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ABSTRACT Cytochrome c oxidase isolated from bovine heart was crystallized in the fully reduced carbon monoxide (CO)-bound form. To
evaluate the structure of the 02 reaction site in crystals and in solution, the bound C-0 stretch infrared band in protein crystals was
compared with the band for protein solution. In solution, the C-0 stretch band could be deconvoluted into two extremely narrow bands,
one at 1963.6 cm-' with Av112 = 3.4 cm-' of 60% Gaussian/40% Lorentzian character represented 86% of the total band area and the
other at 1960.3 cm-1 with AP112 = 3.0 cm-' of 47% Gaussian/53% Lorentzian character represented 14% of the total band area. The
crystals exhibited two deconvoluted C-0 infrared bands having very similar band parameters with those in solution. These findings
support the presence of two structurally similar conformers in both crystals and solution. Thus crystallization of this enzyme does not
affect the structure at the CO-binding site to as great an extent as has been noted for myoglobin and hemoglobin carbonyls, indicating
that the active (CO- or 02-binding) site of cytochrome c oxidase must be conformationally very stable and highly ordered compared to
other hemoproteins such as hemoglobin.

INTRODUCTION

Infrared spectroscopy has provided valuable informa-
tion concerning the binding of ligands to various hemo-
proteins, including hemoglobin, myoglobin, and cy-
tochrome c oxidase (CcO)3 (1-5). Carbon monoxide
(CO) is a very sensitive infrared active probe for the
dioxygen-binding site because CO binds competitively
and, usually, more tightly to the same site, the ferrous
heme iron, and the heme-bound C-0 moiety has a
strong dipole moment. Configurations of the heme-CO
moiety of hemoprotein-CO complexes in solutions and
crystals have been evaluated by infrared spectroscopy. It
is found that the discrete, interconvertible conformers of
similar tertiary (or quaternary) structures, except for the
vicinity ofthe active site that are expressed as the multi-
ple C-O stretching modes, are present in both crystals
and solutions for many hemoprotein-CO complexes (6,
7) and such interconversions can be induced upon crys-
tallization due to the crystal lattice force and the differ-
ent hydration levels. In sperm whale myoglobin (Mb),
multiple C-O stretching modes were observed for the.
heme-bound ligand near 1933, 1944, and 1967 cm' .

corresponding to three different heme-carbonyl con-'
formers. Considerable variations in the relative propor-
tions ofthe three conformers can be induced upon crys-
tallization ofMb-CO or by incorporation of small frac-
tions ofmet Mb or deoxy Mb into Mb-CO crystals (8).
On the other hand, carbonyl infrared spectra of HbA-
CO and Hb Zurich-CO in crystals were shown to be
different from solution spectra though similar con-
formers are present in both crystals and solution (1).
Crystallization ofHbA-CO slightly shifted the vcZ and
increased the width of a major band and intensified a
minor band. The major band (1951.2 cm-') for HbA-
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CO in solution could be deconvoluted satisfactorily with
only one theoretical curve, whereas in crystals at least
two curves ( 1949.9 cm-' for a subunit, and 1954.6 cm-'
for A subunit) were required for adequate deconvolu-
tion. Therefore the subunit difference in the IR absor-
bance spectrum (and in the tertiary structure around the
heme) seems greater in the crystals. Thus the C-O
stretch infraredband can be uniquely useful forthe evalu-
ation of crystal and solution protein structures at the
ligand-binding sites.
Cytochrome c oxidase (CcO) is a complex protein

spanning the inner mitochondrial membrane, which cat-
alyzes the reaction:

02 + 4 cytochrome c2+ + 4H+-. 2H20 + 4 cytochrome c3'

This reaction is coupled to the generation of a proton
gradient across the mitochondrial inner membrane by
an unknown mechanism residing in this enzyme, and
this proton gradient is the ultimate energy source for the
phosphorylation ofADP. The enzyme isolated from bo-
vine heart muscle is composed ofup to 13 subunits, two
hemes A (hemes a and a3), two coppers as prosthetic
groups along with a zinc and a magnesium, and possibly
an additional copper ofunknown function (9). The im-
portance of the two hemes A and the two copper atoms
in the electron transfer reaction from cytochrome c to
dioxygen is well recognized. But the details of the struc-
ture at the dioxygen reduction site and the mechanism of
the chemical steps by which dioxygen is reduced to two
water molecules within this site remain to be explained.
Yoshikawa et al. (10, 11 ) have recently succeeded in

the crystallization ofCcO in the resting (oxidized) state
from solutions ofthe enzyme from bovine heart. A crys-
tal in hexagonal bipyramids with its space group of P62
or P64 gave x-ray diffractions as high as 7.0 A resolution.
We have successfully crystallized CcO in the fully re-
duced CO-bound form (CcO-CO) by a similar crystalli-
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zation procedure (Shinzawa, K., et al., unpublished re-
sults) and, in the present study, the configuration of the
heme-carbonyl moiety in CcO-CO in the crystal state
was evaluated by the infrared spectroscopic methods and
compared with that of the solution state.

MATERIALS AND METHODS
Protein isolation. The enzyme was isolated from bovine heart muscle
using Brij-35 (high purity grade; Pierce Chemical Co., Rockford, IL) as
a detergent, according to the method of( 10). After dialysis against 10
mM sodium phosphate buffer (pH 7.4) at 4°C, the final product in the
oxidized (resting) state is freely soluble in the neutral buffer without
any added detergent. The purified CcO was concentrated in 10 mM
sodium phosphate buffer (pH 7.4) with a stirred ultrafiltration cell
apparatus (Amicon model 80, W. R. Grace & Co., Beverly, MA) using
a PTTKO43 10 membrane (pore size: 30,000 NMWL; Millipore Corp.,
Bedford, MA). The solution became turbid as a result ofthe formation
ofsmall crystals as the heme A concentration approached 1.5 mM. The
crystals were collected by centrifugation. The preparation at this stage
was used as the starting material for the crystallization of the fully
reduced CO-bound form. For the determination ofenzyme concentra-
tion, an extinction coefficient of 660s630 = 23.3 mM-' cm-' for the
fully reduced form in terms of heme A was used (Ueda, H., et al.,
unpublished observation).

Crystallization ofCcO in fully reduced CO-bound state. The mecha-
nism ofthe crystal growth during the concentration by ultrafiltration is
due to the increase ofthe Brij-35 concentration in the sample solution,
since micelles of Brij-35 cannot penetrate the ultrafiltration mem-
brane. Thus Brij-35 works as a detergent at a lower concentration
(close to CMC), but acts as a precipitant at a much higher concentra-
tion. This behavior as the precipitant is probably due to the long poly
(oxyethylene) group of Brij-35. At a concentration much higher than
CMC, a major part of Brij-35 forms micelles with the hydrophobic
dodecyl ether moiety inside. Such micelles behave like poly (ethylene
glycol) (PEG), a widely-used precipitant for the crystallization ofpro-
teins including CcO (Shinzawa, K., et al., unpublished observations);
i.e., the poly (oxyethylene) moiety of Brij-35 competes with the hydro-
philic moiety of CcO for water molecules in the solution. At a much
higher concentration, the poly (oxyethylene) moiety even binds to the
polar residues of CcO through hydrogen bonding, resulting in a de-
crease of the interaction between CcO and water molecules. This leads
to the lowered solubility ofCcO. The details of the crystallization pro-
cedure of CcO in the fully reduced CO-bound state will be reported
elsewhere (Shinzawa, K., et al., unpublished observations). In essence,
solid Brij-35 was added to the solution of CcO (-600 uM) in the
oxidized state dissolved in 5 mM sodium phosphate buffer (pH 7.4) to
bring the solution close to the critical point for the crystallization to
occur. The solution was then treated with 5 mM sodium ascorbate
under pure CO atmosphere to make the fully reduced CO-bound form.
This solution was then introduced anaerobically into small test tubes
containing varying amounts ofsolid Brij-35 to cause the crystallization.
The small tubes were then sealed with silicone rubber septa and stored
at 4°C under CO-atmosphere. Typically 1 to 2 weeks were needed to
obtain small tetragonal crystals with an unknown space group (Fig. 1 ).
The crystallization in the fully reduced CO-bound form was assessed by
observing visible absorbance spectra of the crystals with a Hitachi 557
spectrophotometer (Fig. 2).

FT-IR Measurements. Manipulation of the crystals was carried out
in a glove box saturated with pure nitrogen gas at room temperature.
Small crystal fragments collected by centrifugation under the atmo-
sphere ofCO were deposited uniformly over the optical surface of the
CaF2 window of an IR cell. Excess solvent was further removed by
blotting with strips of filter paper before assembling of the cell. A sili-
cone gasket 50,m thick was used for the assembling the IR cell. After

the spectral measurements, the path length was determined from the
interference pattern generated by the empty IR cell. For the solution
state, the fully oxidized enzyme was deoxygenated by flowing pure
nitrogen gas over the sample. The deoxygenated solution was then
reduced with slight excess of sodium dithionite and pure CO gas was

introduced. The resulting CcO-CO complex was then introduced into
a preassembled IR cell using a disposable syringe. Formation of the
carbonyl complex was confirmed by visible and infrared spectrosco-
pies. The infrared spectra were recorded with a Perkin-Elmer model
1850 Fourier-transform infrared spectrophotometer (Perkin-Elmer
Corp., Norwalk, CT) interfaced to a Perkin-Elmer 7700 computer and
this system was under the control ofCDS-3 application software (CDS
Instruments, Oxford, PA) for data acquisition and manipulation. The
infrared spectrophotometer was operated in a double beam mode. The
reference IR cell contained the CcO solution in the oxidized state at the
same concentration. The temperature ofthe IR cells was maintained at
10°C by circulating water through cell holders from a temperature-
controlled water bath. Nominal spectral resolutions at 2.0, 1.0, 0.5, and
0.2 cm-' were used to record the infrared spectra.

Analysis of infrared data. Infrared spectra with high signal-to-noise
ratios were obtained by using high enzyme concentrations (-2 mM)
combined with the spectral accumulations via Fourier-transformation
of the time-based interferograms into frequency-related infrared spec-
tral data. Typically, 200-400 cycles of spectral accumulations were

required to obtain the spectra of good quality. Data points were col-
lected every 0.03 or 0.1 cm-'. Slope correction, if necessary, was made
by subtracting the automatically (or manually) generated parabolic
curve from the spectra in a wide spectral range (100 cm-'). This sub-
traction technique did not affect the results obtained by the spectral
deconvolution analyses, as described below, at least for very sharp
bands like the C-O stretching band ofCcO-CO (halfbandwidths being
less than 4 cm-'). There was no additional averaging nor smoothing of
the data. The C-O infrared band was analyzed by the spectral deconvo-
lution using "fitg" program that contains the QUANT-3 program sup-

plied from Perkin-Elmer Corp., in which peak frequencies (in cm-'),
halfband widths (in cm-') and spectral shape (an arbitrary linear com-
bination of Gaussian and Lorentzian functions) of the component
bands (maximum; 11 bands) were specified manually for the calcula-
tion. The "fitg" program gives the best fitted contributions of each
component band by a least-squares curve-fitting approach, which can
use information from the entire spectrum rather than from a few se-
lected frequencies. This program also can locate the baseline automati-
cally by incorporating a sloping (or curved, if desired) baseline as an
additional component in the fitting procedure. The closeness of the
fitted bands to the actual spectrum can be judged by the flatness ofthe
residual, i.e., the difference spectrum, obtained by subtracting the sum
of the theoretical curves from the observed spectrum.
The integrated absorption intensities were calculated with the Per-

kin-Elmer model 7700 computer using a built-in program in the CDS-
3 application software.

RESULTS
C-O infrared band ofCcO-CO in solution state. We
obtained the C-O band spectra ofCcO-CO in solution
state with different nominal spectral resolutions (2.0,
1.0, 0.5, and 0.2 cm-'). The spectra with the resolution
at 0.2 cm-' had considerably lower signal-to-noise ratios,
and were, therefore, not used for the analyses in the pres-
ent study. The effect of the spectral resolution on the
band width is summarized in Table 1. Obviously the
spectral resolution at 2.0 cm-' is not adequate for accu-
rate spectral analysis of very narrow bands like the C-O
stretching band of CcO-CO. Therefore, in the present
study the analyses were conducted for the spectra ob-
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FIGURE I Microscopic photograph oftetragonal crystals of CcO-CO. The actual size ofthe photograph corresponds to about 0.65 x 0.80 mm
(X150).

tained at 0.5 cm-' resolution. A typical C-O band spec-
trum with the resolution at 0.5 cm-' is shown in Fig. 3
(top). The observed C-O stretching band (band peak
1963.5 cm-'; half bandwidth 3.7 cm-') is unusually
narrow for a hemoprotein-carbonyl complex and is defi-
nitely asymmetric, suggesting the presence ofmore than
one component. The present observation is in accor-
dance with previous ones ( 12-14).
We tried first to deconvolute the C-O stretching band

of CcO-CO with two Gaussian curves as suggested by
Yoshikawa and Caughey ( 12) and then by Fiamingo, et
al. ( 13). But a band constructed from only two Gaussian
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curves deviated from the observed spectrum consider-
ably at the higher frequency side, and slightly at the
lower frequency side, ofthe major absorbance band (Fig.
4, top). Introduction of a minor band around 1966.5
cm-l was still inadequate (Fig. 4, middle), leaving repro-
ducible deviations at both high and low frequency sides
ofthe major absorbance. Thus 2 additional minor bands
were necessary to obtain adequate fit under the restric-
tion noted above (Fig. 4, bottom). This conclusion is
essentially consistent with that of Einarsdottir, et al.
( 14), although they found an adequate fit by the intro-
duction of two, instead of three, minor bands on both
sides of the major absorbance peak. This discrepancy is
probably due to the much higher spectral resolution (0.5
cm-') obtained in this study compared to that (1.8
cm-') reported by Einarsdottir, et al. (14). However,
there is no compelling reason to use pure Gaussian
curves in the deconvolution analysis (see Discussion).
In the present study, we tried to deconvolute the C-O
bands with a minimum number of symmetric curves

TABLE 1 Effect of the spectral resolution on the observed C-O
band parameters of cytochrome c oxidase-CO (CcO-CO) in
solution and in crystals; the parameters are expressed as
mean ± SD

Solution Crystals
Nominal
resolution peak AvI/2 peak AP,/2

cm-' cm-' cm-' cm-' cm-'
2.0 1963.6 ± 0.1 4.3 ± 0.1 1963.6 ± 0.1 4.6 ± 0.1
1.0 1963.5 ± 0.1 3.8 ± 0.1 1963.6 ± 0.1 4.4 ± 0.2
0.5 1963.5 ± 0.1 3.7 ± 0.1 1963.7 ± 0.1 4.2 ± 0.1
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FIGURE 2 Visible absorbance spectrum ofCcO-CO in tetragonal crys-
tal state. CcO-CO crystals were sandwiched anaerobically between a
hole slide glass and a slide glass and the visible absorbance spectrum
was recorded with a Hitachi 557 spectrophotometer at room tempera-
ture.
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' ' 'I\ ' '(by 0.5 cm-') to 4.2 cm-'. In addition, the shoulder
around 1960 cm-1 was more pronounced than in the
solution state. The C-O band spectra ofCcO-CO crys-
tals were analyzed by the same strategy employed for the
solution state, first with pure Gaussian curves, then with
curves defined by a linear combination ofGaussian and
Lorentzian functions. Very similar results with those for

w

u / \ CcO-CO in solution state were obtained (Fig. 5 and 6);
iE LC * g q for the deconvolution with pure Gaussian curves 5

bands were required (Fig. 6), whereas for the deconvolu-
rQ tion with curves defined by a linear combination of

< r 1 11 Gaussian and Lorentzian functions adequate fits were
°°°,7 i 1\ Wobtained with only two symmetric bands (Fig. 5, bot-

tom). Deconvoluted band parameters based on the latter
method are also summarized in Table 1 and compared
with those ofCcO-CO in the solution state. All the band
parameters for major (A) and minor (B) bands in crys-
tals were very similar to those in solution. The relative

,=w2-,- yband areas were almost identical and the vc o values dif-

1990 1980 1970 1960 1950
WAVENUMBER (cm)rl)

FIGURE 3 Heme-carbonyl infrared spectrum of CcO-CO in solution
in 50 mM Tris-HCl buffer at pH 7.4 and lO0C and its deconvolution
with theoretical curves defined by a linear combination of Gaussian
and Lorentzian functions. (Top) The C-O infrared spectrum, slope-
uncorrected. (Bottom) The same curve as in the top panel, deconvo-
luted two symmetric curves with the band parameters in solution state
listed for bands A and B in Table 2, sum ofthe two symmetric curves,
and residual spectrum (the difference between the observed spectrum
and the sum oftwo symmetric curves). Other conditions were stated in
Materials and Methods.

w

defined between the limits of pure Gaussian to Lorentz- Z

ian functions, instead of pure Gaussian curves (see Dis-

cussion). For all the spectra obtained with spectral reso- 0l
lution at 0.5 cm-', adequate fits were obtained with only <
two symmetric bands, the major band being at 55

65% Gaussian nature. A typical result after the deconvo-
lution analysis is shown in Fig. 3 (bottom). Statistics of
the deconvoluted band parameters based on the latter
method are summarized in Table 1.
The deconvoluted bands A and B correspond appar- O1

ently to the deconvoluted bands CII (vc-o = 1959.6
cm-l, AvP12 = 4.0 cm-') and CIII (Vc.O = 1963.4 cm-,
AP112 = 4.2 cm-'), respectively, reported by Ein-
arsd6ttir, et al. ( 14). If the contribution from the addi- )
tional two minor bands (bands CI and CIV) is neglected,

the band CIII contributes about 85% of the total area, 1990 1980 1970 1960 1950

which is very close to our present result (Table 1). WAVENUMBER (cm1)

C-O infraredbandofCcO-COincrystals. The infra-
FIGURE 4 Deconvolution of the heme-carbonyl infrared spectrum of

red C-O stretching band spectrum of CcO-CO in crys- CcO-CO in solution with pure Gaussian curves. (Top) Deconvolution

tals with the spectral resolution at 0.5 cm-' is shown in with two Gaussian curves; (middle) deconvolution with three Gauss-

Fig. 5 (top) and is very similar to the spectrum in solu- ian curves; bottom panel, deconvolution with five Gaussian curves. In
tion (Fig. 3). The crystallization caused a slight upward each panel, the observed spectrum, deconvoluted theoretical curves,

shift (by 0.2 cm-') ofthe band peak frequency to 1963.7 sum of the theoretical curves, and the difference spectrum (observed
cm-'. The half bandwidth also showed a slight increase

spectrum minus the sum of the deconvoluted curves) are shown.
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1950

FIGURE 5 Heme-carbonyl infrared spectra ofCcO-CO in crystals at
10°C. Top panel, the C-O infrared spectrum in crystal state slope-un-
corrected. Bottom panel, the same curve in the top panel, two symmet-
ric curves with the band parameters in crystals listed for bandsA and B
in Table 2, sum of the two symmetric curves, and residual spectrum
(the difference between the observed spectrum and the sum of two
symmetric curves). Other conditions are stated in Materials and Meth-
ods.

fered by 0.2 cm-' for band A, and by less than 0.1 cm-l
for band B. The halfbandwidth for bandA also showed a

slight increase by 0.3 cm-' upon crystallization, but
there was no change in band B.

Integrated absorptivity of the C-O band. The inte-
grated absorptivity ofthe C-O stretch band is one ofthe
most important characteristics ofthe infrared absorption
band. Accuracy of the visible absorption coefficient
value is apparently crucial for the determination of the
integrated absorptivity. We have used a visible absorp-
tion extinction coefficient of 65-63 = 23.3 mM- cm-'
for the fully-reduced form for the determination of the
heme A concentration of CcO. This value was deter-
mined by careful and repeated examinations of metal
contents in the crystalline CcO samples by atomic ab-
sorption spectrometry (Ueda, H., et al., unpublished ob-

servations). When this coefficient value was used for the
calculation, the integrated C-O band absorptivity for
CcO-CO was found to be 37.33 mM'1 cm-2, very close
to the corresponding value for HbA-CO, which was
35.77 mM'1 cm-2 based on the visible absorption ex-

tinction coefficient value of 568.5 = 14.95 mM-1 cm-' in
the CO form ( 15). Thus there is no anomaly concerning
the integrated absorptivity ofthe C-O stretching band of
CcO-CO compared to that ofHbA-CO.

DISCUSSION
Two heme-carbonyl conformers in CcO-CO. It is
widely accepted that ideally the true shape of a single
absorption band of a liquid may be represented by a
Lorentz curve ( 16). Band broadening can occur when a
complex polyatomic molecule exists in different confor-
mational forms in solution. Ifthe vibrational frequencies
associated with the various forms differ sufficiently, sepa-
rate bands will be resolved for each form. However, ifthe
conformational isomerism is remote from the atoms pri-
marily involved for the vibrational frequency, the per-
turbation effect on the frequency will be very small, in
which case it will act to broaden the band with a ten-
dency to have Gaussian form ( 17). Thus for the absorp-
tion bands of the polyatomic molecules in liquid phase,
both Lorentzian and Gaussian forms ofbroadening may
be operating together, so that the resultant profile ofthe
absorption band will be an intermediate between these
two extremes ( 17). This is our rationale for using a linear
combination of Gaussian and Lorentzian functions
rather than a pure Gaussian function in the present

cc
0

1990 1980 1970 1960
WAVENUMBER (cm1l)

FIGURE 6 Deconvolution ofthe heme-carbonyl infrared spectrum of
CcO-CO in crystals with pure Gaussian curves. Other conditions are
the same as in Fig. 4.
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TABLE 2 Specral band parmeters of th deconvolutd Infrared sectra of CcOCO

TABLE 2 Spectal band parameters of the deconvoluted infrared speta of CcO-CO in sdution and in crystals; the parameters are
expressed as mean ± SD

Band A Band B

vC-O AVI/2 %G %Area vC-O AVI/2 %G %Area

cm-' cm-' % % cm-' cm-' % %
Solution (n = 7) 1963.6 ± 0.0 3.4 ± 0.0 60.7 ± 2.9 86.3 ± 0.7 1960.3 ± 0.1 3.1 ± 0.1 46.9 ± 7.1 13.7 ± 0.7
Crystals (n = 6) 1963.8 ± 0.1 3.7 ± 0.1 63.3 ± 3.0 85.8 ± 1.6 1960.4 ± 0.1 3.0 ± 0.1 30.3 ± 1.4 14.2 ± 1.6

study. Our strategy for the analysis was to try to decon-
volute the C-O band with a minimum number of sym-
metric curves defined between the limits of pure Gauss-
ian to Lorentzian function. Superficially, our deconvo-
lution approach using a linear combination ofGaussian
and Lorentzian functions may seem not much different
from the conventional analysis, assuming a large num-
ber of Gaussian bands. However, there is an essential
difference. Use of a linear combination ofGaussian and
Lorentzian functions means the introduction of a new
parameter in the analysis for determining the band shape
of each conformer more precisely. On the other hand,
the introduction of a new band(s) during the curve-fit-
ting approach demands the existence of an additional
conformer(s). The former approach assumes that the
perturbation effect on the molecule is not large and,
therefore, each existing conformer structure receives a
slight modification, whereas, the latter approach postu-
lates the strong perturbation effect on the molecule.
Thus, the latter approach is energetically distinct from
the former one and, therefore, should be a final choice in
the analyzing procedure. Approaches similar to ours had
been employed in the past by Potter et al. ( 1, 2)' and, by
Shimada and Caughey ( 18).

It is almost certain that there were two heme-carbonyl
conformers in CcO-CO solution, giving two discrete C-
0 stretching bands (bands A and B) (Table 2). Yoshi-
kawa and Caughey (12) first deconvoluted the C-O
stretching band of CcO-CO solution using two pure
Gaussian curves. Later, Einarsd6ttir et al. (14) em-
ployed a similar strategy for the spectral analysis, using
four Gaussian curves, and stated that better curve-fitting
was obtained by using pure Gaussian functions rather
than a combination of Gaussian and Lorentzian line
shapes. Our present results disagree with the latter. Only

'We also tried the spectral analysis of the C-O band of HbA-CO,
adopting the same deconvolution technique used in the present study.
It was found that four symmetric bands with 55-65% Gaussian/35-
45% Lorentzian character could fit theC-O absorption band satisfacto-
rily (data not shown). Our result is consistent with reports of Potter et
al. ( 1, 2). They analyzed the C-O stretching absorption bands ofHbA-
CO and Hb Zurich-CO, both in solution and in crystals, using a similar
deconvolution technique to ours ( 1 ) and found that best fits were ob-
tained with a minimum offour bands at 65% and 60% Gaussian nature
for solution and crystals, respectively, ofHbA-CO, and 75% and 70o
for solution and crystals, respectively, ofHb Zurich-CO.

two symmetric bands, a major band with 55-65% Gauss-
ian/35-45% Lorentzian character and a minor one with
lesser Gaussian character, were sufficient to deconvolute
the C-O band in our case. As a plausible explanation of
the discrepancy, the spectral resolution at 1.8 cm-' em-
ployed by Einarsdottir ( 14) may be not enough to follow
obediently the true band shape with a very narrow band-
width (-3.7 cm-') (see Table 1).

Effects of crystallization on the C-O stretch bands.
The most important finding in the present study was the
existence oftwo very similar C-O stretching bands both
in solution and in crystals (Table 2). The slight spectral
changes in the band peaks (<0.2 cm-'), in the halfband-
widths (<0.3 cm-'), or in the relative absorbance area

(<1.0%) induced by the crystallization ofCcO-CO (Ta-
ble 2) were much less than those noted for Mb-CO and
HbA-CO upon the crystallization (1, 8).

In solution, the major C-O band ofHbA-CO could be
deconvoluted satisfactorily with only one theoretical
curve with v(c> = 1951.2 cm-' and Av,/2 = 8.0 cm-';
whereas, in crystals at least two curves (vc-o = 1949.9
cml, Av112 = 8.0 cm-' for a-subunit; vc.. = 1954.6
cm-l, AV112 = 7.8 cm-l for :-subunit) were necessary for
an adequate deconvolution (1). Thus there were 1.3
cm-1 and 3.4 cm-' shifts in peak position for the a-sub-
unit and the 1-subunit, respectively; although there was
not much change in the halfbandwidth. For Hb Zurich-
CO, the corresponding shifts upon crystallization were
1.1 and 1.3 cm-' for a- and ,3-subunits, respectively. The
halfbandwidths were slightly increased for both subunits
(1). These peak shifts in HbA-CO and in Hb Zurich-
CO upon the crystallization were far greater than the
corresponding values (0.2 cm-' for band A and practi-
cally nil for band B) observed for CcO-CO. For sperm
whale Mb-CO, there was no quantitative data available.
However, it is evident from the spectra that the relative
population of each conformer changes dramatically
upon crystallization (8).

Since the C-O stretch bands provide direct evidence
for conformer structures and relative conformer stabili-
ties at the dioxygen-binding site, the present observa-
tions support the presence oftwo structurally very simi-
lar conformers in CcO-CO, both in crystals and in solu-
tion. The dissimilar C-O infrared band behavior
observed for HbA-CO, HbA Zurich-CO, Mb-CO, and

Tsubaki et al. FT-IR of Cytochrome c Oxidase Crystals 1569Tsubaki et a]. FT-IR of Cytochrome c Oxidase Crystals 1569



CcO-CO upon crystallization seems to reflect the differ-
ent structural requirements ofthese proteins for carrying
out their physiological functions. A flexible, dynamic
protein structure at the O2-binding site is required for
these 02-carrying proteins to permit 02 to enter or leave
without the reduction of bound 02. For HbA such a
flexible and dynamic structure is essential to perform
cooperative oxygen-binding to the four heme irons by
the allosteric mechanism. CcO, on the other hand, re-
quires a ligand binding site that promotes the reduction
of 02 to water without releasing the partially reduced
species (superoxide, hydrogen peroxide, and hydroxyl
radicals), which are very toxic for the living cell. Thus
CcO must perform as a very efficient electron sink ofthe
electron transport system in mitochondria. For these
purposes the O2-binding site ofCcO must be conforma-
tionally very stable and highly ordered, compared to
other hemoproteins such as HbA. This view has been
proposed previously from the very narrow C-0 stretch
bandwidth of CcO-CO in solution ( 12, 14).

Although the biochemical significance ofthe existence of
two conformers (those give bands A and B) is not clear, it
is very interesting that band B showed no spectral parame-
ter change upon crystallization, whereas band A showed a
shift in Vc_o by 0.2 cm-' and a widening ofthe band by 0.3
cm-'. This result may indicate that the conformer that
gives band B is more rigid than the one that gives band A.
This view is consistent with the narrower bandwidth of
band B than that of band A in solution state. The
narrower band nature ofband B than that ofband A has
previously been observed ( 12, 14), although at a much
lower spectral resolution. The greater contribution of the
Gaussian component in band A than in band B may have
some relation to the fact that the conformer needed to
give band B has a more rigid structure.
Anomalous Fe2l-CO site structure in CcO-CO. The
factor(s) that cause the narrowing of the C-0 infrared
band width ofCcO-CO are of interest since this narrow
C-0 infrared band seems common to cytochrome c oxi-
dase ( 19) and, therefore, must be directly, or indirectly,
linked to the enzymatic functions (02-reduction to
water and proton pumping). The very narrow C-0
stretch bandwidth may be due to the extensive hydrogen
bonding to the bound carbon monoxide from the distal
residue(s), since such an anomalous narrowing is ob-
served for the Fe2_-CO stretching Raman band of the
form II of CCP-CO in which a strong distal hydrogen
bonding is expected (20, 21 ). From the relative location
of the data point for CcO-CO in the "vF.co versus vc.t
plot" (3-5), 2 however, an indication that the distal hy-

2For many imidazole-Fe2+-CO complexes a good inverse correlation
was found between the frequencies of VFco and v, i.e., the data
points follow a straight line (3, 4) given by

vF,_cJ(cm- ) = 1935 - 0.73vc-(cm-')

(reference 5).

drogen-bonding to bound C-O is not significant in the
heme pocket may be inferred, based on the following
reasons. First, the distal effect will increase the drift of
electrons from the Fe(dr) to the CO(lr*) orbitals and the
developing charge is stabilized by the interaction with
the distal hydrogen-bonding. This causes a shift to the
high end along the line in the plot (22), as observed
for the forms II of HRP-CO (with vc4, = 1904 cm-',
vF,O = 537 cm-') (23) and CCP-CO (with VCJO = 1922
cm- , VFeCO = 530 cm-' (20). The relative location of
the data point for CcO-CO in the plot seems not so signif-
icantly different from those with usual hemoprotein-CO
complexes having no appreciable distal hydrogen-bond-
ing (such as HbA-CO and Mb-CO), because the vC_X =
1963 cm-' of CcO-CO is usual as a hemoprotein car-
bonyl. Second, ifthe hydrogen atom at the distal residue
is exchangeable, there should be a substantial D20 shift
in the C-O stretching frequency. Indeed for HRP-CO
and CCP-CO, such strong hydrogen-bonding to the
bound C-O was experimentally demonstrated by the
measurable D20 shifts (2.5 cm-' downshift for HRP-
CO form 11(24), and 2.0 cm-' downshift for CCP-CO
form II (25). However, in CcO-CO, an upward shift of
only 0.2 cm-' was observed upon the D20 substitution
( 14) (Tsubaki, M., and S. Yoshikawa, unpublished ob-
servation). Thus there must be an unknown factor(s),
other than hydrogen bonding to the bound carbon mon-
oxide, causing the narrow C-O infrared bandwidth of
CcO-CO. It is likely that the existence of CUB in close
proximity to the bound C-O is responsible, at least in
part, for the narrow C-O stretch bandwidth and for the
other anomaly, i.e., the high value ofthe Fe-CO stretch-
ing mode (520 cm-') (26) compared to the usual value
of the C-O stretching mode (1963.3 cm-').

In conclusion, FT-IR spectroscopy of heme-carbonyl
moiety in CcO-CO revealed the presence of two struc-
turally similar conformers, both in solution and in crys-
tals. The crystallization of this enzyme does not affect
the structures at the carbon monoxide binding site to as
great an extent as has been observed for myoglobin and
hemoglobin carbonyl. Therefore an x-ray crystal struc-
ture of CcO-CO will be pertinent to understanding the
solution structure of this enzyme.
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