Trp171 resulted in a
dramatic increase of catalytic efficiency for 2,6-DMP oxida-
tion, from over 100-fold less to within only 1.6-fold that of
rLiP (78). It is therefore feasible to render similar increases
in 2,6-DMP oxidation efficiency by engineering a Trp in
CcP(WYM2-5) at the homologous position to W171 in LiP.

Effect of Mutations on Protein Cross-Linking.As discussed
in the introduction, several early studies have shown that
reaction of CcP or its variants with excess H2O2 in the
absence of exogenous reductants resulted in loss of redox-
active amino acids such as tryptophans and tyrosines (38-
42). The loss of amino acids was quantified by both amino
acid analysis and protein steady-state fluorescence spectros-
copy. Furthermore, the reaction also resulted in protein-
protein cross-links through tyrosine residues such as Y36,
Y39, Y42 (43), or Y236 (45). By changing these and other
tyrosines to phenylalanines or glutamates in a sequential
manner, we have found for the first time that the protein
cross-link was not observable in a variant protein [CcP-
(WYM5)] containing Y36F/Y39E/Y42F mutations (Figure
7, lane 13) under conditions that WTCcP and all other variant
proteins were cross-linked. These results provide a strong
support that Y36, Y39, or Y42 are involved in the linkage.
It is unlikely that changes in the protein structure are due to
the loss of cross-linking activity since CcP(WYM5) retains
the ability to react with H2O2 and the CD spectrum is very
similar to that of WTCcP.

In summary, a new series of CcP variants with redox-
active tryptophans and tyrosines changed to less easily
oxidized amino acids were constructed, expressed, purified,
and characterized. Sequential mutation of W191F, W51F,
Y187F, Y229F, Y236F, Y36F, Y39E, and Y42F resulted in
accumulative higher stability of compound I. While the
W191F mutation resulted in the largest decrease in cytc
oxidation activity, the W51F mutation caused the largest
increase in oxidation of 2,6-DMP. Finally, this variant series
was used to confirm that one of Tyr36, Tyr39, or Tyr42 is
involved in protein cross-linking in the presence of excess
H2O2. Mutation of individual Tyr residues may provide more
conclusive evidence. Further biophysical studies using EPR
and fluorescence spectroscopy of these variants are underway
to provide more information about the nature and location
of the alternate protein radical(s).
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