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ABSTRACT: Chloroperoxidase is a versatile fungal heme-thiolate protein that catalyzes a variety of one-
electron and two-electron oxidations. We report here that the alkylation of an essential histidine residue
showed no effect on the one-electron peroxidations but inhibited two-electron oxidations. The pH profiles
of different peroxidative substrates showed optimal activities at varying pH values for the same enzyme.
2-Allylphenol and substituted ortho-phenolics showed efficient peroxidations. Also, substrates excluded
from the active site (or with no favorable positioning at the heme center or heme edge) were converted
in the peroxidation reaction. While hydrogen peroxide serves as the superior activator in the two-electron
oxidations, small alkylhydroperoxides give much better rates for peroxidation reactions. All the above
observations indicate that one-electron oxidations are mechanistically quite different from the two-elec-
tron oxidations catalyzed by chloroperoxidase. We propose that the peroxidatic substrates interact
predominantly outside the heme active site, presumably at the surface of the enzyme.

Recent studies have indicated that chloroperoxidase
(CPO),1 a glycosylated hemoprotein secreted by the fungus
Caldariomyces fumago, is an enzyme of ecological and social
significance (1, 2). Since the discovery of this enzyme in
the early 1960s (3), several facets of its catalytic activity
have surfaced (4). After the activation of ferric heme center
by a suitable hydroperoxide, CPO carries out a wide variety
of oxidative reactions. In the early years, the focus was on
its signature halogenation reactions (5–7). Later, the enan-
tioselective oxygen insertion reactions generated much
interest (8–10). The latter reactions hold high industrial
potential for generating chiral synthons (4). Like a true
peroxidase, CPO also catalyzes the reactions of single
electron or hydrogen atom abstractions (or peroxidations)
from electron-rich molecules. In early studies, CPO exhibited
relatively lower ability in peroxidatic reactions when com-
pared with analog enzymes like horseradish peroxidase
(11, 12). Perhaps owing to this fact, fewer publications have
dealt with this facet of CPO’s catalytic repertoire.

In our continuing efforts to elucidate the functions of this
highly versatile enzyme, we have investigated single-electron
peroxidations catalyzed by CPO. It has been established that
the two-electron processes of oxygen insertion or peroxide
dismutation reactions occur within the heme active site (13)
and the chlorination reaction is mediated via a diffusible

species (14). Here, we report observations that indicate that
the peroxidative substrates interact with CPO via yet another
mode, presumably at the surface of the enzyme. Unlike most
enzymes, which usually have one well-defined active site
catalyzing a specific reaction, CPO exhibits multiple interac-
tive mechanisms with its diverse substrates. This is quite
analogous to the mythical Roman god Janus (god of doors,
gates, and passageways), who is portrayed with multiple
faces.

MATERIALS AND METHODS

Commercially available N,N,N′,N′-tetramethylphenylene
diamine (TMPD, free base), 2,2′-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid) (ABTS, diammonium salt), pyro-
gallol,and guaiacol were employed as substrates. Oxidation
reactions were not studied above pH 7 because in these
ranges, CPO undergoes a structural alteration to give a
functionally inactive enzyme (15).

General Methods. Reactions of 1–3 mL volumes were
carried out in plastic, glass,or quartz cuvettes at room
temperature (20–22 °C). The reaction was initiated by adding
a suitable amount of appropriately diluted enzyme or
hydroperoxide. The initial rate of change of absorbance or
the optical density measured after a given time (using
Shimadzu UV–vis 2401PC spectrophotometer) was used for
the calculation of initial rates or conversion (respectively),
using the extinction coefficient of products at the designated
wavelength. The molar extinction coefficients (per centime-
ter) were 3.6 × 104 at 414 nm for the ABTS radical cation
(16), 1.247 × 104 at 563 nm for the TMPD radical cation
(17), and 2.64 × 103 at 420 nm for purpurogallin (18). It
should be noted that though guaiacol is a commonly used
phenolic peroxidative substrate, many aspects of its assay
still remain unresolved. Maehly and Chance (19) had first
proposed that its oxidative product was an oligomer, tetra-
guaiacol. However, in 1997, Doerge et al. established the
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true identity of the chromophore as 3,3′-dimethoxy-bicyclo-
hexylidene-2,5,2′,5′-tetraene-4,4′-dione (or DBTD, also cited
as 3,3′-dimethoxy-4,4′-biphenylquinone) (20). Such a reac-
tion calls for a multielectron oxidation mechanism, most
probably involving complex radical chemistry. The initiative
first-electron process is understood to be from the enzyme,
but the origin of the latter ones is not yet established.
Regardless, several researchers continue to cite the product
as “tetraguaiacol” or “guaiacol oligomer”. Since researchers
from diverse fields have continued to use the ε value of 2.66
× 104 M-1 cm-1 for the product at 470 nm, we adopt the
same for relative comparison of data.

Dimethyl and Diethyl Pyrocarbonate (DMPC and DEPC)
DeriVatization and Specific Enzyme Assays for Table 1. The
1 mL reaction mixture contained 940 µL of pH 6.5 buffer
(100 mM potassium phosphate), 40 µL of 65 mg/mL CPO,
and 20 µL of 300 mM DMPC or DEPC solution in
acetonitrile. The pyrocarbonate solution was added to start
the deactivation reaction. The reaction mixture was incubated
at 20–22 °C. The positive control reaction was also subjected
to the same procedure but contained 20 µL of acetonitrile
lacking the dialkylpyrocarbonates. After the specified incuba-
tion intervals, 167 µL samples were withdrawn and diluted
with 300 µL of pH 4.0 phosphate buffer and rapidly
centrifuged at 14 000 rpm in Eppendorf tubes fitted with a
YM30 filter. The treated enzyme was recovered and washed
three times with excess buffer. All recovered samples were
then made up to a final volume of 500 µL. Suitable aliquots
of this recovered enzyme solution were taken for the five
different assays. A negative control of bovine serum albumin
with DMPC or DEPC subjected to the same procedure did
not give any significant reaction in any of the five assays. In
the reaction assays conducted below, increasing amounts of
enzyme from 0 to 100% gave a corresponding linear increase

in activity. The values reported in the table are relative to
the positive control. The five assays were conducted as
follows.

Hydroperoxide Dismutation. The reaction was monitored
at 240 nm. The reaction mixture contained 40 µL of 880
mM H2O2, 960 µL of pH 4 buffer, and 10 µL of the
pyrocarbonate-treated enzyme.

MCD Chlorination. The reaction was monitored at 278
nm. The standard 3 mL reaction conditions were used (5)
with 10 µL of a 10-fold diluted aliquot of the treated enzyme.

Indene Epoxidation. The reaction was monitored at 250
nm (21). The reaction mixture had 965 µL of pH 5.0 buffer,
17 µL of 120 mM H2O2, 20 µL of 8 mM indene in
acetonitrile, and 10 µL of the modified chloroperoxidase.

ABTS Peroxidation. The reaction was monitored at 414
nm. The reaction mixture contained 960 µL of pH 4.0 buffer,
20 µL of 50 mM ABTS, 17 µL of 120 mM H2O2, and 10
µL of a 10-fold diluted aliquot of the treated enzyme.

TMPD Peroxidation. The reaction was monitored at 563
nm. The reaction mixture contained 950 µL of pH 6.5 buffer,
20 µL of 50 mM TMPD (in acetonitrile), 17 µL of 120 mM
H2O2, and 10 µL of the treated enzyme.

Catalytic Scheme and Treatment of Data. Scheme 1 shows
a charge and mass equated representation of some of the
reactions studied. Though the overall order of the reactions
has not yet been established clearly, the rate data are reported
as a pseudo-first-order consideration (nanomolar product
formed by nanomolar enzyme per second). The peroxidation
reaction involves the formation of a stable radical cation
centered on the nitrogen atom for the nitrogenous substrates,
and the phenolic substrates give oligomerized reaction
products after complex processes involving radical chemistry.
Since one molecule of purpurogallin or DBTD is formed
from two molecules of pyrogallol or guaiacol, respectively,

Table 1: The Percentage Residual Activities after Various Time Periods of Incubation of CPO with Dimethyl and Diethyl Pyrocarbonatesa

peroxidation

dismutation chlorination epoxidation ABTS TMPD

time (min) DMPC DEPC DMPC DEPC DMPC DEPC DMPC DEPC DMPC DEPC

0 100 100 100 100 100 100 100 100 100 100
10 59 56 58 59 67 52 80 87 94 98
30 38 44 36 38 43 44 73 81 83 102

a Please refer to the Materials and Methods section for details.

Scheme 1: Mass and Charge Balanced Equations of Peroxidative Reactions in Current Study

2998 Biochemistry, Vol. 47, No. 9, 2008 Manoj and Hager



the appropriate correction factor was used to determine the
amount of substrate converted. The values of rates shown
in the figures for the nitrogenous substrates are derived after
subtracting the autocatalytic rates obtained in the absence
of enzyme, within the first few seconds or minutes of
initiation of reaction. The phenolic substrates showed no
significant rates of autocatalysis in the regimes studied.
Wherever error bars are not provided, it implies that the data
have <15% error margins.

RESULTS

1. Effect of modification of CPO with Dialkylpyrocar-
bonate. Dialkylpyrocarbonate is known to affect the chlo-
rinating activity of chloroperoxidase, most probably by the
alkylation of an essential histidine (22). His105 is the logical
candidate since it is present in the distal heme pocket, close
to the Glu183 residue (23, 24). Table 1 shows that the
covalent modification of the histidine residue also inhibits
the epoxidation and peroxide dismutations catalyzed by CPO.
Surprisingly, it was found that the peroxidative activities are
relatively less perturbed by reaction with both dimethyl and
diethyl pyrocarbonate (Table 1). Figure 1 compares the
residual rates of ABTS peroxidation and MCD chlorination
by CPO treated with DMPC at initial times, in a milder
reaction condition. It can be seen that the peroxidation
reaction is minimally perturbed by the essential histidine
modification.

2. The pH Profiles of Peroxidation for Nitrogenous and
Phenolic Compounds. Figure 2 shows the effect of pH for
the peroxidation of various substrates. A linear correlation
was derived between the concentration of hydronium ions
and the enzymatic rate of peroxidation of ABTS (results not
shown). CPO showed high peroxidation rates at acidic and
neutral pH and lower rates in between for TMPD. In contrast

to the nitrogenous compounds, relatively high variations were
not seen across the pH range studied for the phenolics. The
time profiles showed slightly sigmoidal traces at lower pH
and hyperbolic traces at higher pH for guaiacol (results not
shown). Pyrogallol peroxidation effectively occurred over a
broad pH range, with a slight lowering around pH 3 and
marginally enhanced activities around the acidic and neutral
pH values. On the other hand, guaiacol peroxidation dimin-
ishes with increasing pH values. The reactions in the pH
range of 6-7 terminated earlier than the reactions at acidic
pH with both pyrogallol and guaiacol (results not shown).
Pyrogallol showed several-fold higher reactivity than guai-
acol. While pyrogallol showed ∼30% conversion at the
optimum pH, guaiacol only showed 0.75% conversion in a
time of 1 min under identical conditions.

3. Peroxidation of Other Substrates of Varying Moieties
and Dimensions. Earlier mechanistic hypotheses for the
peroxidation reactions proposed that the substrate molecule
should be positioned in close proximity to the metal center
or heme edge (25, 26). Figure 3 shows the time course
spectra of CPO catalyzed peroxidation of ortho-substituted
cresols. The absorbance at 313 nm can be taken as an index
of peroxidative reaction. Increasing the bulk of substitution
in ortho-phenolics lowered peroxidation rates. For example,
when the substitution at the ortho position was changed from
-CH3 to -C(CH3)3, the rate was found to be lowered by a
factor of ∼10. It is very difficult to imagine that a tert-butyl
ortho-substituted phenolic can efficiently interact with the
metal center or heme edge of CPO via the hydroxyl moiety.
Changing the substitutions at meta or para position also gave
efficient and peroxidation reactions (results not shown).
These observations are contrary to the ones reported for
phenolic substrates in CPO-catalyzed peroxidations (26).
Previous studies have shown the active site mechanism based
inhibition of CPO by terminal olefins (27). Therefore, a
terminal olefin like o-allylphenol should generate the stable
green inactive form of CPO, if the reaction occurred at the
active site. However, o-allylphenol showed similar peroxi-
dation rates when compared with the control molecule of
o-propylphenol (shown in the inset of Figure 3). Other
substrates like eugenol, p-aminostyrene, and o-dianisidine
were also efficiently used by CPO in the peroxidation
reaction at concentrations of the substrates reaching a few
tens to a couple of hundreds of micromolar ranges (results
not shown).

Benzylidene bis-dimethylaniline and N′,N′,N′,N′-tetraben-
zyl phenylenediamine (TBPD) are molecules too big and
geometrically disfavored for finding access to the heme,
given the constrained active site of CPO (14, 23, 24). They
were also reacted upon in the peroxidative reactions at low
concentrations. Figure 4 shows the peroxidation of TBPD
by CPO. These observations indicate that the peroxidation
reaction can be catalyzed without the substrate molecule or
its reactive moiety having access to the heme center or edge
of the buried active site of CPO. It is to be noted that ABTS
is also a molecule that exceeds the linear dimension of CPO’s
active site (14, 28). Nanomolar levels of CPO converted this
substrate at rates of ∼103 per second at acidic pH, rivaling
the activity of the celebrated peroxidase from horseradish
roots.

4. Utilization of Peroxides in CPO-Catalyzed Peroxida-
tions. Earlier studies have shown that in active-site epoxi-

FIGURE 1: The effect of alkylation of histidine on chlorination and
peroxidation reactions catalyzed by CPO. For DMPC derivatization,
to 8 µL of 65 mg/mL CPO taken in 184 µL of pH 6.5 buffer, 8 µL
of 1200 mM DMPC was added. The final concentration of CPO
was 60 µM, and that of DMPC was 48 mM. At various intervals,
10 µL samples were withdrawn, and 490 µL of cold pH 4 buffer
was added, followed by rapid centrifugation. The enzyme-DMPC
reaction aliquot was made up to 500 µL, and assays for chlorination
and peroxidation were carried out at pH 3 with 5–10 µL of the
enzyme sample. The inset shows a logarithmic plot of remaining
activity vs time of incubation with DMPC. The empty squares and
triangles correspond to peroxidation and chlorination respectively.

Janus Chloroperoxidase Biochemistry, Vol. 47, No. 9, 2008 2999



dation and sulfoxidation reactions, hydrogen peroxide serves
as a superior activator or oxygen donor compared with alkyl
hydroperoxides (13). Also, the homosubstrate peroxide
dismutation reaction occurs faster with H2O2. In the chlorina-
tion also, hydrogen peroxide is a more efficient substrate
(result not shown). In contrast, ethyl hydroperoxide (EtOOH)
served as a much better substrate for TMPD and ABTS
peroxidations (Table 2). Under identical conditions, depend-
ing upon the substrate type and the concentration of reaction
components, the peroxidation rates afforded by EtOOH were
anywhere from 100 to 102 times greater than the rate afforded
by H2O2. Also, the enzyme showed lower dependence on
ABTS concentrations with EtOOH than with hydrogen

peroxide. Works from Hollenberg’s group had earlier
indicated that ethyl hydroperoxide gave high activities in the
N-demethylation reactions catalyzed by CPO (29).

The rate of peroxide depletion is markedly lowered in
peroxidative reactions. For example, in the case of an active
site dismutation reaction with 100 nM CPO and 1 mM H2O2,
peroxide was depleted by more than 98% in less than 2 min.
In contrast, more than 50% peroxide remained in the reaction
when a peroxidative substrate was present, even after 10 min.
Therefore, it was envisaged that addition of a peroxidative
substrate could perhaps increase the conversion of the
epoxidation substrate, a desired aspect from an applicatory
perspective (13). On the contrary, it was observed that the

FIGURE 2: Effect of pH on initial rates of peroxidation of various substrates. For ABTS peroxidation, initial concentrations were [ABTS]
) 2 mM, [H2O2] ) 2 mM, and [CPO] ) 3 nM. TMPD peroxidation, initial concentrations were [TMPD] ) 2 mM, [H2O2] ) 2.4 mM,
[CPO] ) 165 nM, and 2% CH3CN. For phenolics, initial concentration of CPO was 43.5 nM and the peroxidative substrates and hydrogen
peroxide concentrations were 2 mM. Rate is given in units of nanomolar substrate converted by nanomolar enzyme per second. The activities
for different substrates at the optimal pH were 880, 20, 5, and 235 s-1, respectively.

FIGURE 3: Substitution effects on peroxidation of ortho-cresols. Initial conditions were cresols at 200 µM, 2 mM EtOOH, 30 nM CPO, pH
4, 313 nm, and 5% CH3CN. The inset shows the time profiles for the allyl- and propyl-substituted ortho-phenolics at 315 nm.
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presence of peroxidative substrates like ABTS and TMPD
only lowered the conversion of an epoxidative substrate like
styrene (results not shown). This observation implies that
the presence of the peroxidative substrates prevented the
accumulation of the catalytic intermediate(s) responsible for
epoxidation and dismutation reactions.

DISCUSSION

The results presented in Table 1 and Figure 1 clearly show
the differential effect of the reaction of dialkyl pyrocarbonate-
treated enzyme on CPO reactions. Those reactions that
involve binding of substrates at the active heme site are
inhibited, while peroxidation reactions are essentially not
inhibited. The essential His105 residue is hydrogen bonded
to the distal glutamic acid residue (Glu183) (23, 24). The
latter probably functions as an acid–base catalyst in the
formation of CPO’s compound I and its subsequent active
site reactions. Our results indicate that His105 is not critical
for compound I formation in CPO. The lack of inhibition of
CPO’s peroxidative reactions (upon derivatization with
pyrocarbonate) suggests that these reactions predominantly
do not occur at the heme active site. Instead, the compound
I oxidative equivalents are channeled to surface residues that
participate in the peroxidation reactions. This speculation is
also furthered by the facts that (1) peroxidative substrates

neither show a typical Michaelis–Menten kinetics like
epoxidation/dismutation substrates (13, 21) nor a zeroth-order
kinetics like chlorination reactions (14) but exhibit a case
that is intermediate, as evident from Table 2 and ref 17, (2)
the presence of more than one optimal pH range for enzyme
activity suggests the substrate binding to different amino acid
residues, and (3) the presence of peroxidative substrates
affords a lower depletion rate of peroxides. Therefore, there
are at least two different sites in CPO for carrying out
oxidative reactions.

CPO’s functional analogues like vanadium peroxidase and
horseradish, soybean, and turnip peroxidases show the usual
bell-shaped profiles for the peroxidation reaction (30–33).
CPO also shows relatively conventional pH profiles in
peroxide dismutation, oxygen insertion (sulfoxidation and
epoxidation), and halogenation reactions (13, 14). In contrast,
the current study shows that CPO exhibited quite variable
pH optima for the peroxidation of different amine substrates.
Even in the reaction between CPO and the single substrate
of TMPD, two pH optima were observed, separated by four
pH units. Most likely, this finding suggests two different
mechanisms for the peroxidation reaction. Previous studies
reported an acidic pH optimum for chloride-assisted peroxi-
dation reactions and another pH optimum (pH 5) for
peroxidations carried out in the absence of chloride ion (34).
These observations can be explained by the fact that in the
presence of chloride ions, a diffusible chlorinating intermedi-
ate was being produced and this chlorinating intermediate
can carry out peroxidations on its own. All of the peroxi-
dations reported in this study were carried out in the absence
of chloride. Hence, the different pH optima (reported in this
study) must be based on different reaction sites.

Access to the buried heme in CPO is only available via a
relatively narrow channel (23, 24). Results from epoxidation
experiments indicate that substrates that have greater than
10 linear carbon atoms cannot reach the buried heme (14, 28).
The efficient peroxidation of ABTS and other large substrates

FIGURE 4: Peroxidation of TBPD by CPO. Initial conditions were 2 mM EtOOH, 30 nM CPO, and pH 6.5. Reaction profiles at 400 nm are
shown in the inset for a reaction with CH3CN as cosolvent.

Table 2: Effect of Peroxide and Substrate Concentration on
Peroxidation Reactionsa

rate

TMPD (s-1) ABTS (s-1)

reaction 125 µM 2.5 mM 100 µM 500 µM 1 mM

H2O2 0.06 5.61 55.6 314.8 361.1
EtOOH 9.49 61.28 222.2 388.9 527.8

a TMPD reactions were carried out at pH 6, 120 nM CPO, and 2.4
mM peroxides, with 2% CH3CN. ABTS reactions were carried out at
pH 3, 3 nM CPO, and 2 mM peroxides. Numerical values given are
nanomolar product formed by nanomolar CPO per second.
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like TBPD supports the conclusion that these peroxidations
do not occur at the heme active site of CPO. Surely, a
molecule like TBPD cannot access the heme active site and
most likely binds to a surface site for its peroxidation
reaction.

Most peroxidative substrates show a high reaction rate at
low pH perhaps because CPO’s redox potential is higher in
this environment (35). The pH optima for the peroxidation
of phenolics shows less variation when compared with the
oxidation of amines, and the oxidation rates for phenolics
varied over a wide range. The turnover number under
optimized conditions for the peroxidation of ABTS is ∼103,
and it decreases in the series pyrogallol > TMPD > guaiacol.
We could rationalize this to be in accordance with the
substrates’ redox potentials. The catalytic efficiency (kcat/
pseudo-KM) for the CPO-catalyzed peroxidation of ABTS
is ∼2 × 105 M-1 s-1 at pH 3. (Here, a pseudo-KM is used
because the steady-state catalysis profile observed by varying
the substrate at fixed enzyme and peroxide concentrations
gave atypical kinetics. A linear correlation was obtained with
Eadie-Hofstee treatment for only a narrow range of substrate
concentrations.) Thus, CPO is as good at peroxidation as
horseradish peroxidase, which has a catalytic efficiency of
1.8 × 105 M-1 s-1 (36). Recently, turnip peroxidase (which
prefers storage conditions at lower temperatures and which
has a catalytic efficiency of only 5 × 102 M-1 s-1 for ABTS
at pH 4.5) has been proposed for peroxidative applications
at acidic pH (33). The more rugged CPO, with half-life of
several days at room temperature, could be used in peroxi-
dative applications at acidic pH ranges, where HRP is
relatively inefficient.

In all of CPO’s heme active-site oxidations, for example,
sulfoxidation, epoxidation, and peroxide dismutations, hy-
drogen peroxide serves as a superior substrate (13). Surpris-
ingly, ethyl hydroperoxide is a superior substrate for
peroxidation reactions. Chloroperoxidase has a powerful
catalase activity that rapidly dismutates hydrogen peroxide
to oxygen and water. The first step in the dismutation reaction
is the formation of CPO compound I, and the second step is
the reaction of compound I with a second molecule of
hydrogen peroxide to form molecular oxygen. It is also
surprising that the rate of peroxide depletion is markedly

lowered in peroxidative reactions. Perhaps both of the
surprises outlined above can be explained by having a lower
concentration of compound I. The rate of compound I
formation is slower with organic peroxides when compared
with the rate with hydrogen peroxide. In the peroxidation
reactions, compound I is converted to compound II in the
second step, giving a lower transient concentration of
compound I.

The heme-thiolate structure and similar magnitudes of
kinetic isotope effects for cytochrome P450s and CPO were
used to postulate that both the enzymes carry out the
heteroatom dealkylation reaction via the same mechanism
(37). But recently, radical probes have been used to dif-
ferentiate the mechanistic chemistry (38). We could envisage
that such a catalytic process of heteroatom dealkylation
involving an electron dense heteroatom could potentially be
mediated via at least two primary mechanisms, electron or
hydrogen atom abstraction (39). The crucial point that our
work contributes to the ongoing debate is that a sterically
hindered substrate could also undergo peroxidative dealky-
lation without the necessity of going through the oxygen
rebound mechanism at the heme center. Since hydrogen
tunneling remains a questionable option (40), we opine that
oxidation of bulky substrates would essentially involve an
electron abstraction mechanism.

In summary, chloroperoxidase appears to present different
faces to carry out one- and two-electron oxidation reactions.
We propose that the two-electron oxidations all involve the
active-site reaction of compound I with the oxidation
substrate at the distal heme site, while the peroxidation
reactions occur predominantly at the surface the enzyme
molecule (Scheme 2).
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