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Chloroperoxidase (CPO) from the mold Caldariomyces 
fumago is a heme enzyme possessing a broad range of oxidative 
activities, spanning those characteristic of heme peroxidases 
(one- and two-electron peroxidations; organic halogenation1 a), 
catalase (dismutation of hydrogen peroxide, oxidation of simple 
alcohols1), and cytochrome P-450 (heteroatom dealkylation,2 

oxygen transfer to alkenes,3 sulfides,4 and arylamines5 ). 
Extensive spectral evidence indicates that CPO shares cysteine 
thiolate heme ligation with the cytochrome P-450 monooxyge-
nase family,6 while possessing a polar active site milieu similar 
to those of the heme peroxidases and catalase.7 Functionally 
and structurally, it thus occupies a bridging position between 
cytochrome P-450 and the peroxidase class of heme enzymes. 
We here report a novel P-450 type reaction of CPO: suicidal 
formation of N-alkylporphyrins during the oxidation of terminal 
alkenes and alkynes. The inactivated CPO formed in these 
reactions undergoes spontaneous loss of the heme alkyl moiety 
with partial restoration of enzymatic activity. The corresponding 
dealkylation reaction has not been reported for cytochrome 
P-450. 

In the presence of hydrogen peroxide and allylbenzene,8 

native CPO was rapidly and quantitatively converted to a green 
species which lacked enzymatic activity and exhibited visible 
absorption maxima at 313 (sh), 419, 549 (sh), 607, and 648 nm 
(Figure la). Very similar spectra were observed when allyl
benzene was replaced with 4-pentenoic acid, allyl bromide, or 
allyl alcohol, suggesting that the terminal unsaturated bond 
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Figure 1. Absorption spectra of CPO after treatment with unsaturated 
substrates, (a) Spectral changes in CPO following inactivation with 
allylbenzene. Spectra were recorded at 2 h intervals over 0—24 h after the 
inactivation reaction, (b) Spectral changes in CPO following inactivation 
with 1-hexyne. Spectra were recorded at 3 h intervals over 0—36 h after 
the inactivation reaction. The final spectra in each case are similar but not 
identical to those of native chloroperoxidase. 

mediated the inactivation. The reaction of CPO with allyl
benzene was accompanied by formation of free allylbenzene 
oxide (80 equiv, 35% ee); however, the enzyme was not 
inactivated by stirring with epoxide alone. On standing, the 
allylbenzene-modified species gradually changed to a second 
species with absorption maxima at 398, 514, 547 (sh), 589 (sh), 
and 649 nm, similar to those of native CPO (Figure la). In 
parallel with the spectral changes, a first-order increase in 
enzymatic chlorination activity was observed, to a maximum 
of 80% of the original activity. At 25 0C, the half-life for both 
the spectral changes and the restoration of activity was 5.8 h. 
The reactivation half-life was strongly sensitive to temperature, 
but was not sensitive to pH in the range (pH 4.5—6.5) in which 
the enzyme is stable. CPO modified with allylbenzene could 
be processed through multiple cycles of inactivation and 
reactivation with a similar half-life and recovery of activity on 
each cycle. 

Suicide inactivation of microsomal cytochrome P-450 during 
the oxidation of terminal alkenes and alkynes has been studied 
extensively by other workers10,11 and typically results in 
N-alkylation of the prosthetic heme by addition of the unsatur
ated substrate plus an oxygen atom. We thus investigated the 
possible formation of heme adducts in inactivated CPO, using 
electrospray mass spectrometric analysis of the whole protein.12 

In mass spectral analyses performed immediately following the 
reaction of CPO with allylbenzene, heme b (m/z 616) was not 
observed. Instead, a new species was present consistent with 
addition of allylbenzene plus an oxygen atom to the heme (m/z 
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Figure 2. Electrospray mass spectral analysis (600-800 m/z range) of 
CPO whole protein after treatment with unsaturated substrates, (a) Changes 
in the porphyrin composition following inactivation of CPO with allylben-
zene. Samples were taken (from top) at 0, 6, 15, and 48 h after the 
inactivation reaction, (b) Changes in the porphyrin composition following 
inactivation of CPO with 1-hexyne. Samples were taken (from top) at 0, 8, 
21, and 50 h after inactivation. 

750; Figure 2a). The m/z 750 species was a doubly charged 
ion, possibly due to the formation of oxo-bridged porphyrin 
dimers (P22+). Sampling of the enzyme at later time intervals 
showed a decrease in intensity of the m/z 750 species and the 
reappearance of heme b, on a time scale consistent with the 
changes in visible spectra and activity for the same sample 
(Figure 2a). Denaturation of the modified enzyme with low 
concentrations of organic solvents prevented loss of the m/z 750 
species and the formation of native heme, suggesting that 
dealkylation of the porphyrin depends on the presence of intact 
enzyme. 

Extraction of the modified heme from CPO treated with 
allylbenzene, followed by acid demetalation, yielded a free base 
displaying an aetio-type spectrum with absorption maxima at 
417, 512, 546, 594, and 652 run, characteristic of N-alkylated 
porphyrins.11 On addition of a methanolic solution of ZnCb, 
the zinc porphyrin was formed rapidly, with absorption maxima 
at 432, 546, 589, and 631 nm. 

In light of the known suicide reactions of cytochrome P-450 
with terminal alkynes as well as alkenes, we also investigated 
the reaction of 1-hexyne with CPO.8 Treatment of the enzyme 
with 1-hexyne in the presence of H2O2 resulted in a rapid loss 
of enzyme activity and the formation of a yellow enzyme species 
with absorption maxima at 359 (sh), 430, 550, 580, and 624 

(sh) nm (Figure lb). On standing, this species also reverted to 
a native-like CPO with visible maxima at 397, 513 (sh), 548 
(sh), 588 (sh), and 645 nm. The spectral changes were 
accompanied by a first-order increase in chlorination activity 
(*i/2 = 10.9 h at 30 0C). However, the maximum activity 
attained was only 10% of that of untreated enzyme. Electro
spray MS analysis revealed that CPO modified with 1-hexyne 
contained only a small proportion of the expected heme 
alkylation product (m/z 714; singly charged ion), with the 
remainder of the sample containing native heme (m/z 616, Figure 
2b). It appears likely that the loss of enzyme activity in the 
fraction of the sample which is not heme-alkylated reflects a 
modification of active site amino acid residues. At later time 
intervals, the m/z 714 species disappeared and an unidentified 
doubly charged species appeared at m/z 112. Comparison of 
the peak intensities suggests that the m/z 772 species is not 
derived from the m/z 714 heme adduct, but may involve the 
transfer of an active site moiety to native heme. We are at 
present investigating possible amino acid modifications of 
chloroperoxidase following treatment with 1-hexyne. 

Transient N-alkylation of synthetic hemins by alkenes under 
oxidizing conditions has been reported by other workers,13 and 
mechanistic studies have been carried out on the metal-promoted 
nucleophilic dealkylation of A^-alkylporphyrins.14 While the 
mechanism of N-dealkylation for chloroperoxidase heme in the 
present work is not clear, it appears that the apoprotein plays a 
role in the reaction, as the isolated N-alkyl hemin does not revert 
to heme b at a significant rate. Despite extensive work on the 
suicidal heme N-alkylation reactions of microsomal cytochrome 
P-450, an equivalent dealkylation reaction has not been reported 
for this enzyme, and the accumulation of "green pigments" in 
the livers of rats treated with terminal alkenes and alkynes 
suggests that dealkylation is not significant in vivo. Further 
investigation of this apparent difference in the active site 
chemistry between cytochrome P-450 and chloroperoxidase may 
throw additional light on the control of catalytic activity in these 
versatile enzymes. 
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