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ABSTRACT: The ubiquinol oxidase cytochromebo3 from Escherichia coliis one of the respiratory heme-
copper oxidases which catalyze the reduction of O2 to water linked to translocation of protons across the
bacterial or mitochondrial membrane. We have studied the structure of the CuB site in the binuclear heme-
copper center of O2 reduction by EXAFS spectroscopy in the fully reduced state of this enzyme, as well
as in the reduced CO-liganded states where CO is bound either to the heme iron or to CuB. We find that,
in the reduced enzyme, CuB is coordinated by one weakly bound and two strongly bound histidine
imidazoles at Cu-N distances of 2.10 and 1.92 Å, respectively, and that an additional feature at 2.54 Å
is due to a highly ordered water molecule that might be weakly associated with the copper. Unexpectedly,
the binding of CO to heme iron is found to result in a major conformational change at CuB, which now
binds only two equidistant histidine imidazoles at 1.95 Å and a chloride ion at 2.25 Å, with elimination
of the water molecule and one of the histidines. Attempts to remove the chloride from the enzyme by
extensive dialysis did not change this finding, nor did substitution of chloride with bromide. Photolysis
of CO bound to the heme iron is known to cause the CO to bind to CuB in a very fast reaction and to
remain bound to CuB at low temperatures. In this state, we indeed find the CO to be bound to CuB at a
Cu-C distance of 1.85 Å, with chloride still bound at 2.25 Å and the two histidine imidazoles at a Cu-N
distance of 2.01 Å. These results suggest that reduction of the binuclear site weakens the bond between
CuB and one of its three histidine imidazole ligands, and that binding of CO to the reduced binuclear site
causes a major structural change in CuB in which one histidine ligand is lost and replaced by a chloride
ion. Whether chloride is a cofactor in this enzyme is discussed.

The structurally and functionally related heme-copper
oxidases catalyze cell respiration in prokaryotes and in the
mitochondria of eukaryotic cells, and conserve energy by
linking this exergonic reaction to proton translocation across
the respective membrane (1). The largest subunit in all these
enzymes (subunit I) contains a heme iron-copper reaction
site (the binuclear center), in which the reduction of oxygen
to water takes place, and a low-spin heme which transfers
electrons to this center. In the ubiquinol-oxidizing cyto-
chrome bo3 from Escherichia coli, the binuclear center
contains heme O, while heme B (protoheme) is usually
inserted in the low-spin heme site (2, 3). The copper in the
binuclear site is usually termed CuB.1 The crystal structures
of two members of the heme-copper oxidase superfamily

have been elucidated at atomic resolution (4-7), and it
appears likely that the structure of cytochromebo3 is very
similar (8). A bimetallic mixed-valence CuA center in subunit
II accepts electrons from cytochromec and donates them
further to the low-spin heme in the cytochromec oxidases.
In contrast, the ubiquinol oxidases lack the CuA center (9),
and the low-spin heme receives electrons directly from
ubiquinol. The presence of only one copper (CuB) in the
quinol oxidases makes them better suited for copper XAS
studies of the binuclear site.

The structure of the binuclear oxygen-reducing site is of
obvious interest with respect to the mechanism of O2

reduction to water. It was established by site-specific
mutagenesis experiments (10) and confirmed by the X-ray
work (cf. above) that the oxygen-binding heme is ligated
proximally by a histidine residue from transmembrane helix
X in subunit I. Likewise, mutagenesis experiments had
predicted that CuB has one histidine ligand from helix VI
and two from helix VII, as also confirmed by the X-ray
structures. A combined copper EXAFS and ENDOR study
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(11) of the quinol oxidase fromBacillus subtilisalso showed
three histidine ligands to CuB, but further indicated the
presence of a fourth ligand with exchangeable proton(s),
which was assigned as either water or OH-. As judged from
the ligand structure of the CuB site in the crystallographic
models, this fourth oxygenous ligand would have to point
obliquely toward the heme and could well be involved in
the formation of an intermetal ligand bridge, which has long
been postulated to explain the strong magnetic coupling
between the two metals of the binuclear site (12). However,
the heme Fe-CuB distances from the crystallographic data
are too long to allow for this ligand alone to bridge the two
metals, and the exact nature of the intermetal connectivity
remains elusive.

Yoshikawa et al. (13) recently reported electron density
between the heme iron and CuB in the oxidized cytochrome
aa3 from bovine heart mitochondria. They interpreted this
density to be due to a bridging peroxide, but this is difficult
to accept since several groups have reported that full
reduction of the oxidized cytochromec oxidase requires no
more than four electrons (14, 15). Six electrons would be
expected to be required to fully reduce the enzyme if
peroxide were bound to the binuclear site. On the other hand,
the electron density might also be consistent with an OH-

(or water) ligand of CuB (cf. above) and a water or another
weak field ligand coordinated to the distal heme iron site.
In such a case, an interaction between the iron-bound weak
field ligand and the copper-bound OH- (or water) would
have to mediate the magnetic coupling.

Carbon monoxide has long been known to bind to the
heme of the binuclear site in the reduced heme-copper
oxidases. Photolysis of the reduced CO-bound enzyme at
low temperatures results in dislocation of the iron-bound CO
to CuB where it can be recognized by the specific CtO
stretch at∼2065 cm-1 due to CO bound to copper (16). At
room temperature, photodissociation of CO from heme iron
and its subsequent binding at CuB is an extremely fast
reaction, and then CO remains bound to CuB only for
∼1.5-2 µs (17, 18). After this, CO dissociates from the
binuclear site and rebinds to heme iron via CuB at a much
slower rate (19). More recently, Puustinen et al. (20) showed
that the dislocation of CO from heme iron to CuB by
photolysis at 80 K also results in perturbation of the
conserved, protonated Glu-286 residue in cytochromebo3

of E. coli, which resides 11-12 Å from the binuclear center.
This prompted us to explore the structure of the CuB site in
the reduced and the reduced CO-treated enzyme by X-ray
absorption spectroscopy. Meanwhile, Yoshikawa et al. (13)
have reported the crystallographic structure of the reduced
bovine enzyme in the presence and absence of CO. While
they did not find any significant changes in the structure of
CuB relative to the fully oxidized enzyme, we find a dramatic
and somewhat unexpected change, especially upon addition
of CO, which involves dissociation of one of the CuB

histidine ligands and its replacement by chloride.

EXPERIMENTAL PROCEDURES

Sample Preparation and Analysis

Samples for EXAFS Spectroscopy.Enzyme samples were
made anaerobic by repeated flushing with argon on a vacuum
line (21). They were then reduced by addition of ascorbate

(7 mM) and phenazine methosulfate (0.7 mM), followed by
addition of glycerol to 21% (v/v). The bromide-containing
sample that had been treated to remove loosely bound
chloride (see below) included 28 mM NaBr. Samples were
then transferred anaerobically to the EXAFS cells using
gastight syringes from Hamilton (Reno, NV), and then
removed from the anaerobic container and frozen promptly
in liquid nitrogen. The three samples without bromide were
all prepared together as a batch. After reduction and addition
of glycerol, the enzyme for the reduced uncarbonylated
EXAFS sample (“reduced”) was removed and frozen. Carbon
monoxide was then added to the remaining enzyme, and the
remaining two samples were prepared, care being taken to
keep one of them (“CO dark”) in the dark. The other sample
(“CO photolyzed”) was placed in a liquid nitrogen-filled
finger dewar and illuminated for several minutes using a slide
projector. The bromide-containing sample was prepared
separately.

RemoVal of Loosely Bound Cl- and Determination of the
Amount of Cl- Remaining Strongly Bound to the Enzyme.
One milliliter of enzyme solution (∼0.2-0.3 mM) was
dialyzed against medium containing 0.4 M mannitol, 10 mM
HEPES/KOH (pH 7.5), and 0.05% dodecyl maltoside in three
steps: (i) 250 mL for 4 h, (ii) 250 mL for 4 h, and (iii) 500
mL overnight. After the overnight dialysis, the Cl- concen-
tration in the dialysis medium was<10µM, but significantly
higher (∼100 µM) within the dialysis bag, suggesting that
the enzyme indeed binds chloride tightly. The amount of
residual tightly bound Cl- was determined as follows. Fifty
microliters of oxidase solution (∼0.3 mM enzyme) from the
EXAFS tube (after the EXAFS experiments) was treated with
acid acetone (0.45 mL of acetone and 1.5µL of 65% HNO3)
to extract the hemes. The protein was sedimented and the
pellet discarded. The acetone/water mixture was evaporated
from the supernatant in a vacuum concentrator. Water (0.2
mL) was added; the sample was shaken and centrifuged
(12 000 rpm for 10 min in an Eppendorf centrifuge), and
the heme pellet was discarded. The optical spectrum of the
supernatant containing some remaining heme was taken as
a baseline. The chloride assay kit (Spectroquant 14755)
reagents were then added, and the spectrum was re-recorded.
The chloride concentration was determined from the differ-
ence between these spectra.

X-ray Absorption (XAS) Data Collection and Analysis

XAS data were collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beam line 7.3, operating
at 3.0 GeV with beam currents between 100 and 50 mA. A
Si220 monochromator with 1.2 mm slits was used to provide
monochromatic radiation in the 8.8-10 keV energy range.
The monochromator was detuned 50% (at an energy of 9713
eV, corresponding to the end of the scan) to reject harmonics.
The protein samples were measured as frozen glasses in 21%
glycerol at 11-14 K in the fluorescence mode using a 13-
element Ge detector. To avoid detector saturation, the count
rate of each detector channel was kept below 100 kHz by
adjusting the hutch entrance slits or by moving the detector
in or out from the cryostat windows. Under these conditions,
no dead time correction was necessary. The summed data
for each detector were then inspected, and only those
channels that gave high-quality backgrounds free from
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glitches, drop outs, or scatter peaks were included in the final
average.

Raw data were averaged, background-subtracted, and
normalized to the smoothly varying background atomic
absorption using the EXAFS data reduction package
EXAFSPAK (22). Energy calibration was achieved by
reference to the first inflection point of a copper foil (8980.3
eV) placed between the second and third ion chambers. In
any series of scans, the measured energy of the first inflection
of the copper foil spectrum varied by less than 1 eV.
Averaged EXAFS data were referenced to the copper
calibration of the first scan of a series, since the energy drift
in any series of scans was too small to perturb the EXAFS
oscillations. However, for edge studies, there was sufficient
energy drift over the duration of the scans to lead to
broadening of the edge features. To avoid this, measurements
of Cu K-absorption edges were taken as a single scan for
each sample in increments of 0.2 eV per point and with 2 s
count rates per point in the energy range of 8960-9020 eV.

Two data sets were collected for each sample in April 1998
and July 1998. The samples measured in April 1998 were
prepared without special precautions to remove adventitously
bound chloride ion. The number of scans for each sample
was as follows: 27 scans for fully reduced unliganded
cytochromebo3, 19 scans for reducedbo3 + CO in the dark,
and 21 scans for reducedbo3 + CO photolyzed. The samples
measured in July 1998 were treated to minimize the Cl-

concentration as described above. The number of scans for
each sample was as follows: 25 scans for fully reduced
unliganded cytochromebo3, 29 scans for reducedbo3 + CO
in the dark, 28 scans for reducedbo3 + CO photolyzed, and
30 scans for reducedbo3 + CO+ Br- in the dark. Inspection
of the data showed that no spectral changes occurred during
data collection as the result of radiation damage or photore-
dox processes.

Data analysis was carried out with the least-squares curve-
fitting program EXCURV98, which utilizes full curved-wave
calculations as described by Gurman and co-workers (23-
26). The application to metalloprotein systems, and particu-
larly the treatment of imidazole rings from histidine residues
and of linearly coordinated carbonyl groups by multiple-
scattering analysis, has been described in detail in previous
papers from this laboratory (27-30). The parameters refined
in the fit were as follows: E0, the photoelectron energy
threshold;Ri, the distance from Cu to atomi; and 2σi

2, the
Debye-Waller (DW) term for atomi. The coordination
numbers were also allowed to vary but, unless otherwise
stated, were constrained to produce DW factors within
reasonable limits (first shell, 0< 2σ2 < 0.01; second shell,
greater than or equal to the first shell). The goodness of fit
was judged by reference to a goodness of fit parameterF,
defined as

RESULTS

We have used X-ray absorption spectrosocopy to examine
the structure of the CuB center of cytochromebo3 quinol
oxidase in the fully reduced protein, as well as coordination

changes at CuB which accompany binding of CO to the
reduced enzyme and subsequent photolysis. This chemistry
has been previously characterized as involving binding of
CO to ferrous heme iron, followed by the photolytic
dissociation of CO from the heme iron and rebinding at CuB

as a CuB(I)-carbonyl with aν(CtO) of around 2065 cm-1

(see the introductory section). Our findings are unprecedented
in that we report unambiguous evidence that a chloride ion
is involved in the process and that it mediates histidine
dissociation from the copper center as a central element of
the reaction chemistry. Given the novelty of these data and
the somewhat variable nature of cytochrome oxidase prepa-
rations, it was first important to test the reproducibility of
the data using two independent sets of samples collected in
two different beam time sessions at SSRL.

In Figure 1, we compare the raw background-subtracted
EXAFS data for the samples used in the study. The thick
traces represent data collected in April 1998 from samples
prepared with no precautions to exclude chloride; the thin
traces represent data collected in July 1998 from samples
which had been treated to remove excess (adventitious)
chloride (termed low Cl). The pairs of spectra represent (from
bottom to top): fully reduced cytochromebo3, normal Cl
versus low Cl; reducedbo3 + CO in the dark (CO on heme
iron), normal Cl versus low Cl; reducedbo3 + CO in the
dark, normal Cl versus Br-treated data; and reducedbo3 +
CO after photolysis (CO on CuB), normal Cl versus low Cl.
The reproducibility of the data is outstanding and in all cases
exceeds the noise level. This provides confidence that all of
the EXAFS and Fourier transform features (above the noise
level) are real and structurally significant. Since the April
data have a somewhat better signal-to-noise ratio, we have
used these for further analysis.

FIGURE 1: Reproducibility of background-subtracted EXAFS data.
Pairs of spectra from bottom to top are as follows: untreated (thick
line) vs low chloride (thin line) data for fully reducedbo3, untreated
(thick line) vs low chloride (thin line) data for dark-carbonylated
bo3, untreated (thick line) vs bromide-treated (thin line) data for
dark-carbonylatedbo3, and untreated (thick line) vs low chloride
(thin line) data for photolyzedbo3.

F2 )
1

N
∑
i)1

n

k6(datai - modeli)
2

CuB Site in Cytochromebo3 Biochemistry, Vol. 38, No. 22, 19997187



Figure 2 shows experimental and simulated Fourier
transform and EXAFS data (inset) for the fully reduced
cytochromebo3. Reference to the published crystal structures
of oxidized cytochromeaa3 from bovine heart mitochondria
(6, 7, 13) and fromParacoccus denitrificans(4, 5) suggests
that the CuB center should be coordinated to three histidine
residues with no contributions from additional scatterers. The
EXAFS spectral characteristics of Cu(II) and Cu(I) coordi-
nated to three histidines have been well studied by XAS (11,
27, 29, 31-33). Equidistant histidine ligation is expected to
give rise to a simple spectrum, with an intense first shell
peak (Cu-NR, 1.90-2.0 Å phase-corrected) and two weaker
peaks due to Cu-Câ (≈3.0 Å) and Cγ/Nγ (≈4.2 Å),
respectively.

The data for the fully reduced cytochromebo3, although
highly reproducible, are significantly more complex than
expected for such a simple three-histidine-type spectrum.
They exhibit a significant broadening of the first shell in
the FT and a distinct, well-resolved peak at∼2.5 Å (phase-
corrected). All attempts to fit the data with a model involving
two or three histidines at a single distance totally failed to
reproduce either of these novel features. Thus, we examined
alternatives in which the histidine shell was split with two
shells of Cu-N(imid) distances contributing to the first peak
in the FT.

First-shell Fourier-filtered data (not shown) were used to
estimate the splitting of the first shell. Next, the single- and
multiple-scattering contributions of the imidazole outer shells
were included. To ensure accuracy, the outer shell distances
and imidazole ring geometry were generated by molecular
modeling using the builder module of INSIGHT 3.0 (Mo-
lecular Simulations Inc., San Diego, CA). A model of the
copper center with a single coordinated imidazole was built
first and the Cu-N first-shell bond length adjusted to be
close to the EXAFS-derived bond length (as determined by
first-shell analysis using Fourier-filtered data). This model
was then converted into molecular coordinates and read into
EXCURV98 to provide a single Cu-imidazole unit with the
correct geometry. The coordination number of this unit was
then set within the EXAFS program. Least-squares minimi-
zation was performed, varying only the Cu-N(imid) first-
shell distance (R), its DW factor, andE0, the photoelectron
threshold energy. Finally, the Câ and Cγ/Nγ shells were
allowed to minimize, but were constrained to remain within
∼0.1 Å of the initially chosen geometry. This latter process
was found to be crucial in obtaining good fits to all of the

data reported herein, and almost certainly reflects the real
tendency of coordinated imidazole rings to distort from ideal
geometries in response to tertiary structural constraints of
the polypeptide fold. As expected, this analysis required the
first shell to be split into two shells, two Cu-N(imid) at
1.92 Å and one Cu-N/O at 2.09 Å. Figure 2 shows the best
fit (F ) 0.46) that was obtained and includes outer shell
single- and multiple-scattering contributions from two imi-
dazoles at 1.92 Å (but excludes any multiple scattering
arising from a 2.1 or 2.5 Å Cu-histidine bond). To fit the
feature at∼2.5 Å, it was absolutely necessary to include a
shell of one Cu-O/N at 2.54 Å. In addition, two additional
single-scattering shells of two carbon atoms each appeared
to be present at 3.01 and 3.28 Å, respectively. The parameters
used in this fit are listed in Table 1.

The structural identity of CuB in fully reduced cytochrome
bo3 thus depends on the interpretation of the 2.1 and 2.5 Å
shells. It is reasonable to infer that one of these is derived
from the third histidine ligand, while the other is most likely
derived from a coordinated or highly ordered water molecule
residing in the binuclear metal site pocket. The need to
include additional low-Z (O, N, or C) shells at 3.01 and 3.28
Å suggests the presence of outer shell scattering from the
third imidazole at a distance consistent with a Cu-NR

distance of 2.1 Å. As a test of this interpretation, the 2.1 Å
scatterer was treated as a histidine ligand, and its single- and
multiple-scattering contributions from all outer shell atoms
of the imidazole ring were added to the fit. This produced
the fit shown in Figure 3 with the parameters listed in Table
2. The fit is not as good as judged by anF value of 0.59,
but is visually equivalent to the single-histidine fit. In
particular, the additional shells of single-scattering C atoms
are now partially accounted for by the two Câ atoms of the
2.10 Å Cu-N(his) imidazole ring at their appropriate
distance of 3.10 Å. This fit still contains one additional C at
∼3 Å, not associated with histidine multiple scattering which
we believe originates from the methylene C atom of the Nδ-
coordinated H240 (bovine numbering). The rather strong
scattering from this C could arise from the very rigid
anchoring of the imidazole ring via the Nε-Y244 cross-link
(13). The two short (1.92 Å) histidine ligands have normal
outer shell DW terms, but the long histidine has very weak
outer shell scattering, suggesting multiple conformations or
disorder.

It thus appears probable that fully reduced cytochromebo3

contains two strongly bound and one weakly bound imida-

FIGURE 2: Experimental (solid lines) vs simulated (dashed lines)
Fourier transform and EXAFS (inset) for fully reduced cytochrome
bo3 with multiple-scattering contributions from two equidistant
histidines (parameters listed in Table 1).

FIGURE 3: Experimental (solid lines) vs simulated (dashed lines)
Fourier transform and EXAFS (inset) for fully reduced cytochrome
bo3 with multiple-scattering contributions from two equidistant
histidines and a third more distant histidine with additional shells
(parameters listed in Table 2).
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zole ligand at Cu-N distances of 1.92( 0.01 and 2.10(
0.01 Å, respectively. This still leaves the 2.54 Å shell to be
identified. The fits shown in Figures 2 and 3 simulate this
feature with a low-Z scatterer, and both O and N give
equivalent results. Second-shell assignments (S or Cl) were
investigated but gave unsatisfactory fits (data not shown).
We conclude that assignment of this shell to a coordinated
or highly ordered water molecule is most consistent with
the data. We note that, while no solvent was detected in the
binuclear site in the crystal structure of the reduced mito-
chondrial enzyme (13), significant density is present between
the two metals in the oxidized protein, which is consistent
with either a peroxo bridge or a pair of H-bonded solvent
molecules bound between CuB and Fea3. In support of the
bound solvent hypothesis, previous EXAFS and ENDOR
evidence strongly supports the presence of a water or OH-

ligand bound to CuB(II) in the oxidized cytochromeaa3-
600 quinol oxidase fromB. subtilis(11). It is reasonable to
suggest, therefore, that this solvent molecule might remain
bound within the hydrophobic binuclear pocket on reduction
and be weakly associated with the Cu(I) center.

Alternative fits were also examined. Given the weak outer
shell scattering of the long Cu-imidazole interaction, and
the difficulty of distinguishing O from N coordination by
EXAFS, we tested whether a comparable fit could be
obtained with the 2.10 Å shell assigned to water and the 2.5
Å shell assigned to imidazole (rather than vice versa). A fit
was obtained with anF of 0.71, which was visually inferior
to those shown in Figures 2 and 3 (data not shown). Attempts
to simulate the data with three separate Cu-histidine
interactions were also undertaken, but resulted in unreason-
ably small DW terms and one unusually short distance within

the three Cu-NR first-shell scatterers [Cu-Nr (DW) ) 1.88
Å (0.001 Å2), 1.99 Å (-0.001 Å2), and 2.12 Å (0.012 Å2);
F ) 0.69], but provided adequate simulation of spectral
features without inclusion of any additional scattering
intensity at or above 3 Å (data not shown).

Figure 4 shows the experimental and simulated Fourier
transform and EXAFS (inset) of the reduced cytochromebo3

after carbonylation in the dark. The crystal structure has
revealed the CO ligand tightly bound to Fea3 in this
derivative, with a weak association (2.5 Å) of the O atom
with CuB (13). Given that we already see some lowZ
contribution at 2.5 Å in the fully reduced noncarbonylated
enzyme, CO binding in the dark would not be expected to
perturb the spectrum significantly. The results show other-
wise. A major structural change occurs which produces a
further broadening of the first shell, now with a distinct
shoulder on the high-R side (∼2.3 Å, phase corrected), and
the elimination of the 2.5 Å component of the fully reduced
derivative. The EXAFS and Fourier transform are extremely

Table 1: Parameters Used To Simulate the EXAFS and Fourier Transform of the Fully Reduced Cytochromebo3, Including Multiple
Scattering from a Single Shell of Imidazole Scatterersa

first shell outer shells

shell (X) R (Å) 2σ2 (Å2) shell (Y) R (Å) ∠Cu-X-Y (deg) 2σ2 (Å2)

F ) 0.460,E0 ) -3.98 eV
2 NR (imid) 1.92 0.0080 2 Câ (imid) 2.92 235 0.0100

2 Câ (imid) 2.85 125 0.0100
2 Cγ/Nγ (imid) 4.09 201 0.0165
2 Cγ/Nγ (imid) 4.22 164 0.0165

1 NR (imid) 2.09 0.0063 2 C 3.01 0.0080
1 O (solv) 2.54 0.0050 2 C 3.28 0.0200

a Estimated errors in distances are(0.01 Å for the first shell and(0.03 Å for outer shells. Estimated errors in coordination numbers are(25%.
Estimated errors in angles are(5°. ∠Cu-X-Y represents the angle between the first-shell scatterer (X) and the outer shell scatterer (Y).

Table 2: Parameters Used To Simulate the EXAFS and Fourier Transform of the Fully Reduced Cytochromebo3 with Two Inequivalent Sets
of Histidine Ligandsa

first shell outer shells

shell (X) R (Å) 2σ2 (Å2) shell (Y) R (Å) ∠Cu-X-Y (deg) 2σ2 (Å2)

F ) 0.59,E0 ) -4.19 eV
2 NR (imid) 1.92 0.0080 2 Câ (imid) 2.89 233 0.0095

2 Câ (imid) 2.92 127 0.0095
2 Cγ/Nγ (imid) 4.09 164 0.0200
2 Cγ/Nγ (imid) 4.21 200 0.0200

1 NR (imid) 2.10 0.0083 1 Câ (imid) 3.10 232 0.0341
1 Câ (imid) 3.10 128 0.0341
1 Cγ/Nγ (imid) 4.22 195 0.8300
1 Cγ/Nγ (imid) 4.37 159 0.8300

1 O (solv) 2.54 0.0041 1 C 3.00 0.0110
a Estimated errors in distances are(0.01 Å for the first shell and(0.03 Å for outer shells. Estimated errors in coordination numbers are(25%.

Estimated errors in angles are(5°. ∠Cu-X-Y represents the angle between the first-shell scatterer (X) and the outer shell scatterer (Y).

FIGURE 4: Experimental (solid lines) vs simulated (dashed lines)
Fourier transform and EXAFS (inset) for reduced dark-carbonylated
cytochromebo3 (parameters listed in Table 3).
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reminiscent of the reduced forms of dopamineâ-monooxy-
genase and peptidylglycine monooxygenase, both of which
contain Cu(I) coordinated to two histidines at∼1.91 Å and
a methionine residue at∼2.26 Å (27, 32, 34). Simulation of
thebo3 dark-carbonylated derivative converged rapidly with
a coordination shell composed of two equidistant imidazole
rings (single and multiple scattering with appropriate internal
geometries) with a Cu-NR scatterer (R, 2σ2) at 1.95 Å
(0.0137 Å2) and one second-shell (S or Cl) scatterer at 2.25
Å (0.0217 Å2). The parameters used to generate this fit are
listed in Table 3. Since thebo3 sequence lacks a methionine
(or cysteine) residue in a position that could coordinate CuB,
the second-shell scatterer must be derived from chloride.
Low-Z (O, N, or C) shells were totally unable to substitute
for the Cl contribution. For example, a shell of one N
(modeling the contribution from the third histidine ligand)
refined as follows:R ) 2.05 Å, 2σ2 ) 0.016 Å2, andF )
0.98, orR ) 2.62 Å, 2σ2 ) 0.018 Å2, andF ) 1.23. These
fits were visually unacceptable, giving totally inadequate
reproduction of either EXAFS or Fourier transform features.

The value of the DW term for the chloride shell (0.0217
Å2) is larger than expected for a single first-shell scatterer,
which typically would be expected to be less than 0.01 Å2.
This could occur if Cl binding were substoichiometric,
leading to fractional shell occupancy. To test this possibility,
we first allowed the Cl coordination number and DW term
to float freely in the refinement, but the best fit was obtained
at 1.3 Cl scatterers with an even higher DW of 0.0270 Å2.
When the DW was fixed at 0.0050 Å2 and the coordination
numbers for the Cl and histidine shells were both allowed
to refine, the fit converged to 2.3 histidines and 0.36 Cl
scatterer but with a 56% deterioration inF (from 0.40 to
0.62). Thus, the data seem to be more consistent with the
alternative explanation that Cl binding is indeed stoichio-
metric, but the high DW term arises from a distribution of
tightly bound Cl ligands among a number of different
nonequivalent conformers with statically disordered Cu-Cl
bond lengths.

The displacement of the 2.5 Å O or N shell by binding of
CO to Feo3 is interesting and supports the premise that it is
derived from some ordered solvent or coordinated ligand as
discussed above. Curiously, however, there is no evidence
in the dark-carbonylated sample for association of the
carbonyl O with Cu(I), as suggested by the crystal structure
(13).

To gain further insight into the possible role of a
coordinated halide ion in the dark-carbonylated reducedbo3

enzyme, data were collected with a low-chloride sample in
the presence and absence of bromide (see Experimental
Procedures). If the chloride scatterer is derived from weakly

bound adventitious Cl-, then exhaustive dialysis should
eliminate the second-row scatterer contribution. Alternatively,
if it is derived from a strongly bound yet exchangeable halide
ion, substitution by added bromide ion may be possible. The
increased scattering magnitude and differing phase charac-
teristics of coordinated bromide should be easily observable
in the EXAFS data. The EXAFS of the Br--treated dark-
carbonylated sample is compared with that of the untreated
(chloride-containing) dark-carbonylated sample depicted in
Figure 1, where it can be seen to overlay on the untreated
spectrum. Simulations of the low-chloride and bromide-
treated samples produced essentially the same fits as those
for the untreated sample. Substitution of Br for Cl produced
unacceptable fits. We conclude that the Cl coordinated to
CuB must be strongly bound to the protein and does not
readily exchange with halide ions in bulk solvent.

Photolysis of the dark-carbonylated derivative is known
to generate a species with CO coordinated to Cu(I) (16, 20,
35-37). This species differs somewhat from the widely
studied Cu(I) carbonyl complexes of CuN(heterocyclic)3

model complexes (32, 38-40), which contain the thermally
stable, linearly coordinated Cu-CtO grouping with a short
(1.75-1.80 Å) Cu-C bond length and aν(CtO) of >2070
cm-1. Instead, thebo3 CuB-CO complex is only transiently
stable at room temperature and has a lower than expected
frequency in the range of 2060-2065 cm-1. In addition,
FTIR clearly shows the presence of multiple conformers (20).
Since the photolysis reaction for generating thebo3 copper
carbonyl was performed at low temperatures and is known
to be one of the fastest reactions ever studied (17, 18), we
reasoned that CO should bind to the CuB center with minimal
perturbation of the other ligands. In other words, we should
be able to simulate the photolyzed data merely by adding
the expected single and multiple scattering from one CO
group to the fit for the dark-carbonylated sample.

The results of these simulations are depicted in Figure 5
with the parameters listed in Table 4. The fit is of outstanding
quality, revealing two equidistant imidazole groups with a
Cu-NR distance of 2.01 Å, one chloride at 2.25 Å, and one
CO with a Cu-C distance of 1.85 Å. The increase in the
Cu-N(imid) bond length from 1.95 Å in the dark sample to
2.01 Å in the photolyzed sample is entirely consistent with
an increase in coordination number from 3 to 4. The Cu-
C(CO) distance is∼0.05 Å longer than the usual range found
in model carbonyls (1.75-1.80 Å) and the Cu-O(CO)
distance∼0.05 Å shorter, suggesting somewhat weakened
back-bonding between Cu(I) and CO (46-48). The ability
to generate a fit of this quality merely by including the
scattering from a single CO ligand with the appropriate

Table 3: Parameters Used To Simulate the EXAFS and Fourier Transform of the Reduced Dark-Carbonylated Cytochromebo3
a

first shell outer shells

shell (X) R (Å) 2σ2 (Å2) shell (Y) R (Å) ∠Cu-X-Y (deg) 2σ2 (Å2)

F ) 0.413,E0 ) -3.06 eV
2 NR (imid) 1.95 0.0134 2 Câ (imid) 2.93 236 0.0205

2 Câ (imid) 2.95 127 0.0205
2 Cγ/Nγ (imid) 4.15 202 0.0200
2 Cγ/Nγ (imid) 4.27 164 0.0200

1 Cl 2.25 0.0217
a Estimated errors in distances are(0.01 Å for the first shell and(0.03 Å for outer shells. Estimated errors in coordination numbers are(25%.

Estimated errors in angles are(5°. ∠Cu-X-Y represents the angle between the first-shell scatterer (X) and the outer shell scatterer (Y).
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internal geometry provides additional confidence in the
derived structure and, in particular, in the intimate involve-
ment of Cl- in the chemistry. An interesting if unexpected
finding, however, is that the Cu-C-O angle appears to be
considerably less than 180°, refining to 150( 5°. Thus CO
appears to bind in a bent fashion to the copper, which may
explain the deviation of the CO metrical parameters from
ideal values and the thermal instability. As with the reduced,
dark-carbonylated sample, the DW term for the chloride shell
is high, which may again suggest multiple conformers with
inequivalent Cu-Cl interactions. We note that this might
provide an explanation for the multiple CO frequencies
observed for CuB-CO.

Figure 6 shows the normalized Cu K-edges of reduced,
dark-carbonylated, and photolyzedbo3 samples (low-chloride
data). All three samples exhibit a weak feature at around
8983.0 eV assigned to the 1sf 4p (and ligand shakedown)
transition. The intensity of this feature is known to scale
inversely with coordination number and site symmetry, the
most intense features being observed for two-coordinate
complexes and the weakest for four-coordinate or three-
coordinate complexes axially elongated along the 3-fold axis

(41, 42). The fully reducedbo3 derivative exhibits the most
intense feature in the range expected for three-coordinate
complexes, whereas the dark-carbonylated and photolyzed
samples exhibit increasingly attenuated features, suggestive
of an increase in the overall coordination number or the
degree of ligation of the Cu(I) center. The absorption edges
are fully consistent with the structural conclusions derived
from the EXAFS analysis. The fully reduced enzyme
contains two strongly coordinated ligands, the two histidines
with Cu-NR distances of 1.92 Å, while the third histidine
and the 2.5 Å solvent shell are more weakly associated with
the Cu(I). Dark carbonylation induces the coordination of
the chloride ligand at a distance consistent with a normal
bond strength, yielding a complex with three strongly bound
ligands. Finally, photolysis results in the transfer of CO from
Feo3 to CuB which gives a regular four-coordinate (presum-
ably tetrahedral) complex.

Chloride Analysis.The strong evidence for Cl coordination
in dark-carbonylated and photolyzed samples, either before
or after extensive dialysis of the enzyme against Cl-free
media, prompted us to carry out a more detailed analysis
for nondialyzable Cl ion bound to the protein. After overnight
dialysis against Cl-free buffer, the enzyme preparations were
diluted, filtered through a Centricon 50 centrifugal filter
device, and concentrated several times, with the Cl- con-
centration in the filtrate being determined each time (see
Materials and Methods). When the Cl concentration of the
filtrate was 20-40 µM or lower, the oxidase concentration
varied between 60 and 100µM. Then the enzyme was
denatured by incubation at 100°C for 10 min under alkaline
conditions, and the solution was again placed onto the
centrifugal filter. After centrifugation, the concentration of
chloride was determined in the filtrate. The difference in the
chloride concentration of the filtrate after and before
denaturation was taken to correspond to tightly enzyme-
bound chloride, which was found to be 1-2 Cl ions perbo3

molecule. Similar experiments with theParacoccusand
bovine aa3 enzymes gave results of 1 and 3.5-5 tightly
bound chlorides, respectively.

DISCUSSION

Reduction of the Binuclear Site Weakens One of the CuB-
Histidine Bonds.This study reveals for the first time that
one of the three histidines that are bound to CuB in the
oxidized enzyme at equal bond lengths (1.98 Å) becomes
more loosely bound (2.10 Å) upon reduction of the binuclear
site. In addition, a water molecule 2.54 Å from the copper
may be weakly coordinated or highly ordered in the reduced
enzyme. This may well be the same solvent molecule (OH-

Table 4: Parameters Used To Simulate the EXAFS and Fourier Transform of the Reduced Carbonylated Cytochromebo3 after Photolysisa

first shell outer shells

shell (X) R (Å) 2σ2 (Å2) shell (Y) R (Å) ∠Cu-X-Y (deg) 2σ2 (Å2)

F ) 0.391,E0 ) -2.66 eV
1 C (CO) 1.85 0.0060 1 O (CO) 2.89 150 0.0107
2 NR (imid) 2.01 0.0077 2 Câ (imid) 2.90 238 0.0090

2 Câ (imid) 3.09 129 0.0090
2 Cγ/Nγ (imid) 4.17 202 0.0150
2 Cγ/Nγ (imid) 4.29 163 0.0150

1 Cl 2.25 0.0230
a Estimated errors in distances are(0.01 Å for the first shell and(0.03 Å for outer shells. Estimated errors in coordination numbers are(25%.

Estimated errors in angles are(5°. ∠Cu-X-Y represents the angle between the first-shell scatterer (X) and the outer shell scatterer (Y).

FIGURE 5: Experimental (solid lines) vs simulated (dashed lines)
Fourier transform and EXAFS (inset) for reduced carbonylated
cytochromebo3 after photolysis (parameters listed in Table 4).

FIGURE 6: Cu K-absorption edges of fully reduced (thick line),
dark-carbonylated (thin line), and photolyzed (medium line) cyto-
chromebo3.
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or water) that was found to be strongly bound to CuB at 1.90
Å in the oxidized enzyme (11). The latter EXAFS and
ENDOR data of the structure of CuB in the oxidized
cytochromeaa3-600 fromB. subtilisare in good agreement
with the crystal structures of the oxidized enzyme from
bovine heart mitochondria (6, 7) andP. denitrificans(4, 5),
although electron density consistent with the solvent being
between the heme iron and CuB was only found in the most
recent crystallograhic study (13). On the other hand, it is
noteworthy that the crystallographic data of the fully reduced
bovine enzyme did not reveal weakening of the bond between
CuB and one of its histidine ligands observed here.

It seems reasonable that reduction of the CuB site will
cause protonation of an OH- anion ligated to it, and this is
also borne out by electrostatic calculations of the structure
(43). The formed water molecule may well remain in the
vicinity, possibly still weakly coordinated to Cu(I), as
suggested by the data presented here. Weakening of one of
the Cu-histidine bonds upon reduction of Cu(II) to Cu(I) is
not unexpected from copper chemistry. A large body of
structural data for Cu(I) complexes with tridentate N-donor
ligands (particularly pyridyl) has established the tendency
of Cu(I) to be coordinated by two strong ligands with Cu-N
distances of 1.88-1.94 Å and a more distant Cu-N bond
around 2.1-2.2 Å (44). In the more relevant imidazole
systems, Sanyal and co-workers (29) have shown that the
redox stable and O2-inert two-coordinate [(1,2-Me2imid)2-
Cu(I)]+ binds a third equivalent of 1,2-Me2imid to form a
highly distorted three-coordinate structure with two short
(1.89 Å) and one long (2.08 Å) Cu-N(imid) bond, which is
now highly reactive to O2 and forms a metastable Cu(II)-
peroxo complex at-90 °C. Furthermore, weakened binding
of a histidine residue on reduction has recently been observed
at the CuA center of the M314I mutant of peptidylglycine
monooxygenase (unpublished data), which is the only other
known protein-bound copper center besides CuB in which
two of the ligating histidine residues are contiguous in the
sequence (34). The possibility that the histidine dissociation
chemistry might be induced by steric strain imposed by the
coordination of adjacent histidine ligands is intriguing.

Binding of CO to Heme Iron Changes the Structure of
CuB. The binding of CO to the ferrous heme causes the loss
of one of the histidine ligands of CuB (presumably the one
that becomes loosely associated on reduction), as well as
the loss of the weakly associated water molecule. In addition,
CuB unexpectedly gains a chloride ion as a strongly bound
ligand. Previous XAS studies of the heme-copper oxidases
have also indicated the presence of a heavy S or Cl scatterer
associated with the binuclear site metals (45), which has often
been proposed to be the “missing” bridging ligand. After
the emergence of the crystal structures, it could be stated
with confidence that this scatterer was not due to a cysteine
or methionine residue, or to acid-labile sulfur (46). Li et al.
(47) proposed that it originated from a bound chloride ion,
while Scott et al. (48) added credence to this suggestion by
finding that the scatterer was removed from the iron EXAFS
of the oxidized mitochondrial enzyme when chloride was
avoided in the isolation media, and also when the enzyme
was incubated with cyanide. Fann et al. (11) studied the
copper EXAFS of the oxidizedB. subtilis quinol oxidase
and found evidence for fractional occupancy of chloride
bound to CuB, which was independent of whether the enzyme

had been dialyzed against Cl-free media. L. Powers, A. J.
Moody, and P. R. Rich (personal communication) found
evidence of ligation to Cu by S or Cl in the EXAFS of the
oxidized bovine enzyme, irrespective of whether chloride
had been specifically avoided during enzyme purification.
In contrast to these EXAFS studies, which suggest a
relatively strong association of chloride with the binuclear
site, higher (millimolar) concentrations of chloride are
required to perturb the optical heme spectrum and the cyanide
binding kinetics of heme-copper oxidases (49), suggesting
a weaker interaction.

We therefore tentatively consider Cl- to be bound initially
as an axial distal ligand of the heme iron (cf. below). At
least part of the dramatic change in the structure of CuB

accompanying heme carbonylation may be understood in
view of the dynamics of CO binding to the binuclear site
(17, 18, 35, 36), according to which binding of CO to heme
iron is preceded by its transient binding to CuB. This could
already replace the histidine ligand and remove the water
molecule from the immediate vicinity. When CO leaves the
CuB, it will be unable to bind to heme iron until Cl-

dissociates. The dissociated Cl may bind to the position at
CuB left open by the leaving CO, which binds to the ferrous
heme. The fact that photodissociation of CO from heme iron
to CuB is an extremely fast reaction (19) is consistent with
our finding that this reaction causes no other change at CuB

besides the addition of CO as a ligand and lengthening of
the two Cu-N(imidazole) bonds.

Alternatively, the incoming CO may interact with CuB only
by replacing the water molecule. CO may then exchange
with the Cl- bound to heme iron, as before, and it may be
the binding of Cl- to CuB that causes the third histidine ligand
to dissociate. In this scenario, Cl- would initially be bound
to CuB at a position pointing toward the heme, which would
not be consistent with the extremely fast binding of CO to
CuB on photolysis, since the Cl- remains a ligand of CuB
after this event. Therefore, the structure of the trigonal CuB

may change after binding of Cl- in such a way as to move
the chloride away from the heme to leave a coordination
site open for fast reactivity with CO.

Although this proposal for binuclear Fe or Cu carbonyl-
ation is chemically plausible, we have not been able to locate
a Cl ligand at any distance from Cu in the fully reduced
enzyme. If Cl were indeed bound to Feo3, one might expect
it to be observable in the Cu EXAFS around 3 Å. However,
to be detectable, an atom must have some degree of
correlated motion with the absorbing atom; otherwise, the
DW term is too large for detection. A Cl ligand on Fe will
have a spread of coordinates that is highly correlated with
the Fe coordinate but totally uncorrelated with the Cu
coordinate, leading to undetectability. Indeed, a single
second-row scatterer at 3 Å can even be difficult to detect
when it is weakly bonded to the absorber, as exemplified
by the Cu-S(met) interactions in cupredoxins and cyto-
chromec oxidase CuA (50, 51). Thus, the inability to detect
Cl in the Cu K-EXAFS does not rule out an Fe-Cl
interaction in the fully reduced enzyme.

Tightly Associated Chloride. Our results show that cyto-
chromebo3 from E. coli retains at least one tightly bound
chloride ion even after repetitive dialysis of the enzyme. This
appears to be a chloride binding site that is considerably
tighter than that previously described. Another difference is
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that, whereas bromide has been shown to mimic chloride in
the binding to the loose site, we could not replace chloride
with bromide with respect to EXAFS-detectable binding to
CuB.

As discussed above, in several EXAFS studies in the past,
a heavy S or Cl scatterer associated with the binuclear site
has been detected, and in many cases, it has been difficult
to remove either by dialysis or by avoiding chloride media
during isolation (see the introductory section). The distinct
effects of chloride on the optical absorption spectrum and
on cyanide binding kinetics (49), as well as the Fe EXAFS
data, are suggestive of Cl- binding to the heme iron.
Interestingly, the reported Fe-Cl distance from the EXAFS
is ∼2.4 Å (46, 48), which may be compared with the Fea3-O
distance of 2.52 Å for the bound peroxide molecule proposed
by Yoshikawa et al. (13). The dilemma is that many of the
chloride binding studies indicate only weak binding, whereas
the Cu-bound chloride appears to be strongly bound in the
study presented here. The situation possibly is similar to that
reported by Lindberg and Andre´asson (52) for photosystem
II, where the binding of Cl- that is responsible for high
oxygen-evolving activity may appear either as high affinity
with slow exchange or as low affinity with rapid exchange.
It should also be noted that the strong chloride binding
observed in the study presented here occurs only in the
reduced carbonylated derivatives. In this regard, the ligand-
induced structural change in CuB may be of particular interest
in relation to the proposal that the proton translocation events
of the heme-copper oxidases are initiated only after the
binding of O2 to the binuclear site (53).

Is Chloride a Cofactor?A crucial question borne out by
this work is obviously whether chloride may be a cofactor
in the function of the heme-copper oxidases. This work
clearly establishes that CO binding to the reduced binuclear
site can bring about the loss of one of the three histidine
ligands of CuB and replacement of it by a chloride anion. A
priori, this suggests that chloride is a cofactor simply because
it is difficult to envisage that the active enzyme would
otherwise allow for such a crucial intervention by the halide
anion.

If chloride is indeed a cofactor, we would expect it to be
so in most of the enzymes of the heme-copper superfamily.
This is consistent with the fact that the CtO stretching
frequency of CO bound to CuB is virtually the same in the
aa3-type enzyme from bovine heart mitochondria and the
bo3 enzyme studied here. Cu(I) carbonyl complexes with both
N3(CO) and N2(CO)Cl donor atom sets have been identified
(38-40, 54). A 20-30 cm-1 difference exists between the
ν(CO) of three-coordinate copper carbonyls with N2(CO)
donor atom sets [ν(CO) > 2090 cm-1] and four-coordinate
copper carbonyls with N3(CO) donor atom sets [2065<
ν(CO) < 2085 cm-1]. A smaller body of literature exists
for four-coordinate N2(CO)Cl carbonyls of the type we are
proposing for CuB, but existing data indicate frequencies in
the 2060-2070-cm-1 range (54, 55). Thus, the 2060-2065
cm-1 frequency observed for CuB is most consistent with a
N2(CO)Cl donor atom set and as such is fully consistent with
the EXAFS result presented here. On the other hand, the
rather small expected differences betweenν(CO) for
Cu(I)N2(CO)Cl and Cu(I)N3(CO) structures makes it difficult
to draw definitive conclusions based on the CO frequencies
alone.

The intimate involvement of chloride in the carbonyl
transfer chemistry from Fe to Cu can also explain (at least
in part) the unusual properties of the CuB-CO entity. The
extreme thermolability of CuB-CO has always been enig-
matic, given the availability of the three histidine ligands,
and the high thermostability of Cu(I) carbonyl complexes
with three N(heterocyclic) ligands in both model and enzyme
systems (27, 32, 38-40). The EXAFS analysis indicates the
likelihood of a nonlinear coordination mode for CO, which
would considerably weaken the Cu-CO interaction by
disrupting the back-bonding interactions. In support of this
premise, the Cu-Cl bond length remains unchanged at a
value (2.25 Å) more typical of three coordination in both
the dark and photolyzed samples, and the Cu-C(CO) bond
length (1.85 Å) is longer than expected for a terminal Cu(I)-
CO, all suggestive of a rather weak association of CO with
CuB. If, as suggested above, Cl binding reorientates the CuB

ligand environment to leave a coordination site open for fast
reactivity with CO, this may force the CO to accept a bent
configuration which, though nonideal for CO binding, would
be much more favorable for O2 binding (cf. hemoglobin).

Another possibility is that Cl mimics another intrinsic
anion (possibly OH-) under the conditions of these experi-
ments, thus possibly producing a “transition state analogue”
structure of CuB. The evidence is clearly insufficient at the
present time to conclude that Cl- is a cofactor, but the
implications of that possibility could be most interesting, for
example, with respect to the proton-pumping mechanism.
Therefore, more complete studies of a possible role of
chloride in heme-copper oxidase function are warranted.
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