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Thiolate and selenolate complexes of CYP101 (P450cam) and the
H25A proximal cavity mutant of heme-bound human heme
oxygenase-1 (hHO-1) have been examined by UV-vis spectros-
copy. Both thiolate and selenolate ligands bound to the heme distal
side in CYP101 and gave rise to characteristic hyperporphyrin
spectra. Thiolate ligands also bound to the proximal side of
the heme in the cavity created by the H25A mutation in hHO-1,
giving a Soret absorption similar to that of the H25C hHO-1 mutant.
Selenolate ligands also bound to this cavity mutant under anaerobic
conditions but reduced the heme iron to the ferrous state, as shown
by the formation of a ferrous CO complex. Under aerobic con-
ditions, the selenolate ligand but not the thiolate ligand was rapidly
oxidized. These results indicate that selenocysteine-coordinated
heme proteins will not be stable species in the absence of a redox
potential stabilizing effect.

Cytochrome P450 enzymes are a superfamily of heme
proteins that employ a cysteine thiolate as the proximal ligand
to the heme.1 The P450-catalyzed reaction has been thought
for 3 decades to be mediated by a Compound I-like ferryl
species that is generated by reductive activation of molecular
oxygen at the prosthetic heme iron center. Despite support
by a variety of data for a Compound I-like ferryl species in
the P450 catalytic cycle, it has remained elusive toward
spectroscopic detection.2,3 Conflicting results have also been
obtained from determinations of the lifetime of the ferryl
species using radical clock substrates.4 Direct detection and
characterization of the reactive oxidizing species in P450
enzymes would therefore be highly desirable. Recent com-
putational studies have suggested that a seleno-CYP101
mutant in which the cysteine ligand is replaced by seleno-
cysteine might provide an approach to the investigation of

the elusive P450 oxidizing species.5 The Se-Compound I
intermediate was predicted to form faster than the wild-type
S-Compound I and to be consumed more slowly. The
increased lifetime of the intermediate suggested by the
calculations indicated that it might become spectroscopically
detectable.

Targeted insertion of selenocysteine into a protein se-
quence through genetic code manipulations is a complex
cotranslational process not easily adapted to P450 enzymes.6,7

An alternative and straightforward approach to investigating
the effect of ligands in heme proteins has been to use a cavity
mutant in which the proximal amino acid ligand is replaced
by a small and noncoordinating amino acid such as an alanine
or glycine, creating a pocket that can accommodate exog-
enous unnatural ligands. A successful example of this is
provided by the sperm whale myoglobin (Mb) H93G mutant,
which has been extensively used for this purpose.8,9 The
crystal structures of �-mercaptoethanol and acetate-bound
Mb H93G have recently confirmed that the exogenous
ligands bind in the proximal ligation site.10 In this report,
we report an initial evaluation of the coordination of
selenolate ligands to the heme in both CYP101 and the heme
oxygenase-1 H25A cavity mutant. The results shed consider-
able light on the parameters that circumscribe the design of
a selenocysteine-coordinated heme protein.

The UV-vis spectrum of CYP101 (camphor free) has a
Soret maximum at ∼417 nm and Q bands at 535 and 569
nm (Table 1 and Figure 1). The addition of thiophenol (∼4
equiv) to CYP101 led to a complex with two Soret bands at
383 and 465 nm and a broad band at 562 nm (Figure 1).
The split Soret absorption observed here is known as a
hyperporphyrin spectrum and is attributed to the coordination
of ferric heme by two axial mercaptide ligands (Scheme 1).11
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Similarly, the addition of benzeneselenol (∼4 equiv) to
CYP101 under aerobic or anaerobic conditions resulted in a
split Soret with maxima at 384 and 472 nm and a broad
band at 570 nm (Figure 1). Compared to the bis(thiolate)-
ligated CYP101 complex, the selenothiolate complex has the
same Soret band at 384 nm but the other Soret absorbance
is red-shifted by ∼8 nm, as is the broad absorption band
that appears at longer wavelengths. Both the bis(thiolate) -and
thiolate/selenolate-bound CYP101 complexes were found to
be stable to air at room temperature, with no changes
observed in their UV-vis spectra over 30 min. The split
Soret or hyperporphyrin spectrum, which is characteristic
of bis(thiolate)- or thiolate/phosphine-coordinated ferric low-
spin systems,12 has been attributed to mixing and splitting
of the normal porphyrin π-π* transition by a S p† f
porphyrin π* transition of the correct energy and symmetry.
The addition of benzeneselenol to CYP101 produced a split
Soret spectrum similar to that obtained with thiophenol,

demonstrating that the selenolate bound to the heme iron in
the distal side of CYP101 has the same effect as a similarly
bound thiolate ligand (Scheme 1). The red shift in the
selenolate complex is consistent with the lower ionization
energy of selenium and has been observed for a non-heme
metalloprotein in which a selenolate replaces a thiolate.13

Heme oxygenase-1 catalyzes the NADPH- and cytochrome
P450 reductase-dependent conversion of heme to biliverdin.14

The enzyme employs heme as both the prosthetic group and
substrate. His25 has been identified as the proximal iron
ligand in the heme/heme oxygenase complex by site-directed
mutagenesis, resonance Raman spectroscopy, and X-ray
crystallography. The H25A heme oxygenase-1 cavity mutant
binds heme but lacks catalytic activity, which can be restored
by the addition of exogenous imidazole.15 On the basis of
the reasonable assumption that other exogenous ligands, like
imidazole, will bind to the proximal side of the heme,
the mutant provides a system that can be used to investigate
proximal ligand binding to the heme iron. The H25A heme
complex has a Soret maximum at ∼398 nm (Figure 2).
The addition of thiophenol (∼4 equiv) to the H25A heme
complex gave a spectrum with a Soret maximum at 388 nm,
about 10 nm blue-shifted from that of the H25A heme
complex alone. The Soret at 388 nm of the thiolate-H25A
heme complex is close to that at 385 nm of the H25C heme
complex and is consistent with a thiolate-ligated heme.16 The
complex was stable in air. No Soret split spectrum was
observed for the H25A heme complex in the presence of an
excess (up to l0 equiv) of thiophenol, indicating that the
complex only accepts one thiolate ligand, probably for steric
reasons.
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Table 1. Spectroscopic Comparison of CYP101, the hHO-1/H25A
Heme Complex, and Their Corresponding Thiolate and Selenolate
Complexes

complex Soret (nm) CT (nm)

H25A heme complex 399 498, 537, 620
H25A + heme (ferrous) 427 553, 585
H25A heme complex + PhSH 388 527, 651
H25A heme complex + PhSeH 388, 427 549, 583
H25A heme complex + BnSeH 427 553, 585
CYP101 417 536, 569
CYP101 + PhSH 383, 465 562
CYP101 + PhSeH 384, 472 570

Figure 1. UV-vis spectra of CYP101, thiolate-ligated CYP101, and
selenolate-ligated CYP101: CYP101 (417, 535, and 589 nm), PhSH-CYP101
(383, 465, and 562 nm), and PhSeH-CYP101 (384, 472, and 570 nm). PhSH-
CYP101 and PhSeH-CYP101 were prepared by adding respectively PhSH
and PhSeH (∼4 equiv) in ethanol to a 1 mL solution of CYP101 (∼5 µM)
in 100 mM phosphate (pH 7.4) at 20 °C.

Scheme 1. Binding of Thiolate or Selenolate to CYP101 (Top) and the
H25A Proximal Cavity Mutant of Heme-Bound hHO-1 (Bottom)a

a The hHO-1 mutant does not bind large ligands on the distal side.

Figure 2. UV-vis spectra of the hHO-1/H25A heme complex alone (400
nm) and in the presence of PhSH (388 nm). No CO-bound form was
observed after the solution was flushed with CO. The thiolate-hHO-1/
H25A heme complex was prepared by adding PhSH (∼4 equiv) in ethanol
to a 1 mL solution of the hHO-1/H25A heme complex (∼5 µM) in 100
mM phosphate (pH 7.4) at 20 °C.
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The addition of benzeneselenol to the H25A heme
complex under anaerobic conditions gave a UV-vis spec-
trum with two Soret bands at 388 and 427 nm and two broad
bands at 553 and 585 nm (Figure 3). At first glance, the two
Soret bands suggest a hyperporphyrin spectrum due to
binding of a selenolate ligand to the heme. However, a
comparison of the UV-vis spectra indicates that the heme
is partially reduced by the selenolate because the Soret band
at 427 nm is the same as that of the ferrous H25A heme
complex (Figure 4). Furthermore, flushing of the solution
with CO produced a spectrum identical with that of the
ferrous H25A heme CO complex. Under the same conditions,
no ferrous CO spectrum was observed for the thiolate-ligated
H25A heme complex. The same result was obtained when
the H25A heme complex was flushed with CO followed by
the addition of benzeneselenol. Exposure of the selenolate
H25A heme complex to air resulted in the recovery of the

ferric H25A Soret at 400 nm with a slight intensity decrease,
indicating both heme and selenolate oxidation. The two Soret
bands of the benzeneselenolate-H25A heme complex also
indicate that the heme in H25A hHO-1 was partially reduced
by benzeneselenol (Scheme 1). When the more reductive
benzylselenol was added to the H25A heme complex, heme
was found to be completely reduced, giving only the ferrous
Soret at 427 nm (Table 1). These results suggest that the
selenolate is oxidized by the heme to the corresponding
selenyl radical that dissociates from the enzyme and recom-
bines with another selenyl radical to form a diselenide.

Given that a selenol is a highly reducing species with a
redox potential more than 2-fold higher than that of a
thiol,17,18 it is not surprising that a thiolate forms a stable
heme complex with the heme-bound H25A mutant but a
selenolate reduces the heme. The dramatic difference be-
tween selenolate-bound CYP101 and the H25A heme
complex indicates that the consequences of selenolate ligation
to a heme group depend on the redox potential of the heme.
Compared to substrate-free CYP101 with a redox potential
of -300 mV, heme-bound hHO-1 has a nearly 5-fold lower
redox potential of -65 mV.16,19 The electron-donating effect
of the cysteine ligand in CYP101 increases the redox
potential of the heme and thus helps to stabilize the selenolate
sixth ligand. The absence of a similar electron-donating
ligand in the H25A hHO-1 mutant, however, makes it
possible for the selenolate to reduce the heme. Our findings
indicate that stabilizing structural factors such as an electron-
donating sixth-iron ligand are required for the construction
of a sustainable selenocysteine-ligated hemeprotein. If the
preparation of selenocysteine CYP101 reported in a brief
meeting abstract is confirmed,20 structural factors other than
the presence of a distal electron-donating substituent may
contribute to this stabilizing effect.
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Figure 3. UV-vis spectra of the hHO-1/H25A heme complex alone (400
nm) and in the presence of PhSeH (388 and 427 nm) and CO (412 nm).
The benzeneselenolate-hHO-1/H25A heme complex was prepared by
adding PhSeH (∼4 equiv) in ethanol to a 1 mL solution of the hHO-1/
H25A heme complex (∼5 µM) in 100 mM phosphate (pH 7.4) at 20 °C
under anaerobic conditions.

Figure 4. Comparison of the UV-vis spectrum of the hHO-1/H25A-PhSeH
heme complex with that of the ferrous hHO-1/H25A heme complex. The
ferrous hHO-1/H25A heme complex was prepared by adding sodium
dithionite (SDT; 1 mM) into a 1 mL solution of the hHO-1/H25A heme
complex (∼5 µM) in 100 mM phosphate (pH 7.4) at 20 °C under anaerobic
conditions.

COMMUNICATION

3482 Inorganic Chemistry, Vol. 47, No. 9, 2008


