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Communications to the Editor 

Oxidized Cytochrome P-450. Magnetic Circular 
Dichroism Evidence for Thiolate Ligation in the 
Substrate-Bound Form. 
Implications for the Catalytic Mechanism1-3 

Sir: 

Cytochrome P-4504 is the only mammalian heme protein 
normally capable of activating dioxygen for insertion into or­
ganic molecules (Scheme I). One of the fundamental questions 
about the structure and function of P-450 enzymes has been 
the identity of the axial ligand(s) bound to the iron (II,III) 
protoporphyrin IX prosthetic group in reaction states 1-5. 
Comparative physical properties including absorption spec­
troscopy,5'6 of synthetic porphyrin complexes with various axial 
ligands L5"12 and enzyme reaction states 1, 2, and 5 strongly 
support cysteinate sulfur ligation in the latter. For the sub­
strate-bound high-spin state 2 this conclusion has been drawn 
from an extensive body of physicochemical data for the com­
plexes Fem(PPIXDME)L.5-6 Thus the P-450 cytochromes 
appear to be the only reasonably substantiated biological ex­
amples of cysteinate binding to heme iron. 

We have previously demonstrated the utility of magnetic 
circular dichroism (MCD) spectroscopy as a probe of the 
P-450 active site structure.12-14 Here we present additional 
evidence from MCD spectra15 that reaction state 2 contains 
Fe(III)-S-CyS axial ligation. The most suitable enzyme for 
examining this state is bacterially derived P-450cam

4a whose 
MCD spectrum has already been reported.13-16 Simulated side 
chain binding by the indicated amino acid residues was studied 
by MCD spectroscopy (Figures 1 and 2) utilizing the pre-
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Figure 1. Magnetic circular dichroism spectra of oxidized, camphor-bound 
P-450cam at pH 7.0 (replotted from data of Vickery et al.16) and a thiolate 
model heme complex (in toluene). 

viously described6'7 Fe111 (PPIXDME)L complexes with L = 
SC6H4-/?-N02 (Cys, for x-ray structure: see ref 6), OC6H4-
/>-N02(Tyr), OEt (Ser, Thr), and OAc (GIu, Asp). A nitro-
geneous high-spin synthetic model has not been prepared, but 
is available (see Figure 2) in acid met-myoglobin (metMb-
H2O) and fluoro metMb (metMb-F) which contain an imid­
azole (His) axial ligand and are high spin.18 The most con­
spicuous and important feature of these spectra is the strong 
negative ellipticity in the Soret region (~400 nm) common to 
Fe11HPPIXDME)(SC6H4-P-NO2) and P-450cam (2) (Figure 
1) whereas other species with axial oxygen and nitrogen17 li­
gation exhibit strong positive ellipticity in this region (Figure 
2). The comparison between the thiolate model complex and 
the enzyme is less exact in the visible region, presumably due 
to the use of an aromatic rather than an aliphatic thiolate li­
gand,19 but overall spectral similarity is evident. Spectra of 
other species in this region are clearly more dissimilar to that 
of P-450Cam (2) than is the case for Fe n i(PPIXDME) 
(SC6H4-P-NO2). The Soret feature of metMb-F17 (Figure 2), 
while negative at 405 nm, is the only ca. 20% as intense as the 
corresponding ones in Figure 1. 

The present results indicate that axial thiolate ligation in 
high-spin five-coordination iron(III) protoporphyrin IX species 
is diagnostically signaled by both the shape and strong negative 
intensity of their Soret MCD, and provide a further contri­
bution to the collective evidence for cysteinate binding in P-450 
(2). As shown in the following communication,20 MCD results 
now also indicate similar binding in chloroperoxidase despite 
earlier chemical evidence to the contrary.21 

Recently, evidence has appeared that P-450 can function 
as a peroxidase,22'23 and can achieve hydroxylation anaero-
bically in the absence of an electron source with alkyl hydro­
peroxides, H2O2 , NaIO4 , or NaClO2 as the source of oxy­
gen.24-27 No carbon monoxide inhibition is seen; the enzyme 
is never reduced. The implication drawn from these results is 
that the "active oxygen" species in P-450 is the same as the 
peroxidase "compound !",24-27 j e ^ a n 0 X yg e n atom bound to 
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Figure 2. Magnetic circular dichroism spectra of oxygen and nitrogen 
derived model heme complexes. The latter are replotted from data of 
Vickery et al." The solvent for Fe111CPPIXDME)OC6H4-P-NO2 is tol­
uene; for Fe111CPPIXDME)OCOCH3 is 95% CH2Cl2, 5% CH3CO2H; for 
Fe'"(PPIXDME)OC2H5 is 90% CH2Cl2, 10% C2H5OH. The myoglobin 
derivatives were examined at pH 6.8.17 

ferric iron.28 This intermediate clearly has a very electrophilic 
oxygen, most likely possessing oxygenase capability. The real 
question, then, is how the protein goes from a dioxygen bound 
species to an oxygen atom bound species—a process not 
achieved by other oxygen binding heme proteins such as he­
moglobin. Two properties of P-450—the unusual thiolate Ii-
gand29 and the acceptance of two electrons by the protein— 
may make this possible. 

The cysteine anion ligand appears capable of transferring 
electron density to the iron. Collman et al.12 have shown, for 
example, that the ferrous carbonyl adduct of P-450 is electron 
rich. Furthermore, the inability to prepare an iron(III) pro­
toporphyrin IX alkyl thiolate complex for this work has been 
due in part to the ease of electron transfer from thiolate to iron 
to give an iron(II) porphyrin and disulfide.19 

Reduction and oxygen binding by P-450 leads to the cata-
lytically active intermediate 4 (Scheme I). If sulfur binding 
is retained, the equilibrium mixture 6-7 (shown as charge-
limiting forms) is a possibility.29-30 We conjecture that the 
highly charge-separated form 7 can relieve itself of two charge 
equivalents by loss of water, achieving the crucial dioxygen 
bond cleavage and affording "compound I",28 8. This process 
could be facilitated by electron "push" of the relatively po-
larizable thiolate, with the same effect operating to stabilize 
at least transiently, the highly electrophilic species 8, which 
is presumably the actual hydroxylating agent. 
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In conclusion, we have presented spectral evidence using 
MCD that P-450 has a thiolate ligand in its oxidized, high-spin 
form. This unusual ligand, by transferring electron density to 
iron, may facilitate dioxygen bond cleavage leading to a per­
oxidase "compound I" intermediate capable of oxygena­
tion.31 
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Chloroperoxidase. Evidence for P-450 Type Heme 
Environment from Magnetic Circular Dichroism 
Spectroscopy1'2 

Sir: 

Chloroperoxidase (CPO) and cytochrome P-450, two heme 
proteins with fundamentally different native activities,3'4 have 
a surprising number of similar physical properties as judged 
by electronic absorption, electron paramagnetic resonance 
(EPR), and Mossbauer spectroscopy.5 Here we present addi­
tional evidence, obtained with magnetic circular dichroism 
(MCD) spectroscopy, for the equivalence of their oxidized high 
spin, and reduced + CO heme environments. More impor­
tantly, a comparison of the MCD spectra of CPO with model 
heme compounds6,7 indicates that the similarity between CPO 
and the P-450 cytochromes is due to thiolate ligation of the 
heme iron. This is contrary to the conclusion of Chiang et al.8 

based on chemical evidence that the axial ligand is not sulfur 
derived in either the native or urea-denatured protein. 

Similarities between CPO and P-450 were first observed by 
Hollenberg and Hager5a who studied the absorption spectra 
of CPO. In addition to similarities in their oxidized and re­
duced states, they found that CPO, like P-450, forms a reduced 
+ CO complex absorbing at an abnormally long wavelength 
(443 nm). An explanation for the unusual spectral charac­
teristics of P-450 has been reached as a result of model heme 
experiments6'7,9 which strongly implicate an axial thiolate li­
gand as the causal structural feature. 

Figures 1-3 compare the MCD spectra10 of CPO11 and 
P-45012"14 '17-19 in their oxidized high-spin, reduced, and re­
duced + CO states. Similarity between the spectra of the two 

O \ ; D IHLCROREROIDSSE O * I C CHMPHOP-BOCNO J - - 5 O 
CRM 

360 40Cl S o 4a~C 520 560 600 640 680 
WAVELENGTH [NMJ 

Figure 1. Magnetic circular dichroism spectra of oxidized, camphor-bound 
P-450cam at pH 7.0 (replotted from data of Vickery et al.13b) and oxidized 
chloroperoxidase at pH 3.8. 
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Figure 2. Magnetic circular dichroism spectra of purified, reduced P-
450LM2 at pH 7.4 and purified, reduced chloroperoxidase at pH 3.8. 
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Figure 3. Magnetic circular dichroism spectra of purified, reduced + CO 
P-450LM2 at pH 7.4 and purified, reduced + CO chloroperoxidase at pH 
3.8. 

proteins is at once apparent, particularly in the oxidized 
high-spin and reduced + CO states. The MCD spectrum of 
oxidized CPO (Figure 1) reproduces virtually all the features 
of oxidized high-spin P-450cam.12 '13 Particularly noteworthy 
are the negative bands of nearly equal intensity in the 395-nm 
Soret and 660-nm charge transfer regions. While the spectra 
of the reduced proteins14 (Figure 2) show gross overall re­
semblance, too many differences are present to conclude that 
their heme environments are alike. The low temperature 
Mossbauer results of Champion et al.,5b however, indicate that 
reduced CPO and P-450 do have equivalent heme environ­
ments. Whether or not it is possible to extrapolate the low 
temperature Mossbauer data to ambient temperatures is 
questionable. The inconsistencies seen in the MCD spectra may 
be due to differences in the spin states of the two proteins at 
ambient temperatures. The reduced + CO spectra are dis­
played in Figure 3. As discussed by Collman et al.,7 the loca­
tions of the Soret MCD crossover points (~450 nm) for the two 
proteins, which correspond to the positions of their absorption 
maxima, may be shifted when the local polarity of their heme 
environment changes. The small shape differences in the 
520-620-nm region are reflected in the corresponding ab­
sorption spectra.53,16 Aside from these minor variations, the 
spectra are quite similar, exhibiting equally intense MCD ef­
fects in the 450-nm Soret region, shoulders at about 420 nm, 
and "extra" negative bands at 370 nm. The pair of features at 
450 and at 370 nm are also observed in the hyper spectra20 

exhibited by a number of metallo porphyrins.21 

Our previous work comparing the MCD spectra of P-450 
and models for its oxidized high-spin6 and reduced + CO7 
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