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ABSTRACT: The effects of chloride on the redox properties of an engineered binuclear heme-copper center
in myoglobin (CuBMb) were studied by UV-vis spectroelectrochemistry and EPR spectroscopy. A low-
spin heme FeIII -CuI intermediate was observed during the redox titration of CuBMb only in the presence
of both CuII and chloride. Upon the first electron transfer to the CuB center, one of the His ligands of CuB

center dissociates and coordinates to the heme iron, forming a six-coordinate low-spin ferric heme center
and a reduced CuB center. The second electron transfer reduces the ferric heme and causes the release of
the coordinated His ligand. Thus, the fully reduced state of the heme-copper center contains a five-
coordinate ferrous heme and a reduced CuB center, ready for O2 binding and reduction to water to occur.
In the absence of a chloride ion, formation of the low-spin heme species was not observed. These redox
reactions are completely reversible. These results indicate that binding of chloride to the CuB center can
induce redox-dependent structural changes, and the bound chloride and hydroxide in the heme-copper
center may play different roles in the redox-linked enzymatic reactions of heme-copper oxidases, probably
because of their different binding affinity to the copper center and the relatively high concentration of
chloride under physiological conditions.

Heme-copper oxidases (HCOs)1 are a family of terminal
oxidases that catalyze the reduction of O2 to H2O. During
this reduction process, four protons are consumed to form
two water molecules, while four additional protons are
pumped across the membrane for the synthesis of ATP
(1-4). The X-ray crystal structures of HCOs have been
determined for several HCOs: the fully oxidized form from
bovine heart (5-9), Paracoccus denitrificans(10, 11), T.
sphaeroides(12), R. sphaeroides(13), and quinol oxidase
bo3 (14), as well as the fully reduced form and the azide-
and CO-bound forms from bovine heart (15). At the heart
of the HCOs lies the binuclear heme-copper center where
O2 reduction occurs (Figure 1A). It consists of a high-spin
hemea3 with a proximal histidine ligand and, at∼4.9 Å, a
copper (CuB) coordinated to three histidines, one of which
is cross-linked to tyrosine through a covalent bond.

Spectroscopic studies have shown that the heme-copper
center contains a spin-coupled CuII-FeIII site in its resting
state, suggesting a possible bridging ligand between the heme
and copper ion (16-20). This suggestion has been cor-
roborated by observed electron density between the heme

and copper center in X-ray structures of HCOs from bovine
(9) andParacoccus denitrificans(11). However, the exact
identity of this bridging ligand remains to be defined. For
example, a bridging peroxide has been proposed on the basis
of the X-ray structure of HCO from bovine (9). The same
electron density is also consistent with a hydroxide (or water)
ligand to the CuB and a water or another weak-field ligand
coordinated to the distal side of the heme (11). The latter
proposal has been supported by spectroscopic studies
(21-25).

A number of studies suggest chloride binding to the
heme-copper center, probably as a ligand to CuB center, if
the purification processes of HCOs are not rendered rigor-
ously chloride-free (26). For example, early EXAFS studies
suggested a heavy atom (S or Cl) bridging the hemea3 and
CuB (27-29). Assignment of the heavy atom to a chloride
is preferred because sulfur-containing amino acid ligands can
be excluded on the basis of X-ray structures (5-14) and no
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FIGURE 1: (A) Crystal structure of heme-copper center of bovine
heart CcO (9). (B) Active site of a computer model of CuBMb.
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labile sulfur has been detected (28, 29). The binding of
chloride to the heme-copper center causes interesting
changes in the spectroscopy and reactivity of the enzyme
(30-36), such as lowering the redox potential of hemea3

(30) and preventing fast reactions with CN- (34) and NO
(35). Furthermore, chloride has been found to bind to
oxidized HCO in a 1:1 stoichiometry. The binding proceeds
formally with the uptake of a proton and the bound chloride
can be released into the medium after a single turnover (26,
37). Finally, while most chloride-binding studies indicate
only a weak-binding site, a recent EXAFS study suggests
that chloride binds strongly to the fully reduced oxidase
bound with CO (23). Reduction of the heme-copper center
results in the loss of one of the three histidine ligands to
CuB (22, 23) and replacement of it by the tightly bound
chloride that does not readily exchange with halide ions in
the bulk solvent (23). The role of chloride in this redox-
linked protonation of oxidase has also been studied by
multiwavelength stopped-flow spectroscopy. The results
indicate that chloride has no effect on the extent of proton
uptake coupled to hemea reduction but significantly reduces
the extent of uptake protons coupled to the reduction of the
hemea3-CuB center (38). On the basis of these studies, the
possible role of chloride as a mimic of hydroxide ligand to
the CuB center has been suggested (23, 38).

While most of the above studies have focused on chloride
binding to either fully oxidized (heme FeIII-CuII) or fully
reduced (heme FeII-CuI) forms, few reports have appeared
on the characterization of chloride binding to the intermediate
FeIII-CuI form of the HCOs, probably because it is difficult
to study such a transient species. Furthermore, the above
studies indicate a need for further detailed characterization
of intermediates during the reduction of the heme-copper
center in the presence and absence of chloride and for
defining the subtle differences between a chloride and
hydroxide ligand to the CuB center. Toward this goal, we
carried out spectroelectrochemical studies of an engineered
heme-copper center constructed in sperm whale myoglobin
(swMb) in the presence of chloride. This construction was
accomplished by mutations of Phe43 and Leu29 to histidines
in swMb. The two histidines, together with the distal His64
in the native swMb, form a binding site for CuB above the
heme plane and in a similar position to heme-copper centers
in native HCOs. The resulting engineered protein (F43H/
L29HswMb, called CuBMb, Figure 1B) has been shown to
bind 1 equiv of Cu2+ ion, which can be spin-coupled to the
heme iron in the presence of ligands such as CN- (39).

Myoglobin is one of the most well-characterized heme
proteins. It has been proposed that several states in HCOs,
such as oxy stateA, have analogous counterparts in myo-
globin (Mb), and reaction intermediates of HCOs are often
compared with those in Mb (40). Designing and studying
such a small model heme-copper protein in Mb that is free
of other chromaphores complements well the studies of
native HCOs by allowing easier characterization of complex
intermediates of O2 reduction and deducing more general
principles about the heme protein structure and function. For
example, previous studies of CuBMb have shown that the
CuB center plays a critical role in O2 binding and reduction
and proton delivery plays an important role in the heterolytic
O-O bond cleavage (41). Here, we report a new intermediate
after the transfer of the first electron to the heme-copper

center in CuBMb observed only in the presence of chloride.
The implications of this finding on the role of chloride in
redox-linked protonation and on its subtle differences with
hydroxide will be discussed.

EXPERIMENTAL METHODS

Sample Preparations.The wild-type (WT) swMb and
CuBMb proteins were expressed and purified as described
previously (39). Phenazine methosulfate and anthraquinone-
2-sulfonate were purchased from Sigma.

Spectroelectrochemical Measurements.The reduction po-
tentials were measured by a spectroelectrochemical method
using an optically transparent thin-layer cell (OTTLE) as
described in details (42-44). The working electrode was
made from a piece of 52 mesh platinum gauze. A 1 mm
diameter platinum wire was used as the auxiliary electrode,
while a piece of Pasteur pipet filled with agar gel containing
0.2 M K2SO4 was used as a salt bridge to connect the Ag/
AgCl (3 M KCl) reference electrode to the bulk solution
containing the working and auxiliary electrodes. Generally,
the redox titration was performed using∼0.6 mL of working
solution containing 0.2 mM protein, 40µM phenazine
methosulfate, and 40µM anthraquinone-2-sulfonate as
mediators. The working solution was purged gently with Ar
for at least 30 min to remove O2 before being transferred to
the OTTLE cell.

A model 362 potentiostat from Princeton Applied Research
was used to control the potential of the working electrode.
After the potential was applied (typically with 25 mV
increments), the UV-vis spectra were recorded using a Cary
3E spectrophotometer until no further spectral changes
occurred. The Ag/AgCl (3 M KCl) reference electrode was
calibrated with a SCE electrode and found to be 200 mV
(versus NHE).

EPR Spectroscopy.EPR spectra were recorded on a
Varian-122 X-band spectrometer equipped with an Air
Products Helitran cryostat and temperature controller. Samples
were prepared from bulk electrolysis of CuBMb solution
under the same conditions as those for spectroelectrochem-
istry in the presence of 20% glycerol. After equilibrium was
reached at an applied potential, about 400µL of the
electrolysis solution was transferred to an EPR tube via
cannula under Ar and the samples were flash-frozen in liquid
N2 for EPR measurement.

Data Analysis.The spectroelectrochemical titration data
over the entire spectra were analyzed by global analysis using
singular value decomposition (SVD) and nonlinear regression
modeling with SpecFit/32 (Spectrum Software Associates,
Inc.). All of the data were fit with a model of AT B because
the Nernst plot at a single wavelength (e.g., 432 nm) is linear
(see Figure 2) except for the redox titrations of CuBMb in
the presence of both chloride and CuII, where the Nernst plot
at a single wavelength (e.g., 432 nm) is nonlinear (see Figure
2B). Therefore, a model of AT B T C was used. The
reduction potential of each protein was then obtained from
the Nernst plot by plotting the applied potential versus the
logarithm of the ratio of the oxidized to reduced forms of
the protein from the global analysis of the entire spectra
described above. Data analysis using a single wavelength
(such as 432 nm) instead of the entire spectra resulted in
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the same reduction potential within the error of the analysis
(typically (3 mV).

RESULTS AND DISCUSSION

The spectroelectrochemical reduction of oxidized CuII-
bound CuBMb in 20 mM Bis-Tris at pH 7 resulted in
decreases in absorptions at 408, 500, and 628 nm and
increases in absorptions at 432 and 558 nm (Figure 2A). The
clear isosbestic points at 418, 458, 524, and 600 nm indicate
a clean conversion from the oxidized enzyme to the reduced
enzyme, without any observable intermediates. The linear
Nernst plot (inset of Figure 2A) is consistent with such a
conclusion. A global analysis and fit of the entire spectra
yielded a midpoint potential of 85 mV for the heme. A
previous study showed that redox titrations of CuII-free CuB-
Mb under the same condition resulted in the same reduction
potential and similar spectral changes, i.e., decreases in
absorptions at 408, 500, and 628 nm were accompanied by
increases in absorptions at 432 and 558 nm, with clear
isosbestic points at 418, 458, 524, and 600 nm. The result
was attributed to the lack of spin coupling between the copper
and the heme and thus little influence of reduction potential
of the heme by the presence of the copper ion (45).

To explore the effects of chloride on the same process,
the redox titration of CuII-free CuBMb was performed in the
presence of 100 mM KCl and the heme redox potential of
CuBMb was also found to be 82 mV (versus NHE), nearly
the same as that in the absence of chloride, indicating that
chloride does not bind to the heme in the absence of copper
and thus has no direct effect on the heme redox potential.
However, in the presence of both KCl and CuII, the redox
titration of CuBMb yielded a nonlinear Nernst plot (Figure
2B), suggesting the presence of more than one redox process.
The UV-vis spectra of the protein before reductive titration
showed a Soret band at 408 nm and visible peaks at 500
and 628 nm, typical of a high-spin aqua-coordinated heme.
Interestingly, an intermediate species appeared during the
reductive titration, and it reached a maximum at 105 mV
(versus NHE) (Figure 2B). The UV-vis spectra of this
intermediate has absorptions at 418, 540, and 575 nm (Figure
2C), indicative of a low-spin ferric heme species. This species
decreased under further negative potentials and was con-
verted to the fully reduced species with a spectrum identical
to that of the deoxy-CuBMb (Figure 2B). This redox process
is completely reversible because reoxidation of the fully
reduced protein resulted in the reverse spectral changes,

through the same low-spin heme intermediate and back to
the fully oxidized form.

The overall redox reaction can be fitted to two consecutive
one-electron reduction processes using model Af B f C
with E1 ) 220 mV (versus NHE) andE2 ) -10 mV (versus
NHE). The first one-electron reduction process with a
potential ofE1 ) 220 mV (versus NHE) can be assigned to
the reduction of CuII to CuI, because the CuII/CuI redox
couple normally possesses a higher reduction potential than
heme in Mb and because the UV-visible spectrum suggests
that the heme was not reduced until the second one-electron
reduction, as indicated in Figure 2B. Therefore, the species
B can be assigned as heme FeIII-CuI and speciesC as heme
FeII-CuI. In comparison to the heme potential in the absence
of either CuII or chloride, the heme redox potential in the
presence of both chloride and CuII was lowered from 85 to
-10 mV, probably because of the formation of the low-
spin species.

The formation of the heme FeIII-CuI species was also
characterized by EPR spectroscopy. Before redox titration
of a solution containing CuBMb (0.2 mM), KCl (100 mM),
and CuII (1 mM), the EPR spectra showed the presence of
both a high-spin heme FeIII with rhombically split high-spin
signals atg ) 6.08 and 5.64 and CuII signals atg ) 2.22
(A ) 160 G), 2.05, and 2.01 (Figure 3A). In contrast to the
cyanomet form of CuBMb (39), the presence of CuII had little
effect on the ferric heme signals, suggesting that, without a
bridging ligand such as cyanide, the presence of chloride in
itself is not sufficient to result in spin coupling between CuII

and ferric heme. This lack of spin coupling in the presence
of halides is different from that of native HCOs; this
difference could be due to a slightly different position of
CuII relative to the heme iron, resulting in different orbital
overlaps (34).

The bulk electrolysis of this solution with the applied
potential at 105 mV (versus NHE) was conducted at 25°C.
After equilibrium was reached, a portion of the protein
solution (∼400 µL) was transferred to an EPR tube via
cannula under Ar and frozen in liquid N2. The EPR spectrum
measured at 15 K is shown in Figure 3B. The strong CuII

signals in Figure 3A decreased significantly, with a remaining
minor signal atg ) 2.22, 2.05, and 2.01 amounting to less
than 5% of the original copper concentration. The disap-
pearance of the CuII signal is consistent with the assignment
of heme FeIII-CuI for this intermediate based on the UV-
vis titration data. In addition, the high-spin heme signal atg

FIGURE 2: Spectroelectrochemical titration at 25°C of (A) CuBMb in 20 mM Bis-Tris at pH 7 in the presence of 2 equiv of CuII, (B)
CuBMb in 20 mM Bis-Tris at pH 7 in the presence of 5 equiv of CuII and 500 equiv of chloride. (Inset) Nernst plot from the dependence
of the absorbance at 432 nm on the applied potential. The sweep potentials were applied in the negative direction. (C) UV-vis spectra of
the fully oxidized heme FeIII -CuII (‚‚‚), intermediate heme FeIII -CuI (s), and fully reduced heme FeII-CuI (- - -) of chloride-bound
CuBMb.
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) 5.63 decreased dramatically and new signals atg ) 2.85,
2.23, and 1.62 appeared, suggesting formation of a low-spin
ferric species, again in agreement with the UV-vis spectral
analysis. Another minor species withg ) 4.23 could be due
to heme decomposition. These EPR signals are typical of
the low-spin H-type hemoglobin coordinated by a distal
histidine with a deprotonated N-1 (N3 imidazole, N1

-; g )
2.80, 2.26, and 1.67) and bis-His-coordinated cytochrome
b5 at high pH conditions (46-49). When the bulk electrolysis
was conducted at further negative potential [-200 mV
(versus NHE)], the low-spin signal disappeared because of
the formation of the fully reduced EPR-silent heme FeII-
CuI center (Figure 3C). The UV-vis spectrum of this fully
reduced state resembles that of a five-coordinate reduced
heme, indicating that one of the histidine ligands to the heme
in the heme FeIII-CuI state dissociated from the heme center
upon the full reduction of heme.

As discussed in the introduction, a number of studies have
indicated chloride binding to the heme copper center, and
the binding plays a role in redox-linked protonation. Al-
though the exact chloride-binding mode remains to be
defined structurally, chloride has been proposed to serve as
a ligand of the CuB center (Scheme 1), analogous to the
hydroxide ligand found by EXAFS and ENDOR studies
(21-23, 38). It was further proposed that reduction of the
CuB center resulted in protonation of chloride and release
of HCl in the solution, again in an analogous way as
protonation of hydroxide and release of H2O (Scheme 1) (38).
When a heme-copper center in a small, well-characterized
myoglobin was engineered, this study revealed three new
findings. First, a new low-spin coordinated intermediate was
identified and characterized by UV-vis and EPR on the
heme FeIII -CuI form in the presence of chloride. Recent
EXAFS studies of cytochromebo3 oxidases have shown that
one of the histidine ligands to the CuB center became
dissociated from the copper upon reduction (23, 38). The
observation of a low-spin heme in CuBMb upon reduction
indicates that this dissociated histidine may coordinate to
the heme in the heme FeIII-CuI form when chloride is
present. However, the dissociated histidine does not coor-
dinate to the heme when the protein is fully reduced to heme
FeII-CuI, because the fully reduced form optically resembles
that of deoxymyoglobin (Scheme 1).

An earlier study showed the binding of chloride lowered
the reduction potential of the heme in the heme-copper
center of native HCOs (30). The spectroelectrochemical
titrations of CuBMb showed that the heme potential remained
the same in the absence of copper ion in the CuB center and
can be lowered by 95 mV only in the presence ofboth
chloride and copper. Although both the negative charge on
the chloride ion and the positive charge on the copper ion
can influence the heme reduction potential, especially when
the copper is spin-coupled to the heme center, their effects
are generally small (45). Previous studies on other heme
proteins with axial heme ligation have shown that the heme
potential can be lowered by 171 (50) and 182 mV (51)
through coordination of another histidine to heme. Therefore,
we believe that the main factor for lowering the reduction
potential is a spin transition from high to low spin.

FIGURE 3: X-band EPR spectra of (A) fully oxidized heme FeIII -
CuII, (B) intermediate heme FeIII -CuI, and (C) fully reduced heme
FeII-CuI of chloride-bound CuBMb. The samples were in 20 mM
Bis-Tris at pH 7. The spectra were recorded at 15 K with a
microwave power of 0.2 mW and a microwave frequency of 9.050
GHz.

Scheme 1: Redox-Dependent Structural Changes of the CuB Center (A) in the Absence of Chloride and (B) in the Presence of
Excess Chloide
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Finally, the low-spin bis-His-coordinated heme was not
observed in the absence of chloride, suggesting different roles
played between hydroxide and chloride as a ligand to the
CuB center. This difference in the intermediate may explain
their different reactivities. For example, previous studies of
cytochrome oxidases showed that chloride binding prevents
fast reactions with CN- and NO (34, 35). Because chloride
does not bind to the heme in the heme copper center, it is
not clear how it can have such a dramatic influence on CN-

and NO binding to the heme. EXAFS studies of cytochrome
bo3 from Escherichia coliindicated that reduction of the
binuclear center weakens both the coordinated water mol-
ecule and one of the CuB-histidine ligands (22, 23). A major
difference between chloride and hydroxide is their effective
concentrations at physiological pH; chloride concentration
is normally as high as 25 mM, while hydroxide is much
lower (∼0.3 µM at pH 7.5). Water is a weaker ligand for
CuI than either histidine or chloride, and thus is unlikely to
substitute for a bound histidine unless converted to hydrox-
ide. Despite the low physiological concentration of hydrox-
ide, the existence of a copper-bound hydroxide is still
possible because of the expected lowering of the pKa of a
copper-bound water molecule to the range 6-8. However,
the change in pKa is much less pronounced for the less
positive CuI, so formation of a copper hydroxide is unlikely.
Therefore, the combined effects of the high physiological
concentration of chloride and the only slightly reduced pKa

of water bound to CuI makes it likely that the coordination
of chloride is solely responsible for the dissociation of the
loosely bound histidine ligand, which in turn binds to the
heme making the six-coordinate intermediate. Control ex-
periments in our system in which the six-coordinate species
was not observed in the absence of chloride confirm this
conclusion as any copper hydroxide species generated from
a lowering of the pKa of water should form regardless of
the concentration of chloride ion.

Our findings and explanations in Scheme 1 are consistent
with previous EXAFS results (22, 23). In the chloride-free
form of the fully reduced cytochromebo3 oxidase, the weakly
bound His ligand to CuB was found to be only slightly further
away from the CuB center (at 2.10 Å) than the two strongly
bound His ligands (at 1.92 Å), not enough perturbation for
the His to coordinate to the heme. On the other hand, in the
chloride-bound form of the CO derivative of the reduced
cytochromebo3 oxidase, the His residue was found to be so
far away from the CuB center that it was no longer detectable
by EXAFS (22, 23). Our findings here suggest that this His
residue could coordinate to the heme to form the low-spin
species observed in HCOs. Furthermore, we propose a
different binding affinity to the copper center, and the
relatively high concentration of chloride under physiological
conditions may contribute the different roles that chloride
and hydroxide play in the HCO; high concentration of
chloride can replace the His, whose binding to the heme
resulted in formation of the low-spin heme species that makes
the heme coordination saturated and not capable of binding
to other ligands.

CONCLUSIONS

The redox titration of the FeIII-CuII center in CuBMb in
the presence of both chloride and CuII showed that one of
the His ligands dissociated from the CuB center upon the

first electron reduction and coordinated to the heme center
to form a low-spin heme FeIII-CuI intermediate. This low-
spin species was not observed in the absence of either
chloride or CuII. Further reduction of the heme FeIII-CuI

form resulted in the release of the coordinated His from the
heme center and five-coordinate high-spin heme FeII-CuI

species. These results demonstrate that chloride can bind to
the CuB center and play an important role in the redox
processes of the heme-copper center and that the bound
chloride and hydroxide in the heme-copper center may play
slightly different roles in the reduction of the heme-copper
center of HCOs. Factors may include a different binding
affinity to the copper center and the relatively high concen-
tration of chloride under physiological conditions. These
factors should be considered when discussing their roles in
HCOs.
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