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The purpose of the work was to provide a crystallographic demonstration of the venerable idea that CO pho-
tolyzed from ferrous heme-a3 moves to the nearby cuprous ion in the cytochrome c oxidases. Crystal struc-
tures of CO-bound cytochrome ba3-oxidase from Thermus thermophilus, determined at ~2.8–3.2 Å
resolution, reveal a Fe–C distance of ~2.0 Å, a Cu–O distance of 2.4 Å and a Fe–C–O angle of ~126°. Upon pho-
todissociation at 100 K, X-ray structures indicate loss of Fea3–CO and appearance of CuB–CO having a Cu–C
distance of ~1.9 Å and an O–Fe distance of ~2.3 Å. Absolute FTIR spectra recorded from single crystals of re-
duced ba3–CO that had not been exposed to X-ray radiation, showed several peaks around 1975 cm−1; after
photolysis at 100 K, the absolute FTIR spectra also showed a significant peak at 2050 cm−1. Analysis of the
‘light’ minus ‘dark’ difference spectra showed four very sharp CO stretching bands at 1970 cm−1,
1977 cm−1, 1981 cm−1, and 1985 cm−1, previously assigned to the Fea3–CO complex, and a significantly
broader CO stretching band centered at ~2050 cm−1, previously assigned to the CO stretching frequency of
CuB bound CO. As expected for light propagating along the tetragonal axis of the P43212 space group, the sin-
gle crystal spectra exhibit negligible dichroism. Absolute FTIR spectrometry of a CO-laden ba3 crystal, exposed
to an amount of X-ray radiation required to obtain structural data sets before FTIR characterization, showed a sig-
nificant signal due to photogenerated CO2 at 2337 cm−1 and one from traces of CO at 2133 cm−1; while bands
associated with CO bound to either Fea3 or to CuB in “light” minus “dark” FTIR difference spectra shifted and
broadened in response to X-ray exposure. In spite of considerable radiation damage to the crystals, both X-ray
analysis at 2.8 and 3.2 Å and FTIR spectra support the long-held position that photolysis of Fea3–CO in cyto-
chrome c oxidases leads to significant trapping of the CO on the CuB atom; Fea3 and CuB ligation, at the resolutions
reported here, are otherwise unaltered. This article is part of a Special Issue entitled: Respiratory Oxidases.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Cytochrome ba3

Cytochrome ba3 first described in 1988 by Zimmermann et al. [1]
and characterized in detail by Keightley et al. [2], is now considered
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a B-type cytochrome c oxidase [3], and is one of two terminal
heme–copper oxidases [4] in the Gram-negative eubacterium Ther-
mus thermophilus, which couple the reduction of dioxygen to proton
translocation across the inner bacterial membrane. The enzyme con-
tains a homo-dinuclear copper center, CuA, a low-spin heme-b, and a
binuclear center including a high spin heme-a3 in close proximity to
the three-coordinate CuB atom [1,5–7]. This binuclear center serves as
the site where dioxygen is reduced to H2O (see Ref. [8]). While time-
resolved structural studies of metal bound oxygen forms of the enzyme
may be the most desirable way to understand the molecular mecha-
nism of the catalytic reaction, the diffusion limited rate of dioxygen
binding [9,10] followed by its rapid reduction by the binuclear site, rec-
ommends the use of generally redox inactive carbon monoxide (CO) as
an alternative to study ligand binding and coordination changes at the
binuclear site, free of the complications resulting from dioxygen reduc-
tion chemistry. By exploiting the 100% quantum yield for photodissoci-
ation of heme–CO complexes [11], CO has been used to probe both Fe
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and Cu in the catalytic site of heme–Cu oxidases [12,13]. Indeed, CO
photodissociation is a powerful tool for studying dynamic features of
the active site and how it adjusts to “photo freed” CO [13–15].

The purpose of this work was to provide a crystallographic dem-
onstration of the long-held assertion that CO bound to heme-a3 of
the cytochrome c oxidases moves, upon illumination, from Fea3(II)
to CuB(I). This assignment was originally evidenced by shifts of the
IR spectral line associated with the CO stretch from ~1975 cm−1,
arising from the CO-stretch mode of Fe-bound CO, to ~2050 cm−1,
thought to arise from the CO-stretch of CuB-bound CO [14,16,17] as
suggested in Scheme 1. Recent work by Varotsis and co-workers [18]
indicates, however, that the stretching frequency of non-metal bound
CO may show similar values for CO bound in polar protein cavities. If
proven to occur in the cytochrome c oxidases, such a finding would
complicate the now venerable interpretation that the observed
~2050 cm−1 band represents the CO stretching frequency of the CuB–
CO complex.

The heme–CO complex exhibits unusual vibrational properties in
comparison with other heme proteins. The deviation of the C–O and
Fe–CO frequencies from the linear correlation established for other
histidine-ligated heme proteins has been attributed to compression
of the C\O bond or distortion of the FeCO unit from the nearly linear
geometry observed for other heme proteins [19]. The linewidths of
the C–O stretching band are also unusually narrow for heme–Cu oxi-
dases [12,13]. The frequency and oscillator strength of the photolyzed
C–O have values intermediate between those of heme–CO and CO gas
but are similar to those observed for CO binding to Cu proteins [20].
The high barrier for geminate rebinding of photolyzed CO to the
heme (40–60 kJ/mol) in comparison with typical heme proteins
(10 kJ/mol) has also been associated with the presence of Cu
[12,13]. In this work, X-ray crystallography provides evidence for
photo induced transfer of CO from Fea3–CO to CuB–CO with no other
changes in metal ligation, while infrared spectroscopy shows that
CO binding within a single crystal of ba3 is highly similar to that
which occurs in solution. Parallel characterization of the structure
and vibrational properties of the Cu–CO complex in a heme–Cu oxi-
dase, as presented here, serves as a springboard for structurally cali-
brated spectroscopic investigations.

2. Materials and methods

2.1. Protein expression, purification, and crystallization

Recombinant wild type and mutant (II-E4Q/I-K258R) cytochrome
ba3 oxidase genes were expressed in T. thermophilus HB8, and the en-
zyme was purified as described [21,22]. (Numerous observations in
the Fee laboratory indicate these mutations are benign, and the re-
sults reported here support this conclusion.) Final protein samples
were dissolved in 10 mM Bis–Tris pH 7.0 with 0.1 M KCl and 13 mM
n-nonyl-β-D-glucopyranoside (2 times its critical micelle concentration)
after performing the detergent exchange using a small DEAE resin (GE
Science) in an Econo-Column (BioRad), the sample was concentrated to
~20 mg/mLusing anUltra YM-10 concentrator (Microcon). Spectral char-
acterization was determined using an SLM/AMINCO model DB3500 dual
beam spectrophotometer. The purity index, A413/A280, of the enzyme
used in this work ranged from ≥0.7 to 0.9. Optical spectra are shown in
Scheme 1. Scheme depicting protoinduced CO transfer from Fe(II)-C
Fig. S1. The concentration of fully constituted protein was obtained
using Δεred560–590=26mM−1 cm−1 from a reducedminus oxidized dif-
ference spectrum using Na-dithionite as the reductant. The protein
was crystallized in air at room temperature as described
(Ref. [22]); trays containing crystals so prepared were transferred
into a glove box (COY Laboratory Products Inc, USA)
filled with a gas mixture of 10% (v/v) hydrogen and 90% (v/v)
nitrogen.

2.2. Carbon monoxide binding to ba3 in crystals and in solution

In order to realize the CO bound state, a cryo-protectant solution
[50% (±)-2-methyl-2,4-pentanediol, 14% Polyethylene Glycol 2000,
0.1 M KCl, 13 mM n-nonyl-β-D-glucopyranoside in 0.1 M Bis–Tris
(pH 7.0), and 0.1 mM methyl viologen] was sparged vigorously with
carbon monoxide in a fume hood for 5–10 min, sealed with
Parafilm, and moved into the glove box. Several small vials
containing weighed amounts of dry Na dithionite were also brought
into the anaerobic chamber. After the increased O2-levels within the
chamber, caused by these operations, had returned to b1 ppm,
crystals were reduced in their crystallization droplet by adding
several microliters of CO saturated cryoprotectant being 10 mM in
Na dithionite, and 0.1 mM methyl viologen. Droplets containing
crystals were re-covered and allowed to stand for 1 to 2 min before
a crystal was loaded onto a nylon loop and flash frozen in liquid nitro-
gen. Total time of this operation starting with reduction of the crystals
was approximately 2 to 5 min. The intense blue color of themethylvio-
logen free radical, visible in the droplet, provided continuous evidence
that the droplet was reducing and oxygen free, therebymaking possible
the binding of CO to the Fe2+ form of the high-spin heme [13]. At this
point in the experiment, the only assay available for Fea3–CO formation
in the frozen crystal is X-ray structural determination.

2.3. X-ray data-collection, structure determination and refinement

Data setswere collected at 100 Kusing beam line 11-1 at the Stanford
Synchrotron Radiation Lightsource at 0.979 Å and using a MAR325 de-
tector (plus other beam lines as indicated in Table 1). Diffraction image
data were processed with the programs MOSFLM [23] and SCALA [24].
The wild type recombinant structure, (PDB ID: 1XME) was utilized as
the initial model to obtain phase information using molecular replace-
ment with PHASER [25].

Initially, the structures were refined by rigid body refinement fol-
lowed by restrained refinement with REFMAC 5.0 [26]. Without in-
cluding carbon monoxide in the refinements, the |Fo–Fc| electron
density maps clearly indicated the likely presence of a CO molecule
between Fea3- and CuB that was best modeled by a CO molecule
bound to the Fea3 or CuB and in a configuration somewhat off perpen-
dicular to the plane of heme-a3. CO was further treated as a free mol-
ecule having a bond length of 1.128 Å in subsequent refinements with
an allowed deviation of ±0.005 Å. A better fit to the |Fo–Fc| map was
always obtained when the C-atom was involved in bonding to either
to Fe or Cu. COOT [27] was utilized to display structure models and
electron density maps. Details of data collection statistics and final re-
finement statistics are given in Table 1. Structural figures were created
O to form Cu(I)-CO. Typical difference spectra are also shown.



Table 1
Data collection and refinement statistics.

Data set aWT (A2) aWT (A2_2) b Mutant (J2) Mutant b(L1) W.T. a (C1) W.T. a (E7)

cTiming of X-ray
gAbsorbed dose (MGy)

Before
11.1

After
20.8

Before
20.3

Before
10.6

After
10.8

After
9.39

SSRL Beam line
Flux@200 mA (p/s)

11-1
5.67×1011

9-2
5.03×1011

11-1
3.9×1011

11-1
3.9×1011

11-1
4.71×1011

7-1
2.64×1011

dResolution (Å) 2.90
(3.06–2.90)

3.20
(3.37–3.20)

2.80
(2.87–2.80)

2.95
(3.11–2.95)

2.90
(3.06–2.90)

2.80
(2.95–2.80)

Space group P43212 P43212 P41212 P41212 P43212 P43212
a=b, c (Å) 108.77,

164.60
108.81,
164.46

114.21,
146.93

114.96,
148.56

109.75,
164.77

109.96,
168.72

Total observations 74,069 87,276 140,705 57,127 135,443 145,901
Unique reflection 22,594 16,200 24,625 19,662 22,314 24,669
dRedundancy 3.3 (3.2) 5.4 (6.9) 5.7 (7.2) 2.9 (2.9) 6.1 (6.3) 5.9 (4.9)
dCompleteness (%) 99.9 (100) 96.6 (97.6) 100 (100) 92.1 (92.1) 97.6 (97.6) 94.9 (94.9)
db I/σI> 14.4 (4.1) 5.2 (2.0) 11.1 (1.7) 3.5 (1.8) 3.9 (2.0) 3.8 (2.1)
d,eRsym (%) 2.1 (17.8) 6.0 (38.5) 4.6 (44.3) 7.4 (38.3) 10.8 (35.7) 11.1 (35.6)
R.m.s. deviations
Bond lengths (Å) 0.014 0.011 0.017 0.015 0.015 0.017
Bond angles (°) 1.731 1.488 2.086 2.022 1.761 1.807
Rwork/Rfree (%) 22.9/28.4 31.8/36.7 21.5/26.5 25.8/32.3 28.6/32.9 21.9/27.4
fPDB ID 3QJQ 3QJR 3QJS 3QJT 3QJU 3QJV

a WT refers to recombinant wild-type enzyme.
b Mutant here refers to the II-E4Q/I-K258R double mutation.
c Timing with respect to photolysis.
d Values in parentheses are for the last shell.
e Rsym=∑ |I− ‹ I ›|/∑ I, where I is the integrated intensity for a reflection for all symmetry equivalent reflections.
f World wide protein data bank codes.
g Computed using RADDOSE [29].

2 Detailed kinetics measurements showed that either 1450 s illumination with
10 μWof the 441.6 nm line from a helium cadmium laser beam focused to a 150 μm di-
ameter or 800 s illumination with approximately 10 μW of light from the microscope
illuminator, focused to an 800 μm diameter, induced complete CO photolysis with
identical spectral changes. Note that the infrared beam itself does not induce
photolysis.
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using PyMOL [28]. Absorbed doses of X-ray radiation were calculated
using RADDOSE [29].

2.4. Photodissociation of crystalline and solution ba3–CO

Photodissociation of CO from heme-a3 was accomplished at 100 K
by mounting a crystal in the cryostream around which were disposed
the two objectives of a microspectrophotometer necessary to focus
light from a Hg/Xe or a deuterium/halogen lamp onto the crystal.
The optical absorption spectrum of the crystal was repeatedly
recorded until there were no further changes; this operation was usu-
ally complete in a few minutes. See Fig. S2 for an example of such a
spectrum, and see Ref. [30] and references therein for additional de-
tail. Currently, single crystal spectrophotometers are available at
both TSRI and SSRL (see Liu et al. [30]).

Infrared measurements on a frozen ba3–CO solution under identi-
cal conditions provide a comparison for the crystal measurements. A
~3 mM solution of ba3 in a sealed tube was purged with argon to
eliminate oxygen. This resulted in a further concentration of the en-
zyme, which was then equilibrated for several minutes under 1 atm
CO, and reduced with a small excess of sodium dithionite, introduced
as a concentrated solution in Tris buffer, pH 7.5. A gastight syringe
was then used to transfer a small drop of the enzyme solution onto
an empty cryoloop that was mounted on the microscope stage. There-
after, a dry pipette tip was used to remove excess solution from the
loop, after which it was moved into the cryostream.

2.5. Preparation for and recording of single crystal FTIR spectra

A commercially available infrared microscope (Bio-Rad UMA-500)
was modified at Northeastern University to allow magnetic mounting
and positioning of cryoloops containing individual crystals, and to in-
troduce visible laser illumination into the optical train. The long
working distance of the Schwarzschild microscope objective provides
access for the nozzle of a cryocooler (Oxford Cryosystems 700 Series)
that is used to maintain the temperature of a crystal mounted at its
focus at temperatures as low as 100 K. Crystals were transferred
under liquid nitrogen from a storage dewar to a magnet on the goni-
ometer head affixed to the microscope stage.

Exposure to the microscope illuminator during mounting and
alignment leads to complete photolysis of the crystal. Prior to light–
dark measurements, the crystal was annealed by repeated manual
blocking of the cryostream for 2–10 s intervals, until no changes
were seen in the 2050 cm−1 absorption feature in the single-beam
FTIR spectrum. Light–dark absorbance changes were then determined
by subtraction of spectra recorded before and after illumination.2

All infrared measurements were performed at 2 cm−1 resolution
at 100 K, using a Bio-Rad FTS-40A interferometer. To avoid photolysis
of CO observed over periods of tens of minutes under exposure to am-
bient light, all measurements were performed in the dark. A long
wave pass optical filter with a 2500 cm−1 cutoff frequency, placed
in the IR beam prior to the sample, prevented photolysis by the
632.8 nm FTIR alignment laser. Triangular apodization was employed
for Fourier transformation. The absolute infrared absorbance of the
crystals was calculated with reference to the spectrum of the unob-
structed IR beam. Infrared difference spectra of crystals and solutions
were corrected by subtraction of water vapor and of a polynomial
baseline.
3. Results and discussion

The cytochrome ba3-oxidase from Tt is a good system with which
to obtain in crystallo, both spectral and X-ray diffraction evidence for
the positions of CO binding in “dark” prepared crystals, in which there
is no question that CO is bound to Fea3, and in “light” prepared crys-
tals to reveal the structural consequences of the photochemical liber-
ation of CO. The strategies used were as follows. Ideally, one would
like to bind CO in the dark, obtain a low temperature X-ray structure

pdb:3QJV
pdb:3QJV
pdb:3QJV
pdb:3QJV
pdb:3QJV
pdb:3QJV
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along with optical and IR spectra from the same crystal, subsequently
expose the crystal to visible light to liberate CO, and obtain an X-ray
structure along with optical and IR spectra — all from the same crys-
tal. Unfortunately, such a scheme will not work. The first problem
arises from the necessity to align the crystal in a position that allows
obtaining both optical and IR spectra. In order to visualize the crystal,
this method of alignment requires placement of the crystal in the
tightly-focused beam of a micro-spectrophotometer. Experience
shows that even the imperceptibly weak lamp intensities used during
this process photolyze the Fea3\CO bond. At 100 K this is effectively
irreversible [31]. Once it is properly located in the optical/IR beam,
however, the crystal containing “photo-freed” CO can be annealed
(by repeated raising and lowering of the temperature), such that
the CO returns quantitatively to ferrous Fea3 and the same
“light”–“dark” difference spectra are obtained even after repeated
cycling. Unfortunately, this leads to a second problem, namely that
annealing a crystal of ba3 in thismanner, even for a few seconds, generally
leads to a debilitating loss of high angle diffraction such that information
on the position of CO in either “dark” or “light” forms is lost. To negotiate
these obstacles and still capture diffraction, optical, and IR data,we carried
out the following experiments.
3.1. Results from X-ray diffraction

Referring to Table 1, crystal A2 was converted to its “dark,” carbo-
nylated form in La Jolla and shipped under liquid nitrogen to SSRL for
X-ray structure determination. (Light levels in the experimental en-
closure were weak enough to avoid CO photolysis during data collec-
tion.) The approximate total time of X-ray exposure was ~3500 s with
indicated doses in MGy shown in Table 1. The results of analyzing the
A2 data set are given in column 2 of Table 1. These data revealed the
association of CO with Fea3, as shown in Fig. 1a. The same crystal,
renamed as A2_2, was then photolyzed at 100 K in the beam of the
micro spectrophotometer at SSRL in the course of obtaining its visible
optical absorption spectrum. Fig. S2 reveals that both heme-b and
heme-a3 are substantially, if not fully, reduced during the course of
this experiment, as seen previously [30].3 Crystal A2_2 was then sub-
jected to another round of X-ray data collection, adding an additional
9.7 MGy dose to give a total dose of 20.8 MGy. Its crystallographic
properties are listed in column 3 of Table 1. Fig. 1b shows the CO
omit map that provides evidence for the presence of CO between
the Fea3 and CuB atoms in the “light,” carbonylated A2_2 crystal.
After recording the diffraction data for the latter, crystal A2_2 was
shipped under liquid nitrogen to Boston for recording absolute IR
and “light”–“dark” difference FTIR spectra (see below). Fig. 1c
shows the CO omit maps in a different perspective. That labeled A2
corresponds to the Fe-bound, “dark” ba3–CO structure while that la-
beled A2_2 shows an omit map for the CuB-bound, “light” ba3–CO
structure.

Five additional crystals were examined. Crystal A3 (not described
in Table 1) diffracted only to ~3.7 Å, and was examined by FTIR spec-
trometry only after exposure to a dose of 18.4 MGy of X-ray radiation
(see below). In addition, two crystals containing the double crystal
mutation (P41212, Table 1) were examined prior to or after exposure
to X-ray radiation (Table 1). The metrics of the three Fea3–CO, “dark,”
structures, presented in Table 1, are shown in Table 2: WT crystal A2,
3 The visible absorption spectrum of the single crystal reveals yet a fourth path to
obtaining the crystal structure of electronically reduced cytochrome ba3. Previous pro-
cedures were: (path A) treatment of the oxidized, as-isolated protein with a cryopro-
tectant solution containing excess dithionite followed by cryo freezing; (path B) by
X-ray radiation of crystals held in a cryostream; (path C) by growth of crystals of the
dithionite-reduced protein in an anaerobic environment prior to freezing in liquid ni-
trogen; and now (path D) treatment of crystals of as-isolated ba3 that have been re-
duced with dithionite in the presence of CO followed by freezing. Notably, path D
crystals do not show the unusual ~590 nm peak characteristic of those obtained by
the A- and B-path, and to a lesser extent by the C-path (see Fig. S2).
mutant crystal (J2), and mutant crystal (L1). The average Fe–C dis-
tance is ~1.95±0.04 Å while the average CuB–O distance is ~2.42±
0.11 Å, distances that indicate coordinate covalent Fe\CO bonding
in the “dark” structures and very weak if any such bonding between
the O-atom of CO and CuB in these structures. The average Fe\C\O
bond angle is ~126±8°, suggesting repulsion between the O-atom
of the Fe-bound CO and CuB, causing this apparent shift of ~54°
from a heme–Fe–CO angle of 180°. These metrics are quite similar
to those reported for the fully reduced, carbonylated form of bovine
aa3-oxidase [32]: Fe–C, 1.90; Cu–O, 2.4 Å, and Fe–C–O, 152°.

Themetrics of three “photo-freed,” “light,” or “after” structures are
also given in Table 2: WT crystals A2_2, C1, and E7. Under the work-
ing assumption that it is the C-atom of CO that binds to CuB, the aver-
age CuB–C distance is ~1.92±0.03 Å and the average Fea3–O distance
is 2.70±0.49 Å (Table 2) indicating coordination of the C-atom of CO
to CuB and the absence of, or very weak, interaction of the O-atom of
CO to the Fe-atom in the “light” structures. The average CuB–C–O
angle is 129±20° while the average Fe–C–O angle is 126±8° indicat-
ing that the geometry of the CO in the two structures differs by an ap-
proximate 180° flip with minor translation to accommodate the
different bonding situations in the Fe\CO vs. the Cu\CO structures
(see Figs. 1c and S3). Notably, in the bovine oxidase, Muramoto et
al. [33] report what may be a side-on arrangement of the C- and O-
atoms when bound to CuB: Cu–O, 2.7 Å; and Cu–C, 2.4 Å. However,
because these distances are nominally outside the expected bonding
envelope, these data suggest a more complicated arrangement be-
tween the metals and CO in the 100 K structure of bovine oxidase.

3.2. Infrared spectroscopy of single crystals

Exposure to visible light during optical alignment in the IR micro-
scope photolyzes ba3–CO crystals, as reflected by a feature near
2050 cm−1 in the absolute spectra shown in Fig. 2. For crystal b4,
which had not been exposed to X-ray radiation, no changes in the
area of this line were observed after more than 24 h, thus confirming
that photolysis is complete and irreversible at 100 K and that other
photolytic events do not appear to be occurring. Upon annealing the
crystal in the dark, however, the intensity of this feature decreases,
accompanied by the appearance of features near 1975 cm−1 associat-
ed with Fea3–CO. After the feature decreased to 23% of its original
area, as shown in the upper spectrum, no changes were apparent on
further annealing.

Fig. 3 (upper portion) compares light–dark absorbance differences
recorded in the C–O stretching region upon illumination of annealed
cytochrome ba3–CO solutions and crystals at 100 K. The spectrum of
the flash-frozen solution reveals negative peaks at 1970 and
1981 cm−1 in addition to previously reported [13] negative bands
at 1977 and 1985 cm−1 due to heme-bound CO and an asymmetric
band near 2050 cm−1 due to photolyzed CO. The fractional contribu-
tion of the 1981 cm−1 band to the heme–CO absorbance envelope
decreased from 25% to 15% after equilibrating the solution by scan-
ning the cryostream temperature to 300 K and returning to 100 K
over a period of ~1 h. Comparison of crystal and solution spectra re-
veals small changes in the frequencies and relative areas of the nega-
tive bands. These changes may indicate small conformational
perturbations, but it is clear that the coordination of the heme and
Cu sites is unaltered upon crystallization.

Detailed curve fitting analysis on the spectra reported in Fig. 3, as
well as additional single crystal spectra (see Fig. S4), had the primary
goal of quantifying spectral areas. For crystals that had not been ex-
posed to X-rays, four Gaussian lines fit the negative heme–CO
bands. Although only one peak was resolved for the positive-going
2050 cm−1 feature, two unresolved Gaussian lines were required to
capture its asymmetry, suggesting the presence of unresolved contri-
butions. We observe only slightly decreased C–O frequencies
(≤0.4 cm−1) for the dominant bands when bound to the heme in
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ba3–CO crystals, similar to early infrared measurements on polycrys-
talline samples of bovine cytochrome c oxidase, which found the
dominant C–O frequency within 0.2 cm−1 of its value in solution
[34]. However, the relative contribution of the 1977 cm−1 band in-
creases at the expense of the 1981 and 1985 cm−1 bands in the crys-
tal, contributing to a heme–CO frequency centroid 1 cm−1 lower than
in solution (Table 3). A satisfactory fit still requires the 1981 cm−1

band, although it only contributes 9±2% of the integrated heme–CO
absorbance in the crystal. Any shift in the frequency of photolyzed CO
is within our experimental uncertainty.

We could not count on observing dichroic absorption because of the
high crystal symmetry, and no attempt was made to control the orien-
tation of the crystal axes with respect to the IR beam. Nevertheless, the
absorbance of oriented molecules in the crystal depends on the angle δ
between the vibrational transition dipole and the tetragonal axis, and
may be larger or smaller than the absorbance of randomly oriented
molecules in solution [35]. As a result, there is no a priori reason to ex-
pect the molar absorbances of individual C–O bands to stand in the
same ratio in single crystals and in solution.

Accordingly, significance is attached to the fact that the ratio of in-
tegrated C–O absorbance after photolysis to that before is similar, if
not identical, to that observed in solution (Fig. 3, upper section).
There is significant quantitative variation from crystal to crystal,
reflected in the large standard deviation reported for this ratio in
Table 3, which likely results from variations in the relative absorbance
of individual bands for differently oriented crystals. In contrast, the
ratio of positive and negative band areas is highly reproducible in
photolysis and annealing measurements on the same crystal. The ob-
servation of similar ratios in crystals and solutions is consistent with
measurable, but small, changes in CO orientation with respect to the
tetragonal axis, upon photolysis.

We cannot exclude the possibility that similar orientation effects
account for the slightly enhanced relative area of the 1977 cm−1

band in the crystal. However, variations in its relative area (40±2%
of the Fe–CO absorbance among the same group of crystals) are con-
siderably smaller than those observed for the heme/Cu C–O band
ratio. Dichroic IR absorption measurements on oriented crystals of
lower symmetry would enable more quantitative structural conclu-
sions about variations in CO orientation. While these are important
details, overall, the FTIR observations confirm the notion that upon
photolysis most, if not all, the CO bound to Fea3 shifts to CuB where
it clearly forms a coordinate covalent bond, most likely between the
C-atom of CO and CuB. As noted byWoodruff and colleagues, this pho-
tolytic transfer of CO from Fea3 to CuB occurs in b1 ps [36].

3.3. Evidence for radiation damage

Infrared measurements also show evidence of X-ray radiation
damage. Specifically, after 18.4 MGy absorbed dose, the absolute IR
spectra of crystals A3 (Fig. 2, lower section) and A2_2 (20.8 MGy,
not shown) exhibited spectral features at 2133, 2165, 2255,and
2337 cm−1, in addition to the 2050 cm−1 feature observed in crystals
that had not been X-irradiated. Similar features have been observed
to depend on radiation dose in butyrylcholinesterase crystals [35].
Decarboxylation of asparate or glutamate residues is a common
radiation-induced modification [37] and the CO2 produced would ab-
sorb near 2337 cm−1, although the 2133 and 2337 cm−1 features
Fig. 1. Active sites of CO-bound reduced cytochrome ba3 oxidase structure. The blue Fo–Fc
maps are unbiased difference maps before including CO in the model. (a) A Fe–C–O bent
binding mode to Fea3 is indicated. The blue Fo–Fc map is contoured at 4σ for the A2 dataset.
(b) Subsequent to performing photolysis of the same crystal during single crystal spectro-
photometry (see Fig S2), the CO shifted to the CuB site. The blue Fo–Fc map is contoured at
3.5σ for the A2_2 data set. (c) Stick models showing orientation of Fe-bound and Cu-
bound CO upon superposition of the structures of A2 (obtained before photolysis) and
A2_2 (after photolysis and without annealing). The unbiased, sigma-weighted, Fo–Fc maps
are contoured at 3σ (blue) and 4σ (inner, violet). Metrics are provided in (a) and (b).
also appear in irradiated mother liquor [35]. We previously reported
CO2 signals following blue or UV light-induced decarboxylation of
Glu122 in green fluorescent protein (GFP) [38]. The decrease of the
2133, 2255, and 2337 cm−1 bands, observed upon annealing crystal

image of Fig.�1


Table 2
Bond lengths and bond angles at the active site.

aData set A2
Dark

A2_2
Light

J2
Dark

L1
Dark

C1
Light

E7
Light

Averagesb

cFea3–C (Å) 1.99 1.95 1.92 1.95±0.04
dFea3CO(°) 125.9 137.3 114.3 126±8
eCuB–O (Å) 2.43 2.25 2.57 2.42±0.11
fCuB–C (Å) 1.88 1.96 1.92 1.92±0.03
gCuB–C–O (°) 112.12 132.1 144.46 129±20
hFea3–O (Å) 2.31 3.44 2.36 2.70±0.49

a Data set for crystal designation to the right.
b Mean±mean deviation.
c Fe to C-atom of the Fe bound CO in Å.
d Angle formed by Fea3, the C-atom of CO, and the O-atom of Fea3-bound CO in degrees.
e Distance from CuB to the O-atom of the Fea3-bound CO in Å.
f Distance from CuB to the C-atom of the Cu

B
-bound CO in Å.

g Angle formed from CuB to the C-atom and the O atom of the Cu
B
-bound CO.

h Distance from Fea3 to the O-atom of Cu
B
-bound CO in Å.
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A3 (Fig. 2, lower section), is consistent with outgassing of the corre-
sponding molecular species at higher temperatures. In contrast with
GFP, multiple components are not directly resolved in the
2337 cm−1 feature of irradiated ba3 crystals, but a 2 cm−1 red shift
upon annealing crystal A3, accompanied by a decrease in the FWHM
from 10 to 7.5 cm−1, suggests a distribution of CO2 environments
Fig. 2. Absolute infrared absorption spectra show changes that result from annealing
any photolyzed ba3–CO crystal that had not been exposed to X-ray irradiation (upper
spectra). These include the loss of the 2050 cm−1 signal due to photolyzed CO and reap-
pearance of heme–CO bands near 1980 cm−1. Absolute spectra of crystal A3, irradiated
with X-rays as described in Section 3.1 (bottom spectra), reveal additional bands at
2133, 2165, 2255, and 2337 cm−1, in addition to the 2050 cm−1 Cu–CO band, reflecting
molecular species that result from extended X-irradiation during collection of diffraction
data. All but the 2165 cm−1 band decrease in intensity upon annealing.

Fig. 3. Difference infrared absorbance changes in the C–O stretching region resulting
from illumination of ba3–CO with visible light probe the effects of crystallization and
X-ray exposure on the structure of the catalytic site. Negative bands near 1980 cm−1

are due to CO bound to Fea3 and an asymmetric positive band near 2050 cm−1 repre-
sents the photolyzed CO. The lineshape expected for an instrumentally broadened, ho-
mogeneous heme-bound C–O oscillator is indicated in magenta. Broadening of C–O
bands in crystals exposed to the X-ray doses given for the two lower spectra is evident
and reflects significantly increased structural disorder at the catalytic site. In contrast,
the spectral features of unexposed crystals (middle spectrum) closely resemble those
of solutions (two upper spectra). All results are differences between measurements
recorded before and after photolysis with a microscope illuminator at 100 K.
that outgas at different rates. (A weak, narrower band observed in
some unexposed crystals is consistent with the condensation of at-
mospheric CO2 on the crystal surface during handling.) More detailed
investigations will be needed to establish the molecular products re-
sponsible for these features and the associated protein structural
modifications.

The feature near 2050 cm−1 decreases upon annealing, and the
CO bands in the difference spectra resulting from subsequent photol-
ysis of crystal A3 (Fig. 3, lower section) are significantly broadened
and shifted in frequency relative to unexposed crystals (Fig. 3,
Table 3). Similarly broadened CO absorption features were observed
for crystal A2_2, and the 26 cm−1 linewidth obtained by fitting a
Gaussian to the heme CO band indicate that the structural order of
the active site decreases during the collection of X-ray diffraction
data. The frequency shifts reflect changes in the average structure of
the binuclear site as well, particularly for crystal A2_2. However,
Table 3
Spectroscopic properties of the stretching vibration of CO in the catalytic site of cytochrome
ba3.

Dose
(MGy)

Centroid frequency (cm−1) Area ratio

Heme–CO Cu–CO Cu/heme

Solution 0.0 1980.4 2051.6 0.61
Unexposed crystalsa 0.0 1979.0±0.4 2051.4±0. 2 0.56±0.14
Irradiated crystal A3 18.4 1970.9 2053. 4 0.36
Crystal A2_2 20.8 1965.4 2063.7 0.44

a Mean and standard deviation of independent photolysis measurements on five sin-
gle crystals.
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calculations predict the C–O frequency to shift by at least 20 cm−1

upon dissociation of protonation of imidazole ligands to either
metal [39,40]. The observed frequency shifts thus suggest relatively
modest perturbations of the average structure of the heme–Cu site,
perhaps in response to a change of global protein conformation. Al-
though the heme–Cu distance may be affected, the retention of pho-
toinduced transfer of the CO between heme and Cu indicates that at
least minimal functional integrity persists following irradiation.
3.4. Spectral lineshapes and environmental inflexibility

Alben's pioneering work on mitochondrial cytochrome c oxidase
[12,14] revealed unusually narrow C–O stretching bands that appear
to distinguish heme–copper oxidases from other heme proteins.
Careful analysis reveals that ba3–CO is no exception. The linewidths
(FWHM) of Gaussians fitted to the heme–CO bands range from 3.0
to 6.0 cm−1 in five crystals that had not been exposed to X-rays.
The linewidth of the most reliably characterized band at 1985 cm−1

ranges from 4.4 to 4.8 cm−1. If the vibrational dephasing time of
the C–O oscillator is assumed to be the same as that measured for
CO bound to myoglobin at room temperature [41], this is very close
to the 4.7 cm−1 homogeneous linewidth expected for a measurement
at 2 cm−1 resolution. The longer dephasing time reported for Mb at
80 K [41] predicts a 2.4 cm−1 linewidth, as indicated by the magenta
peak in Fig. 2. Each line therefore represents a highly ordered local
environment.

In contrast, inhomogeneous broadening typically dominates the
C–O linewidth in typical heme proteins. For example, 13 cm−1 C–O
linewidths are observed for myoglobin, both in solution and in crys-
tals [35,41]. The much narrower lines seen in heme–copper oxidases
suggest a more ordered environment for the catalytic site. (As per-
spective on the discussion in the previous section, it is of interest to
note that the intrinsic structural disorder of myoglobin appears inter-
mediate between that observed for ba3 before and after collection of
diffraction data.) It is conceivable that this inflexibility serves a func-
tional role. For example, structural rigidity could facilitate efficient
proton transfer by preventing thermal disruption of Grotthuss-style
proton “wires” (see Chang et al. [42]).

One exception to the narrow lines generally observed for heme–
Cu oxidases is the 13 cm−1 C–O bandwidth reported for the cbb3
heme–Cu oxidase from P. stutzeri at ambient temperature [43]. One
of the histidine ligands in cbb3 forms a cross-link with the Tyr from
a neighboring helix, in contrast with more heavily investigated
heme–Cu oxidases, where the cross-link forms with an adjacent Tyr
side chain on the same helix. Minor β-conformations of heme–Cu ox-
idases have increased C–O linewidths, and also exhibit reduced cata-
lytic activity [44]. Further work is needed to clarify the structural
features responsible for narrow C–O linewidths in heme–Cu oxidases
and their potential functional ramifications.
4. Summary and conclusions

In summary, the X-ray diffraction data support the idea that the
photolyzed Fea3–CO complex of ba3 is indeed a CuB–CO complex.
The formation of this complex can be viewed as resulting from a rota-
tion of ~180° around a normal to the C\O bond combined with a
small translation away from the Fe toward the Cu, as shown in
Fig. 1c. The nature of the chemical bonding within this atomic ar-
rangement remains to be established. Finally, given that the “light”–“-
dark” FTIR difference spectrum of crystalline ba3 is highly similar to
that of detergent solubilized enzyme, it is certain that the dominant
product of Fea3–CO photolysis within crystals and solutions is indeed
CuB–CO, and that only small changes in metal coordination, outside
the range of our resolution are likely to take place.
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