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ABSTRACT Two CO-isotope sensitive lines have been
detected in the overtone region of the resonance Raman
spectra of CO-bound hemeproteins. One line is assigned as
the overtone of the Fe-CO stretching mode and is located in
the 1000- to 1070-cm'1 region. The other line is found in the
1180- to 1210-cmn-' region and is assigned as a combination
between a porphyrin mode, V7, and the F6-CO stretching
mode. The high intensities ofthese lines, which in the terminal
oxidase class of proteins are of the same order as those of the
fundamental stretching mode, indicate that the mechanism of
enhancement for modes involving the Fe-CO moiety is dif-
ferent from that for the modes of the porphyrin macrocycle
and call for reexamination of Raman theory of porphyrins as
applied to axial ligands. The anharmonicity of the electronic
potential function was evaluated, revealing that in the termi-
nal oxidases the anharmonicity is greater than in the other
heme proteins that were examined, suggesting a distinctive
interaction of the bound CO with its distal environment in this
family. Furthermore, the anharmonicity correlates with the
frequency of the C-0 stretching mode, demonstrating that
both of these parameters are sensitive to the Fe-CO bond
energy. The overtone and combination lines involving the
bound CO promise to be additional probes of heme protein
structural properties.

Heme proteins, which function either as oxygen carriers or as
catalytic enzymes, have a pocket on the distal side of the heme
in which exogenous ligands bind to the iron atom. The function
of the heme protein depends critically on the properties of the
distal pocket and how its residues interact with the heme-
bound exogenous ligands. Studies of CO adducts of heme
proteins have been shown to be extremely important probes of
the active sites, including the interactions between the CO and
the distal residues (1, 2). In addition, CO photodissociation
and recombination studies have played an essential role in
unraveling the dynamic processes that occur in heme proteins,
information which has led to an advanced understanding of the
basic physics that forms the foundation of the physiological
process of ligand binding (3, 4).

Structural information such as the identity of the proximal
ligand, the geometry of the bound CO, and the interactions
between the axial ligands and the heme environment has been
determined from the vibrational spectra of the fundamental
modes involving the CO. However, overtones offer the possi-
bility of yielding additional information concerning the heme
pocket and the electronic structure because the behavior of the
overtones depends critically on the shape of the ground-state
potential function as well as the properties of the excited
electronic state. In the overtone region of the Fe-CO stretch-
ing mode ("Feco) two lines have been independently discov-
ered recently (5, 6). We assign one as the overtone ("over) Of
the Fe-CO stretching mode and the second as a combination
(Vcomb) of the Fe-CO stretching mode with a mode of the

porphyrin macrocycle (V7). These modes are probes of the
active site of heme proteins.

MATERIALS AND METHODS
Cytochrome c oxidase and quinol oxidase (cytochrome bo3)
were isolated and purified in our laboratories from bovine
heart and Escherichia coli, respectively, by reported procedures
(7, 8). Cytochrome c peroxidase (CcP) was extracted from
bakers' yeast and crystallized by a modified procedure (9).
Myoglobin (horse skeletal) was purchased from Sigma and
used without further purification. Gases of natural and isotopic
CO were obtained from Matheson and ICON Services (Sum-
mit, NJ), respectively.
The Raman data were collected as reported previously (10).

Typically, CO-bound samples (130 ,ul, 20-80 ,uM) were pre-
pared, in a sealed spinning cell, by exposing the reduced
protein to the natural abundance or isotopically enriched CO
gas. The excitation wavelength of 413.1 nm (power, 0.1-3 mW)
was used in most cases to optimize the intensities of overtone
and combination lines. The frequencies of the Raman lines
were calibrated against an indene standard or laser fluores-
cence lines. Spectra shown here were unsmoothed but base-
line-corrected, which does not lead to any significant shifts in
the peak frequencies. The parameters for the anharmonicity
were evaluated by subtraction of the average of the two
isotope-labeled lines of over, from twice the average of the two
isotope-labeled lines (12C160 and 13C180) of the vFe-co fun-
damental mode. The current data are the average of two sets
of independent readings. The intensities of the vFeco funda-
mental, overtone (Iover) and combination (1comb) modes were
estimated by measuring the areas of corresponding peaks in
the 12C160_13C180 spectra.

RESULTS AND DISCUSSION
Line Assignments. The resonance Raman spectra of cyto-

chrome c oxidase from 350 to 2000 cm- coordinated by
12C'60 (spectrum a) and 13C180 (spectrum b) are shown in Fig.
1. The lines at 519, 577, and 1963 cm-' in the spectrum of the
12C160 adduct are assigned as the Fe-CO stretching ("ieco), the
Fe-C-O bending (SFe-c-o), and the C-O stretching (vc-o)
modes, respectively, in accord with previous assignments (11,
12). These three modes shift to lower frequency in the 13C180
adduct, as expected for the heavier isotopes and as readily seen
in the difference spectrum reported in the spectrum c of Fig.
1. Two new lines at 1026 and 1201 cm-1 for the 12C160 adduct
are also present in the difference spectrum. Fig. 2 depicts the
spectra of several other heme proteins, and the data are
summarized in Table 1. The modes are detected in a variety of
proteins, ranging from those in which the heme is coordinated
by a neutral imidazole, such as in the hemoglobins (spectra d
and f) and myoglobin (spectrum g), to that in which the heme

Abbreviations: CcP, cytochrome c peroxidase; Iover, intensity of the
overtone mode; Icomb, intensity of the combination mode.
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FIG. 1. Resonance Raman spectra of the '2C'60-bound (spectrum
a) and '3C180-bound (spectrum b) fully reduced cytochrome c oxidase
(bovine heart) and the difference spectrum of spectrum a - spectrum
b. The cytochrome c oxidase was solubilized in 100 mM sodium
phosphate buffer/0.1% dodecyl ,B-D-maltoside, pH 7.0. The spectra
were averaged for 20-30 min, with an excitation wavelength at 413.1
nm (~1 mW). The isotope-sensitive lines at 519, 577, 1963 cm-l are
the vFco, 6iFe-CO, and vc-o, respectively, and the lines at 1026 and
1201 cm-l have been assigned as the overtone (vover) of VFe-CO and the
combination (vcomb) between VpF-co and V7, respectively. The large
apparent difference in the very strong P4 Raman line at 1368 cm-1
results from a slight difference in the degree of photodissociation of
the two samples.

is coordinated by an imidazolate, such as in CcP (spectrum e),
to the terminal oxidase family of proteins (spectra a-c) with a
heme-Cu binuclear site (20). In general, the line in the 1000-
to 1070-cm-' region tends to be weaker than that in the 1180-
to 1210-cm-1 region (Iover/Icomb, 0.8-1.0). However, for the
terminal oxidase family of proteins this ratio is inverted
(Iover/Icomb 1.6-2.7).
To assign these new lines we compared the frequencies and

the isotope shifts for all lines involving the CO (Table 1). For
the line in the 1180- to 1210-cm-1 region the frequencies are
within a few wavenumbers of the sum of VIeco plus 1v7 (a
symmetric porphyrin-stretching mode). In addition, the iso-
tope shift is approximately the same as that of the fundamental
mode. For the line in the 1000- to 1070-cm- region the
frequency is slightly lower (5-15 cm-1) than twice that of the
vFe)aO fundamental. Meanwhile, the isotope shifts for this line
are all within a few wavenumbers of twice the isotope fre-
quency shifts of the oFedaO fundamental. On the basis of these
frequencies and isotope shifts we assign the line in the 1000-
to 1070-cm-' region as the overtone (Vover) of the Fe-CO
stretching mode and the line in the 1180- to 1210-cm-' region
as a combination (vCOmb) resulting from the sum of VFeCO and
Vp7.

It is evident by inspection of Figs. 1 and 2 that the intensities
of the overtone and combination lines are very high. Indeed,
in the terminal oxidase family of proteins the integrated
intensity of Vover is even larger than that of the vieio funda-
mental. This high intensity of the Fe-O overtone in heme
proteins is surprising from an experimental point of view in
that it was not detected previously. Although we have not
systematically measured the intensity as a function of the
incident laser excitation wavelength (Raman excitation pro-
file), we have compared the intensity of the scattering in
cytochromebos at two different wavelengths. With 413.1 nm
(trace a of Fig. 2) the excitation is close to resonance with the
0-0 optical transition (a transition from v = 0 of the ground
electronic state to v = 0 of the excited electronic state), where
v is quantum number as illustrated schematically in Fig. 3, and
the overtone scattering is very weak. However, by shifting the
excitation to 406.7 nm (Av =e 550 cm-'), the incident
wavelength is in approximate coincidence with a possible
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FIG. 2. Resonance Raman difference spectra of12C160 adducts
minus '3G'80 adducts obtained from the E. coli quinol oxidase
cytochromze bo3 (spectra a and b); bovine cytochrome c oxidase
(spectrum c); Scapharca inaequivalvis hemoglobin (spectrum d); yeast
CcP (spectrum e); human adult hemoglobin (spectrum f); and horse
skeletal myoglobin (spectrum g) at neutral pH. The spectra were
averaged for 20-30 min at low-excitation laser power (0.1-1 mW). The
excitation wavelength was 413.1 nm for all spectra except spectrum b,
which was obtained with 406.7-nm excitation.

Fe-CO vibrational side band-i.e., the 0-1 excitation, and the
intensity of "over (and Vcomb) is significantly enhanced (trace b
in Fig. 2). For the other proteins examined the excitation was
close to resonance with the 0-1 transition.
Enhancement Mechanisms. From a theoretical point of view

the high intensity of the overtone is very surprising because
quantitative calculations of the overtone intensity have pre-
dicted it to be very weak (21, 22). Thus, it is worthwhile to
consider possible enhancement mechanisms.
When two modes have approximately the same frequency

and have the same symmetry, Fermi resonance coupling may
occur (23). The modes mix, shift apart in frequency, and share
intensity. Consequently, when an isotopic substitution is made
in an atom involved in one of the parent modes, the coupling
is different. In that case both modes show isotopic sensitivity;
the apparent isotope shifts are very different from theoretical
expectations, and the intensity may be very different. The
frequency shifts may even go in the opposite direction than
that predicted for the isotope substitution. Anomalous isotopic
frequency and intensity differences were not detected in the
proteins we examined. Furthermore, some of the proteins have
strong porphyrin modes in the regions of Vover and Vcomb and
others do not. On the basis of these observations enhancement
of the overtone and combination by the Fermi resonance
coupling to porphyrin modes is not a likely explanation of the
data.
The Raman scattering intensity, in the usual description

derived from second-order perturbation theory, is propor-
tional to the square of the change in polarizability, which can
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Table 1. Frequencies of the CO isotope-sensitive lines in several CO-bound heme proteins

Protein 6Fe-C-O VFe-CO Vover Vcomb VFe-CO
Soret max (Isotope (Isotope (Isotope (Isotope + V7 Iover/Icomb VFe-His VC-O

No. Name (Excitation) shift) shift) shift) 2WeXe shift) (V7) (Iover/IFe-CO) (ref.) (ref.)
1 Mb 424 580 511.7 1016.4 7.6 1186.0 1186.7 0.9 220 (14) 1944 (1)

(413.1) (22) (18.2) (37.8) (17) (675) (0.5)
2 HbA 419 577 506.8 1004.5 9.6 1182.5 1183.0 0.9 216 (14) 1952 (1)

(413.1) (18) (13.8) (28.6) (14.5) (676.2) (0.3)
3 HbI 420 581 517.4 1028.0 7.4 1193.0 1193.4 0.8 203 (14) 1945 (14)

(413.1) (19) (15.2) (31.7) (15) (676) (0.3)
4 CcP 423 589 534.6 1063.1 8.9 1211.0 1209.6 0.9 227/248 (16) 1923 (31)

(413.1) (19) (15.4) (36.3) (19) (675) (0.4)
5 HHO-2 420 573.7* 504.1* 997.6 9.7 1176.2 1179.1 1.0 215* 1963*

(413.1) (19) (24.1) (46.4) (21.6) (675) (0.1)
6 BH-aa3 429 577 519.4 1026.1 11.8 1201.0 1202.4 2.7 214 (18) 1963 (12)

(413.1) (18) (14.5) (27.3) (16.5) (683) (1.3)
7 Rb-aa3 430 574t 520.3t 1030.5 10.9 1199.8 1198.8 1.6 214 (19) 1966t

(413.1) (17) (14.3) (30.3) (16.8) (678.5) (1.7)
8 Para-aa3 430 574t 521.8t 1030.3 11.3 1199.0 1200.5 2.5 Not measured 1967*

(413.1) (19) (16.8) (29.8) (16.0) (683) (0.9)
9 Cyt-bo 416 575 522.6 1034.7 10.8 1201.0 1200.6 1.9 208 (15) 1960 (8)

(406.7/413) (19) (14.4) (29.2) (17) (678) (0.5)
All values are expressed in wavenumbers, except for the wavelength of the Soret maxima (max), which are expressed in nm. Values of the

iron-histidine stretching mode (vFe-His) are obtained from the five-coordinate form of the ferrous proteins. 6Fe-C-O, vFe-co, and vc-o designate
the Fe-C-O bending, Fe-CO stretching, and C-O stretching modes, respectively. Vover and Vcomb refer to the overtone of VFe-co and the combination
between vFe,co and V7. The anharmonicity (2weXe) was estimated by 2VFe-co - vover. The intensity ratio, Iover/Icomb (or Iover/IFe-CO), refers to the
ratio of the intensity of Vover to Vcomb (or vover to vFe-CO). Isotope shifts are for the frequency obtained with 12C16O-13C18O. Mb, horse skeletal
myoglobin; HbA, human adult hemoglobin; HbI, S. inaequivalvis hemoglobin; HHO-2, the water-soluble fragment of isozyme 2 of the heme-heme
oxygenase complex; BH-aa3, cytochrome c oxidase from bovine heart; Rb-aa3, Rhodobactersphaeroides cytochrome c oxidase; Para-aa3, cytochrome
c oxidase from Paracoccus denitrificans; cyt-bo3, quinol oxidase from Escherichia coli.
*S. T., M. Ikeda-Saito, and D.L.R., unpublished results.
tIn addition to the lines at 520.3 cm-' (VFe-co) and 1966 cm-' (vc_o) assigned as from the a form, other lines at 493 cm-' (VFe-co) and 1955 cm-'
(vc-o) were also identified (with equal intensity), which presumably results from the 3 form of the oxidases but shows almost no intensity of its
overtone (17).

tJ.W., D.L.R., J. P. Hosler, and S. Ferguson-Miller, unpublished data.

be expressed by the sum of two leading terms, referred to as
"A" and "B" (24). The A term, which involves linear coupling

E
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FIG. 3. Schematic diagram of the nuclear coordinate dependence, r,
of the molecular potentials for a diatomic oscillator. Comparison between
a harmonic (--- ) and an anharmonic potential (-) is illustrated along
with the relevant anharmonicity parameters used in the text. Ground (Eg)
and excited (Eex) state potentials are displaced by an amount d.

of harmonic potential energy surfaces (the Condon approxi-
mation), derives its intensity from Franck-Condon overlap
factors between a slightly shifted or distorted excited electronic
state and a ground electronic state. The B term (non-Condon)
derives its intensity from vibronic mixing of two or more
excited electronic states. In Raman measurements, when the
incident laser is in resonance with strong electronic transitions,
such as the Soret band in heme proteins, A-term scattering is
the dominant scattering mechanism, whereas when it is in
resonance with weak transitions, such as the visible-region
Q-band in heme proteins, B-term scattering is dominant
through mixing between this weak transition and the strong
Soret transition.
Over the past several years Champion and coworkers (25)

have developed a quantitative description of the scattering
processes with a transform theory in which electron-nuclear
coupling strengths (S), which are proportional to the ratio of
the overtone intensity to that of the fundamental, are derived
from absolute Raman scattering cross sections. The coupling
strengths are generally small for the porphyrin modes because
the electronic transitions are distributed over many nuclei. A
study of the fundamental Fe-CO stretching mode in MbCO
yielded only a Condon (A term) coupling strength of 0.027,
predicting that the intensity of the overtone should be -3% of
that of the fundamental. However, in our experiment on
MbCO we find that the intensity of the Fe-CO stretching-
mode overtone is '50% of the fundamental, more than one
order of magnitude greater than that predicted from the
transform theory.

It has been reported that certain symmetric heme modes
have large non-Condon (B term) contributions, even when
excited in the Soret transition (21), and several other theoret-
ical treatments have also identified the importance of non-
Condon effects (26, 27). Using simple overlap-factor calcula-

I

9404 Biophysics: Wang et al.



Proc. Natl. Acad. Sci. USA 92 (1995) 9405

tions, we found that by adding in a significant degree of
non-Condon scattering, we could increase the relative intensity
of the overtone to be consistent with the data. However, when
Champion and coworkers incorporated non-Condon scatter-
ing into the amplitude for the excitation profile of the funda-
mental vF,cO mode in Mb-CO with the transform theory,
they were unable to fit the data (13). The application of other
theoretical treatments of the vFeco mode, including higher-
order effects, have not been reported, and thus none of the
conventional bound-state resonance Raman theories can ac-
count for our results at present.
The vibrational properties of the Fe-CO bond may be

perturbed by involvement of dissociative electronic states.
Excitation into the Soret transition of CO-bound heme pro-
teins leads to Fe-CO bond cleavage due to a mixing or strong
coupling between the porphyrin 7r-rr* transition and either
d-d or charge-transfer transitions involving the Fe-CO link-
age. Porphyrin (Xr) to iron (dz2) and iron (d,) to CO (,r*)
charge-transfer transitions and dy to dX2y2 ligand field transi-
tions have all been proposed to fall in the near-UV region (28,
29). These optical transitions may be too weak to be detected
in the absorption spectrum but may play an important role in
the Raman scattering and in the photolysis of CO from the
proteins. The mixing between the porphyrin ii transitions and
these dissociative states results in a level of complexity that
should be included in Raman theories. Our findings clearly call
for a careful re-examination of the scattering theory for
heme-associated modes, such as VFe_cO which lie on a disso-
ciative potential surface.

Structure Correlations. In a simple diatomic model approx-
imation, molecular potentials with a progressive set of vibra-
tional levels, such as those depicted in Fig. 3, are obtained. The
separation between the levels steadily decreases toward the
dissociation limit. This decrease in spacing is the anharmonic-
ity of the potential function and reflects the dissociation
energy of the oscillator: the greater the anharmonicity, the
more rapidly the levels become closer together and the smaller
the dissociation energy. Also, due to the anharmonicity the
average of the internuclear distance of the oscillator increases
in comparison to that of the equilibrium internuclear distance
in the ground state as one progresses toward the dissociation
limit. The higher levels serve as a probe of the environment
further away from the equilibrium distance. In the case of the
Fe-CO stretching mode in heme proteins, the anharmonicity
can be sensitive to the distal environment.
The energy levels, es, for an anharmonic potential may be

written (30) to lowest order as follows:

EV = cOe(v + 1/2)- COeXe(V + 1/2)2.

overtone/combination intensity ratios lie in the 0.8-1.0 range.
The VFeHis values from proteins in the oxidase family are in the
middle of the frequency distribution, ranging from 209 to 214
cm-1, but the anharmonicity values (10.8-11.8) and the over-
tone-to-combination intensity ratio (1.6-2.7) for the terminal
oxidases are all higher than those of any of the other proteins.
We conclude that neither the charge (imidazole or imidazo-
late) of the proximal histidine nor the strength of the iron-
histidine bond correlates with the behavior of the higher-order
modes involving the CO.
We have also examined the relationship (Fig. 4) between the

C-O stretching mode and anharmonicity and found that,
except for the CcP point, these variables clearly correlate. CO
coordinates to the heme-iron atom (i) through a or bond
formed by the lone pair on the CO and the iron dz2 orbital and
(ii) through fr-backbonding from the iron d, orbital to the 7T*
orbital of the CO (1). The reduction of the C-O stretching
frequency from "2145 cm-1 in the free gas to "1950 cm-1 in
heme proteins is a consequence of this back donation. An
increase in the d iw7* overlap increases the Fe-CO bond order
and concomitantly decreases the C-O bond order due to the
population of the antibonding 7r orbitals on the CO. Thus, any
electronic interaction that affects the IT bonding will affect the
Fe-CO and the C-O bond strengths, accounting for the well
established inverse correlation between the stretching fre-
quencies of these bonds (1). However, because the frequency
of vco is high and the mode is isolated from other modes, it
is less susceptible to vibrational coupling and geometric
changes than VFe-Co and, thus, is a more reliable marker of the
iron d, to the CO wr* backbonding than is VFe-co.
From the above considerations the correlation in Fig. 4 can

be understood. The C-O stretching frequency is a marker of
the back donation to the CO IT* orbital. Thus, vc-o should
correlate with the d7r-i* overlap contribution to the Fe-CO
binding energy, which is reflected in the anharmonicity of the
Fe-CO stretching mode more sensitively than in the frequency
of the fundamental Fe-CO mode. For a simple Morse poten-
tial the anharmonicity is inversely proportional to the disso-
ciation energy (30). Thus, the larger the anharmonicity, the
lower the dissociation energy and the weaker the Fe-CO bond.
Therefore, the CO-binding energy would be expected to vary
inversely with both anharmonicity of the Fe-CO potential and
the C-O stretching frequency. The failure of CcP to lie on the
correlation curve most likely results from the hydrogen bond
to the bound CO in this protein (31), an interaction that is not

1,

[1]

The constant, We, is the spacing between the adjacent energy
levels with quantum number, v, for a harmonic potential, and
WeXe is referred to as the anharmonicity factor. The difference
between the frequency of the first overtone (0-2 transition)
and twice the frequency of fundamental (0-1 transition) is
given by 2ceXe. In Table 1 the values of 2(deXe range from 7 to
12 cm-1. From the data in this Table it is evident that there is
no correlation between anharmonicity and Fe-CO stretching
frequency. Similarly, there is no correlation between Fe-CO
stretching frequency and ratio of intensity of overtone-to-
combination mode.
The properties of the proximal ligand can affect bonding

between the iron and the distal ligand and, thus, its vibrational
frequencies (1). The frequency of the iron-histidine stretching
mode (VFe-His) is a measure of the bond strength between the
iron atom and the histidine. Table 1 shows that despite a
variation in the frequency of VFe-His from 203 cm-' for S.
inaequivalis hemoglobin to 227/248 cm-1 for the imidazolate-
coordinate CcP, the anharmonicities of all of the proteins
other than the oxidases lie between 7.4 and 9.6 cm-1, and the
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FIG. 4. Anharmonicity (2weXe) data (in cm-') from the proteins
listed in Table 1 is plotted vs. their vc-o frequencies (cm- 1). Error bars
were the result of several measurements of the anharmonicity and vary
depending on the signal-to-noise in the spectra, whereas the error in
the C-O stretching frequency for all points is about ± 1 cm- 1. The line
is a least-squares fit to the data for all points except point 4 (CcP),
which lies off the correlation, as discussed in text.
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thought to be present in any of the other proteins we have
examined, although an effect due to the imidazolate rather
than imidazole coordination on the proximal side of the heme
in CcP cannot be excluded.
The terminal oxidase family of enzymes do not lie on the

well-established inverse correlation curve between vFeco and
vc-o in histidine-coordinated heme proteins (32). This rela-
tionship has recently been attributed to a geometry change of
the Fe-C bond due to a steric interaction between the bound
CO and the Cu atom (17), which is known to be located 3-5
A from the heme-iron atom (20). Interestingly, despite this
geometry change in the terminal oxidases, they still fall on the
anharmonicity vs. vc-o correlation curve, which indicates that
the alteration of the Fe-CO geometry caused by the steric
constraint of the nearby copper atom does not perturb the
shape of the Fe-C bond energy potential. In addition, the
behavior of the terminal oxidases is distinct from that of CcP,
in which hydrogen bonding to the bound CO or the imidazolate
coordination modifies its electronic structure such that it fails
to lie on the anharmonicity vs. vco correlation curve. These
contrasting results illustrate the necessity to obtain frequency
and anharmonicity data for a complete understanding of heme
protein-ligand energetics.
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