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ABSTRACT. Heme oxygenase (HO) is the microsomal enzyme that catalyzes the oxidative degradation of
protoheme (iron protoporphyrin IX) and the generation of carbon monoxide. The enzyme converts
protoheme into biliverdin through two known heme derivativedyydroxyheme and verdoheme. To

gain insight into the degradation mechanisms of the two intermediates, the resonance Raman spectra
were observed foo-hydroxyheme and verdoheme complexes of HO and compared with those of
apomyoglobin (apo-Mb) complexes. The ferrauvydroxyheme complexed with both HO and apo-Mb
shows a resonance Raman spectral pattern similar to that of the protoheme complexes. On the contrary,
the ferrico-hydroxyheme and ferrous verdoheme complexes of HO and apo-Mb show atypical Raman
patterns, which are interpreted as the result of the symmetry lowering of the porphyrin-conjugdéetton

system. The comparison of the resonance Raman spectra of the verdoheme complexed with HO and
apo-Mb with those of the five- and six-coordinate model complexes of verdoheme shows that the ferrous
forms of the verdohemeprotein complexes are six-coordinate. The—&# and Fe-CN stretching
frequencies of ferrous verdoheme compounds are distinct from those of ferrous heme compounds. It is
inferred that the positive charge of the verdoheme ring possesses some of the charge density on the iron
atom, causing unique characteristics of the iron ligand stretching vibrations and altered ligand binding
properties.

Heme oxygenase (HO), an amphipathic microsomal pro- myoglobin (Mb) and hemoglobin (Yoshida & Kikuchi,
tein, catalyzes the regiospecific ring opening of heme (iron 1978a). The distal site of the heme is then used to coordinate
protoporphyrin IX) to biliverdin by using molecular oxygen and activate @which leads to the regiospecific hydroxylation
(O.) and electrons donated by cytochrome P450 reductaseof the a-meso carbon of the heme (Yoshidaal,, 1980a;
(Tenhuneret al, 1969; Kikuchi & Yoshida, 1983; Maines, Takahashet al, 1995). This is the first of three cycles of
1988). This rate-limiting process of the heme catabolism is oxygenation reactions conducted by HO. At the second
responsible for the generation of carbon monoxide (CO), a oxygenation step, the enzyme converts dhbydroxyheme
putative biological messenger molecule (Veretal, 1993; to verdoheme with the release of CO (Yoshéatal, 1981,
Zhuo et al, 1993; Steven®t al, 1993; Suematset al, 1982). In the final oxygenation step, the verdoheme is
1995). The enzyme binds 1 equiv of heme, thus forming a converted to a biliverdiniron complex, which is released
heme-protein complex in which the heme iron is coordi- from the enzyme as ferrous iron and biliverdin to conclude
nated to a histidine in a manner similar to that seen in the turnover (Scheme 1) (Yoshida & Kikuchi, 1978b). Itis
notable that a single enzyme can catalyze such diverse
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Scheme 1: Intermediates in the Reaction of the spectral patterns and the frequencies of the -iligand
Heme-Oxygenase-Catalyzed Conversion of Iron stretching modes are unique among those observed for the
Protoporphyrin X to the Biliverdir-lron Complex protoheme proteins. However, the charge neutrality principle

z 7 on can explain most of the observations qualitatively. Contrary
to the previous premise (Sarat al, 1986), we conclude
\\ A that the ferrous form of verdoheme complexed with HO and
apo-Mb is very likely to be six-coordinate. These results
_— are essential to understanding the reaction mechanisms of
the heme degradation by HO.
EXPERIMENTAL PROCEDURES
Verdoheme (protoverdoheme d&X was synthesized as

COOH COOH COOH COOH

described by Saito and Itano (1986). Tdéydroxyheme
(a-hydroxyprotoheme) samples were made by hydrolyzing
o-(benzoyloxy)protohemin as described in Mansfield Matera
et al. (1996).

The enzymatically active water soluble fragment of the
rat HO isoform-1, which lacks the C-terminal membrane-
bound segment with S262A and S263L mutations, was
expressed and purified as described previously (Ito-Maki
al.,, 1995). The ferrica-hydroxyheme- and ferrous ver-
doheme-HO complexes were prepared as described by
Mansfield Materaet al. (1996) and Fujii (1990), respectively.
The ferric a-hydroxyheme- and ferrous verdoheridb
complexes were reconstituted by the same procedures using
the apo-Mb prepared from horse Mb by the procedure
described by Teale (1959). All samples were reconstituted
inside a nitrogen glovebox and sealed in Raman cells. The
concentrations of the complexes used for Raman measure-
ments were typically 2&M.

oxide toward thex-meso carbon through electronic and steric ~ The ferrous verdoheme compounds with pyridine, imid-
interactions, thus causing regiospecific attack in the first azole, and 2-methylimidazole as axial ligand(s) were made
oxygenation step (Hernandez al, 1994; Takahastet al., by dissolving verdoheme solid into a 50% solution of
]_995)_ Two reaction mechanisms are proposed for the pyridine, a 10 M solution of imidazole, and a 50 mM solution
second oxygenation cycle, during whiakhydroxyheme is of 2-methylimidazole with 0.05% SDS, respectively. All
converted to verdoheme. The first mechanism is the direct Samples were in 50 mM phosphate buffer, at pH 7. The
attack of Q at the ring carbon of ferrim-hydroxyheme ferric six-coordinate and ferrous five-coordinate verdoheme
followed by one-electron reduction (Sarei al, 1986; complexes were prepared by the method described by Balch
Mansfield Materaet al, 1996). Model compound studies €t al. (1993) except for the substitution of protoverdoheme
showed that the ionizable hydroxyl group has a resonancelXa as the starting material. In brief, verdoheme was
form which includes radical character on the macrocycle that dissolved in a 2% solution (v/v) of hydrochloric acid in
behaves as atarget for the &tack (Morishimagt al, 1986, methanol. The solvent was immediately removed under
1995; Fuijii, 1990). In the second proposed mechanism, thevacuum, and the resultant solid was used as the ferric
O, attackso-hydroxyheme after its reduction to the ferrous complex. The dichloromethane solution of the ferric com-
state (Changet al, 1994; Mansfield Materat al, 1996). plex was stirred with solid dithionite under anaerobic
Although the necessity of both,@nd reducing equivalent(s) ~ conditions. The reduced sample was used as the ferrous five-
exists for the conversion of verdoheme to biliverdin (Brown coordinate complex. The formation of each species was
& King, 1976; Saito & Itano, 1982; Yoshida & Noguchi, confirmed by optical absorption spectra (Figure 6) using the
1984), mechanistic studies using the verdoheme complex ofspectral data from Balcht al. (1993) as the standard.
HO have not been undertaken except for the pioneering Optical absorption spectra were recorded on an SLM-
efforts by Yoshida and his collaborators (Yoshieaal, Aminco or Hewlett-Packard spectrophotometer. The 406.7
1980b; Noguchiet al, 1981; Yoshida & Noguchi, 1984). and 413.1 nm lines of a krypton ion laser (Spectra Physics,
The variety of reaction mechanisms exhibited by HO in Mountain View, CA) and the 441.6 nm line of a helitm
these three oxidative steps should be a reflection of the cadmium laser (Liconics, Santa Clara, CA) were used for
diverse characteristics of the enzyme’s heme degradationRaman excitation. The powers of the excitation lasers were
intermediates. However, knowledge of the electronic and set at 5-10 mW at the sample point unless otherwise stated.
ligand binding properties af-hydroxyheme and verdoheme The sample cell was rotated at ca. 1000 rom. The Raman
is insufficient, thereby limiting the understanding of their scattered light was dispersed by a single polychrometer
degradative mechanisms. We have therefore obtained andSpex, Metuchen, NJ) and detected by a liquid nitrogen-
analyzed resonance Raman spectra-dfydroxyheme and  cooled CCD camera (Princeton Instruments, Princeton, NJ).
verdoheme complexed with HO and apo-Mb as well as The spectral slit width was set to about 5 ¢imand the
examined verdoheme model complexes. The observedRaman shifts were calibrated by using indene as a frequency

Heme o—Hydroxyheme

COOCH COCOH COOH COOH

Fe(lll) Biliverdin Verdoheme
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Ficure 1: High-frequency resonance Raman spectra-bfydroxy-
heme complexed with HO and apo-Mhx-hydroxyheme-HO
complex in the ferric (trace A), ferrous (trace B), and ferrous-CO-
bound (trace C) forms and-Hydroxyheme-Mb complex in the
ferric (trace D), ferrous (trace E), and ferrous-CO-bound (trace F)
forms. The ferric spectra (traces A and D) were recorded using
406.7 nm excitation, while other forms were recorded using 413.1
nm excitation. The Raman lines associated with contaminated | ‘ | , |
verdoheme-HO complex were subtracted from trace A. 200 300 400 500 600 700 800 900 1000

. . i . -1
standard. Noise in the spectra caused by cosmic rays was Raman Shift. (™)

removed by a standard software package (CSMA, PrincetonF'GURE 2. Low-frequency resonance Raman spectra-bfydroxy-
Instrument)s/). P ge ( heme complexed with HO (panel A) and apo-Mb (panel B). (panel

A) Trace A, a-hydroxyheme-HO complex in the ferric form
excited at 406.7 nm; trace B, the ferrous complex excited at 441.6
RESULTS nm; traces C and D; the ferro&i%=1%0-bound (trace C) and3C!€O-

_ . bound (trace D) forms excited at 413.1 nm; and trace E, difference
a-Hydroxyheme HO and—Mb Complexes.The optical Raman spectrum between traces C and D. (panel B) Trace A,

absorption spectra of the-hydroxyheme complexes of HO  ¢-hydroxyheme-Mb complex in the ferric form excited at 406.7
are reported elsewhere (Mansfield Matezaal, 1996). nm; trace B, the ferrous complex excited at 441.6 nm; traces C
Figure 1 depicts the resonance Raman spectra in the high-and D, the ferroud?C**O-bound (trace C) and3C**0-bound (trace
frequency region (11001700 cnt?) of the a-hydroxyheme D) forms excited at 413.1 nm; and trace E, difference Raman
complexed with both HO and apo-Mb in ferric, ferrous, and spectrum between traces C and D.

ferrous-CO-bound forms. In general, the observed spectralTwo major differences between the ferkiehydroxyheme
patterns for ferrous and ferrous-CO compounds are similarand the analogous ferric protoheme include the following.
to those observed for protoheme complexes of HO. For (1) The strongv, mode cannot be observed, but the two
example, a strongy, line at 1352 cm! and weakenw, and Raman lines at around 1220 and 1580 ¢rmare enhanced.

vz lines at 1560 and 1466 crh respectively, observed for  (2) The majority of observed lines in the ferric state are
the ferrous form of the HO complex (trace B) all have broader than those in both ferrous and ferrous-CO-bound
frequencies slightly lower (within 4 cm) than the corre- forms.

sponding modes observed for the protoheme complexes of Panels A and B of Figure 2 demonstrate the low-frequency
HO (Takahashkt al, 1994b). The CO derivative of the region of the resonance Raman spectra obtained for HO and
HO complex (trace C) and ferrous (trace E) and ferrous-CO apo-Mb complexed witla-hydroxyheme, respectively. In
derivative (trace F) of the Mb complex all show this all the redox states for the-hydroxyheme complexes that
tendency. Unlike the ferrous species, the ferric species showwere examined (ferric, ferrous, and ferrous-CO-bound forms),
unique Raman spectral patterns for both HO (trace A) and the strongy; line near 670 cm' that typically appears for
Mb (trace D) complexes (Mansfield Mateet al, 1996). protoheme complexes is not seen. The line at 602 dor
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the ferrous HO complex (Figure 2A, trace B) shoav3 cnm?!
shift to low frequency upon D substitution (Mansfield
Materaet al,, 1996). The line at 623 cm for the CO-bound
ferrous complex (Figure 2A, trace C) also shows a similar
deuterium shift. Thus, these lines can probably be assigned
aswv;. Since thev; involves the largest movement of the
meso carbons among the totally symmetric modes (éthe
al., 1978; Spiro & Li, 1988), the hydroxyl substitution on
the a-meso carbon likely induces its shift to low frequency.
The Fe-His stretching vibrations (Kitagawa, 1988) are also
observed in the low-frequency region at 216 and 221'cm
for the ferrousa-hydroxyheme complexes of HO (Figure
2A, trace B) and Mb (Figure 2B, trace B), respectively. These
frequencies coincide with the Félis modes of the proto-
heme complex of both HO and Mb and confirms their
assignments (Takahasht al, 1994b). Furthermore, the
spectral pattern observed between 200 and 40G éon the .
ferrous and ferrous-CO-boungthydroxyheme complexes
are very similar to those obtained for the protoheme C
complexes. Since the low-frequency modes mainly reflect ' ' ' ‘
the out of plane deformation of the heme and the conforma- 400 500 600 700
tion of the peripheral substituents (Spiro & Li, 1988; Hu &
Spiro, 1993), the interactions between the ferrouhy- Wavelength (nm)
droxyheme and the protein matrix appear to be similar to FIGURE 3: Optical absorption spectra of verdoherttO complex
those of the protoheme complex. Traces C and D of Figure |(r:1 tbebferrous (trace A), ferrous-CO-bound (trace B), an(g_ferrou&
2A show thel2C160 and3C10 derivatives ofa-hydroxy- N~-bound (trace C) forms. The ordinate scales are arbitrary.
heme-HO complex, respectively. The two modes associated trace C) species. On the contrary, the CO-bound complexes
with the Fe-CO unit, Fe-CO stretching (508 cnt) and show distinct Raman (Figure 4, traces B and E) and optical
Fe—C—0 bending (577 cm') lines, are apparent from the (Figure 3, trace B) spectroscopic patterns. We could not
isotopic difference spectrum shown as trace E. Correspond-observe any change in the ferrous Raman spectra by changing
ing spectra for the Mb complex are shown in Figure 2B. excitation laser power between 1 and 30 mW. The CO
Carbonyl (G=0) stretching lines are also observed in the ligand of the CO-bound complexes is extremely photolabile,
1900-2000 cnt? region of the Raman spectra and identified as indicated by the low excitation power necessary to
at 1963 and 1945 cm for the HO and Mb complexes, measure the CO-bound enzyme comple%Q0uW). The
respectively, using isotopic shifts (data not shown). These spectra for isotopically labeled cyanidéG*>N-)- and carbon
observed frequencies of the ferrauydroxyheme-enzyme  monoxide {3C*0)-bound forms do not show any differences
complexes coincide well with those of the corresponding from those of the respective natural abundance complexes
protoheme-CO complexes (Takahasht al., 1994b). in the high-frequency region (data not shown).
VerodohemeHO and—Mb Complexes.Figure 3 shows The low-frequency Raman spectra of the verdohe@®
the optical absorption spectra of verdohentdéO complexes. and —apo-Mb complexes are displayed in panels A and B
Traces A-C represent the ferrous, ferrous-CO, and cyanide of Figure 5, respectively. We can observe intense and
(CN")-bound forms of the HO complexes, respectively. The moderate lines at around 660 and 340 ¢nrespectively,
corresponding absorption spectra for the Mb complexes arewhich can be assigned to tlre andvs modes, respectively.
consistent with the reported spectra (Sanhal, 1986; Fuijii, The 12C1%0 minus 13C80 difference spectra (traces D of
1990). Yoshida and Noguchi (1984) trapped a catalytic Figure 5A,B) show the presence of FEO stretching lines
intermediate of HO that shows 688, 638, and 690 nm at 474 and 468 cnt and Fe-C—O bending lines at 564
absorption peaks for ferrous, CO, and Gbbund forms, and 565 cm? for the HO and Mb complexes, respectively.
respectively, and assigned the intermediate as the ver-The 2C*N minus *C'*N difference spectra (traces G of
doheme-HO complex. The present HO complex has peaks Figure 5A,B) show the FeCN stretching modes at 474 and
at 685, 637, and 691 nm, thus confirming their assignments.473 cnt? for the HO and Mb complexes, respectively. The
The resonance Raman spectra of the verdohett@ and Fe—C—N bending mode for the apoMb complex is observed
—Mb complexes in the high-frequency region are presentedat 313 cnil. The Fe-CN stretching lines are split as
in Figure 4. The spectra show an atypical pattern comparedindicated by the presence of two negative peaks. No
with the protoheme complexes but retain similarity to that isotopically sensitive lines were detected between 1700 and
of the ferric a-hydroxyheme complexes. In general, two 2400 cnt? for either CO- or CN- bound forms (data not
strong lines near 1250 and 1610 chexist, with several shown). The ferrous spectra (traces A) do not show any
weaker lines between them. Raman lines assignable as the-His mode. The absence
The resonance Raman spectra of the ferrous verdoheme of the Fe-His line and the spectral similarities observed
protein complexes (Figure 4, traces A and D for HO and between the ferrous and CNbound species suggest that
Mb complexes, respectively) are almost identical with those the ferrous complexes are six-coordinate. In the case of Mb,
of the CN-bound complexes (Figure 4, traces C and F). the distal histidine (His-64) is the likely candidate for the
The optical absorption spectra also demonstrate the similaritysixth ligand; however, this possibility has been eliminated
of the ferrous (Figure 3, trace A) and Chbound (Figure 3, as a mutant apo-Mb with the distal His replaced by lle
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Ficure 4: High-frequency resonance Raman spectra of verdoheme
complexed with HO and apo-Mb: verdoheridO complex in the
ferrous (trace A), ferrous-CO-bound (trace B), and ferrous-CN
bound (trace C) forms and verdoheridb complex in the ferrous
(trace D), ferrous-CO-bound (trace E), and ferrous-&iund
(trace F) forms. All spectra were obtained using 406.7 nm excitation
with ca. 5 mW of laser power except for CO complexes (B and E)
which were obtained with ca. 0.5 mW of power.

reconstituted with verdoheme has an optical absorption
spectrum identical with that of wild type complex (data not
shown). Other likely ligands at the sixth coordination site 256 307 350 387 422 469 516
include water and hydroxide. No,D shifts were observed, ' '
however, in the Raman spectrum of the verdohem®
complex (data not shown). 200 448 473 653 F
Model VerdohemeHO Complexes.The above results MW\M%

suggest that the deoxy verdoheme is six-coordinate, although |313 | “45? | , ! G
the atypical Raman spectra precludes us from determining 200 300 400 500 600 700 800
the coordination structure. In an effort to resolve the . 1

coordination number question, we analyzed Raman spectra Raman Shift (cm™")

of verdoheme model complexes with known coordination Ficure5: Low-frequency resonance Raman spectra of verdoheme
and redox states to establish the correlation between Ramargomplexed with HO (panel A) and apoMb (panel B). (panel A)

. . . 160)-
spectra and coordination states. Figures 6 and 7 show theogl:‘:]%hggge"g C?éﬂ%'ﬁﬁagstgebffﬂLod”?tg?gec?) f;er:g)ﬂfug%iﬁ_

optical absorption and resonance Raman spectra, respectlvelybound (trace E) and ferroddc?N bound (trace F) forms. Traces
of six-coordinate ferric, five-coordinate ferrous, and six- D and G show the Raman difference spectra between traces B and
coordinate CO-bound ferrous forms of verdoheme (Balch C tc";tnd betlween tLacfes E ancé F, resp)ecftlvelxl/11 é(:rigt(r)letljB) \gezdoheme
et al, 1993). The spectra of bis-imidazole-coordinated MP complex in the ferrous (trace A), ferro ound (trace

: B), ferrous3C'80-bound (trace C), ferrou$C“N-bound (trace E),
ferrous verdqheme are also preseilted.' The ferric CompleXand ferroust*C1*N-bound (trace F) forms. Traces D and G show
has Raman lines at 1599 and 1241¢rfFigure 7, trace A),  the Raman difference spectra between traces B and C and between
whereas the ferrous five-coordinate species exhibits lines attraces E and F, respectively. All spectra were obtained using 406.7
1596 and 1243 cnt (trace B). The addition of CO to the nm excitation with ca. 5 mW of laser power except for CO
ferrous five-coordinate complex causes the shifts of the two complexes which were obtained with ca. 0.2 mW of excitation laser
intense lines to higher frequencies (1613 and 1254'cm pow
trace C) that are similar to those of the CO-bound verdohemeimidazole-coordinated verdoheme complex shows optical
complex of HO (Figure 4, trace B). In addition, the bis- absorption (Figure 6, trace D) as well as resonance Raman
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Ficure 7: Resonance Raman spectra of verdoheme model com-
Wavelength (nm) plexes. Bischloride-bound ferric (trace A), monochloride-bound
ferrous (trace B), and CO- and chloride-bound ferrous (trace C)
forms of protoverdoheme Ikx dissolved in CHCI,. Bisimidazole-
bound ferrous protoverdohemedXtrace D) dissolved in a 10 M
imidazole solution (pH 7). All spectra were obtained using 406.7
nm excitation with ca. 5 mW of power. Nonresonant solvent Raman
lines were removed by subtraction. Asterisks (*) denote the residuals
of solvent Raman lines that were removed by subtraction.

FiIGUrRE 6: Optical absorption spectra of verdoheme model com-
plexes. Bischloride-bound ferric (trace A), monochloride-bound
ferrous (trace B), and CO- and chloride-bound ferrous (trace C)
forms of protoverdoheme IxX dissolved in CHCI,. Bisimidazole-
bound ferrous protoverdoheme 1Xa (trace D) dissolved in a 10 M
imidazole solution (pH 7). The ordinate scales are arbitrary.

(Figure 7, trace D) spectra that are different from those of DISCUSSION
the CO-bound complex but almost identical with those of . L
The electronic structures and coordination states of the

the deoxyverdohemeHO complex (Figure 4, trace A). ) . .
These results clearly demonstrate that the Raman Spectrafx-hydroxyheme-HO complexes are described in our previous

features of the verdoheme are sensitive to changes in thePUbhcaltlon (Mansfield Materat al, 1996). The ferric

d d dinati tat Il as inheasisity of complex was shown to be five-coordinate; moreover, the
redox and coordination states as weil as in SISty 0 hydroxyl group in the ferric form was shown to be depro-

the axial ligand. In other words, the five-coordinate form. tonated, while it is protonated in the ferrous and ferrous-
of the verdoheme complex shows a Raman spectrum that isco_pound forms. The deprotonation gives rise to an
distinct from the ferrous six-coordinate complex. It is oxophlorin resonance structure (SchemelR, which we
therefore concluded that the ferrous verdoheimtein interpreted as the main cause of the atypical Raman spectral
complexes are very likely to be six-coordinate. CO did not pattern observed for the ferric species. The charge neutrality
photodissociate readily from the CO-bound model complex of the prosthetic group likely controls the tautomerism, thus
even with 10 mW of excitation laser power, which forms a protonating the hydroxy group and yielding a typical
clear contrast to the verdohemprotein complexes that are  porphyrin electronic structure in the ferrous state (Scheme
extremely photolabile. 2,2). The ferrous Raman spectra have spectral patterns very
rsimilar to those of protoheme compounds, except for the
modes such ag; that involve the movement of the-meso
carbon. The Fe-CO and=€D stretching modes appear at

The optical absorption and resonance Raman spectra fo
verdoheme dissolved in 10 M imidazole (traces D of Figures

6 and 7), 50% pyr|d|nes and 50.ml.\/l 2-m§thyllmldazole frequencies that are similar to the corresponding lines for
(0.05% SDS) solutions were quglltatlvely similar to those protoheme compounds. Since the frequencies reflect the
of deoxy and CN-bound protein complexes (data for gmount of z-back donation, the results substantiate the
pyridine and 2-methylimidazole complexes not shown). We similarity of the electronic states between ferrouy-
could form the CO-bound 2-methylimidazetgerdoheme droxyheme and protoheme (Yu & Kerr, 1988; Retal,
complex, while pyridine and imidazole complexes do not 1994; wanget al, 1996).

coordinate with CO. The depolarization ratio measure- Resonance Raman spectra of the verdoheme complexes
ment of the verdoheme complexed with pyridine showed show different spectral patterns from those observed for
that all the observed Raman lines are polarized (data notprotoheme compounds, but the spectra are similar to those
shown). observed for ferricx-hydroxyheme complexes. The polar-
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Scheme 2: (Top) Iron Redox-State-Linked Conversion 545
between Ferric Oxophlorin (Structufi¢ and Ferrous
Hydroxyheme (Structur@) and (Bottom) Two Alternative

Verdoheme Structures Derived from Balehal. (1993) 525
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Ficure 8: Correlation between the F€0 and G=0O stretching
frequencies. The open symbols correspond to a variety of hemo-
globins, peroxidases, and model complexes coordinated by imid-
azole. The #'s correspond to cytochrome P-450s. The starburst
corresponds to a porphyrin complexed with tetrahydrofuran, and
the asterisks correspond to terminal oxidases. The solid line is a fit
to the imidazole-coordinated compounds, and the dashed line is a
fit to the thiolate-coordinated compounds. The four numbered points
represented by inverted triangles correspond to the following: (1)
o-hydroxyheme-Mb, (2) protoheme-HO, (3) a-hydroxyheme-

HO, and (4) verdohemeMb.

(1 (2)

COOH COOH COOH COOH

C=0 and lower Fe-CO frequencies are attributed to the
(3) (4) decreased electron density in the antibonding orbital of CO
that is donated from the iron,trbital. This agrees with
ized Raman lines observed for the bis-pyridine complex of the proposed resonance struct@8rgscheme 2) that has less
verdoheme show that the verdoheme ring has a symmetryelectron density on the iron. The correlation plots of the
reduced compared with that of protoheme. Two resonanceFe—CO and G=0 stretching frequencies are known to be
electronic structures have been suggested for verdoheme adependent on the trans axial ligand for protoheme compounds
depicted in Scheme 2 (Balcét al, 1993). Structured (Unoetal, 1987; Yu & Kerr, 1988). Surprisingly, the point
possesses a positive charge on the oxygen atom, while thefor the CO-bound verdohemévib complex as well as that
charge is accommodated on the iron in structBreThe for the a-hydroxyheme-protein complexes all fall on the
reduced symmetry observed for verdoheme, resulting from same line that represents neutral histidine coordination as
a disruption of the conjugated-electron system, suggests a shown in Figure 8. This result suggests the presence of a
significant contribution from structur8. Since the oxo-  neutral histidine as the trans axial ligand for these complexes;
phlorin structurel assumed for ferrica-hydroxyheme however, some care should be taken until further data justify
complexes also has an acyclieelectron-conjugated system, the use of the correlation plot for the hemes other than
we can infer that the observed similarity of the Raman spectraprotoheme.
might be a common property of porphyrins with disruption ~ The CN- usually binds to ferric heme proteins (Antonini
of the porphyrinz-electron-conjugated systems. An ad- & Brunori, 1971), although several heme proteins, such as
ditional example of the disruption is the biliverdin dimethyl peroxidase enzymes, are known to form stable ferrous CN
ester with a cyclic conformation, whose vibrational structure complexes as well. Yoshida and Noguchi (1984) reported
was analyzed by Smigt al. (1993). Consistent with the  that CN- and azide (Iy), another example of a typical ferric
above arguments, the resonance Raman spectrum of biliverfigand, can bind to the ferrous verdoheat¢O complex and
din has strong overlapped lines between 1580 and 1626 cm inhibit the enzyme turnover. Fuijii (1990) estimated the
that are assigned mainly as the pyrrole internal modes. Inassociation constants of CNind Ns- with verdoheme-Mb
addition, there are moderate intensity lines at around 1250that are higher than the corresponding constants for proto-
cm ! that are assigned to the~C stretching modes of the  heme-Mb in the ferric state. The proposed resonance
vinyl and propionic side chains. Further understanding of structure3 (Scheme 2) with a formal positive charge at the
the vibrational structure requires analysis of the Raman iron bestows many of the characteristics of ferric hemes on
spectra using isotopically substituted compounds. ferrous verdohemes, thus explaining its unique ligand binding
The Fe-CO and G=0 stretching frequencies of the CO- properties. The observed +EN stretching frequencies of
bound hemes reflect the electronic structure of the heme andthe verdohemeprotein complexes<470 cnt?) are higher
its immediate environment (Yu & Kerr, 1988; Ra&y al, than the reported values for the ferric hen@N compounds
1994; Wanget al,, 1996). Thevgeco lines for verdoheme with a linear conformation (435460 cnt?), suggesting the
protein complexes are located at around 470 %Grone of enhanced donating effect of iron dlectron density to the
the lowest frequencies known for the H€O stretching CN~ z* orbital in the ferrous verdoheme (Yu & Kerr, 1988;
mode when a neutral imidazole is the proximal ligand. Fujii Boffi et al, 1996). Quantitative understanding of the
(1990) reported the infrared absorption peak for CO-bound electronic interaction between Chind verdoheme requires
verdoheme-Mb complex at 1999 cnit for vc—o. Higher careful characterization of the conformation of the-faN
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unit using all the isotopomers of CN(Al-Mustafa et al, heme has an ionizable group that is dependent on the iron
1994, 1995; Hirotaet al., 1996) and detection of the-N redox state. The verdoheme has a positive charge that
stretching mode. governs its electronic character. Thus, the electronic proper-

The resonance Raman and optical absorption spectra ofties of the intermediates in the heme oxygenase mechanism
the ferrous forms of verdohem#1O and—Mb complexes can be inferred from the resonance Raman spectra of these
are very similar to those of the corresponding Gibbund model complexes. Unique properties of these complexes
complexes, suggesting that the ferrous complexes are six-llustrate the importance of studying them in order to clarify
coordiante. To ascertain the assignment, we have obtainedhe molecular mechanism of the degradation of the corre-
the Raman spectra for the verdoheme compounds withsponding intermediates in heme oxygenase.
known coordination structures and showed that the ferric six-
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