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ABSTRACT. The effects of chloride on the redox properties of an engineered binuclearloemger center

in myoglobin (CgMb) were studied by UV-vis spectroelectrochemistry and EPR spectroscopy. A low-
spin heme Pé—CU intermediate was observed during the redox titration ofNMionly in the presence

of both CU' and chloride. Upon the first electron transfer to the; €enter, one of the His ligands of gu

center dissociates and coordinates to the heme iron, forming a six-coordinate low-spin ferric heme center
and a reduced Gucenter. The second electron transfer reduces the ferric heme and causes the release of
the coordinated His ligand. Thus, the fully reduced state of the hemgper center contains a five-
coordinate ferrous heme and a reduced €enter, ready for @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 togticer@er can

induce redox-dependent structural changes, and the bound chloride and hydroxide in thedzpee

center may play different roles in the redox-linked enzymatic reactions of heopper 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 (HCOsare a family of terminal

: . . A B
oxidases that catalyze the reduction of t0 H,O. 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 §—9), Paracoccus denitrificang10, 11), T.

sphaeroideq12), R. sphaeroide$13), and quinol oxidase

bo; (14), as well as the fully reduced form and the azide-

and CO-bound forms from bovine heattsf. At the heart . 11 (A) Crystal struct h er of bovi
of the HCOs lies the binuclear hemeopper center where =~ FGURE L rystal structure ol hemecopper center of bovine
O, reduction occurs (Figure 1A). It consists of a high-spin heart @O (3). (B) Active site of a computer model of GMb.

hemea, with a proximal histidine ligand and, at4.9 A, a and copper center in X-ray structures of HCOs from bovine

copper (C_:g) coordinatgd to three histidines, one of which (9) and Paracoccus denitrificangll). However, the exact
is cross-linked .to tyrqsme through a covalent bond. identity of this bridging ligand remains to be defined. For
Spectroscopic studies have shown that the heopper  example, a bridging peroxide has been proposed on the basis
center contains a spin-coupled 'CtFe!" site in its resting  of the X-ray structure of HCO from bovin@) The same
state, suggesting a possible bridging ligand between the hemesjectron density is also consistent with a hydroxide (or water)
and copper ion ¥6-20). This suggestion has been cor- |igand to the Cy and a water or another weak-field ligand
roborated by observed electron density between the hemeggordinated to the distal side of the henid)( The latter
proposal has been supported by spectroscopic studies
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labile sulfur has been detected@8( 29). The binding of center in CgMb observed only in the presence of chloride.
chloride to the hemecopper center causes interesting The implications of this finding on the role of chloride in
changes in the spectroscopy and reactivity of the enzymeredox-linked protonation and on its subtle differences with
(30—36), such as lowering the redox potential of heme hydroxide will be discussed.

(30) and preventing fast reactions with CN34) and NO

(39). Furthermore, chloride has been found to bind t0 EypERIMENTAL METHODS

oxidized HCO in a 1:1 stoichiometry. The binding proceeds

formally with the uptake of a proton and the bound chloride Sample PreparationsThe wild-type (WT) swMb and

can be released into the medium after a single tuma®&r (¢, Mb proteins were expressed and purified as described

37). Finally, while most chloride-binding studies indicate previously 89). Phenazine methosulfate and anthraquinone-
only a weak-binding site, a recent EXAFS study suggests »_qifonate were purchased from Sigma.

that chloride binds strongly to the fully reduced oxidase
bound with CO 23). Reduction of the hemecopper center
results in the loss of one of the three histidine ligands to
Cus (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 hen@ereduction but significantly reduces
the extent of uptake protons coupled to the reduction of the
hemeas—Cug center 88). On the basis of these studies, the
possible role of chloride as a mimic of hydroxide ligand to
the Cy center has been suggestea,(38).

While most of the above studies have focused on chloride
binding to either fully oxidized (heme He-Cu') or fully

the OTTLE cell.
reduced (heme Me-Cu) forms, few reports have appeared . _ .
on the characterization of chloride binding to the intermediate A M0del 362 potentiostat from Princeton Applied Research

Fé' —Cu form of the HCOs, probably because it is difficult  Was used to con;rol the poten;ial of th_e working electrode.
to study such a transient species. Furthermore, the aboveter the potential was applied (typically with 25 mV
studies indicate a need for further detailed characterization!ncrements), the U¥vis spectra were recorded using a Cary
of intermediates during the reduction of the hersepper 3E spectrophotometer until no further spectral changes

center in the presence and absence of chloride and foroccurred. The Ag/AgCI (3 M KCI) reference electrode was
defining the subtle differences between a chloride and c@librated with a SCE electrode and found to be 200 mV

hydroxide ligand to the Gucenter. Toward this goal, we ~ (Versus NHE).
carried out spectroelectrochemical studies of an engineered EPR SpectroscopyEPR spectra were recorded on a
heme-copper center constructed in sperm whale myoglobin Varian-122 X-band spectrometer equipped with an Air
(swMb) in the presence of chloride. This construction was Products Helitran cryostat and temperature controller. Samples
accomplished by mutations of Phe43 and Leu29 to histidineswere prepared from bulk electrolysis of gMib solution
in swMb. The two histidines, together with the distal His64 under the same conditions as those for spectroelectrochem-
in the native swMb, form a binding site for g@above the istry in the presence of 20% glycerol. After equilibrium was
heme plane and in a similar position to herwepper centers ~ reached at an applied potential, about 4@0 of the
in native HCOs. The resulting engineered protein (F43H/ electrolysis solution was transferred to an EPR tube via
L29HswMb, called CyMb, Figure 1B) has been shown to  cannula under Ar and the samples were flash-frozen in liquid
bind 1 equiv of C&" ion, which can be spin-coupled to the Nz for EPR measurement.
heme iron in the presence of ligands such as @39). Data Analysis.The spectroelectrochemical titration data
Myoglobin is one of the most well-characterized heme over the entire spectra were analyzed by global analysis using
proteins. It has been proposed that several states in HCOssingular value decomposition (SVD) and nonlinear regression
such as oxy staté, have analogous counterparts in myo- modeling with SpecFit/32 (Spectrum Software Associates,
globin (Mb), and reaction intermediates of HCOs are often Inc.). All of the data were fit with a model of A~ B because
compared with those in Mb4Q). Designing and studying  the Nernst plot at a single wavelength (e.g., 432 nm) is linear
such a small model hem&opper protein in Mb that is free  (see Figure 2) except for the redox titrations ofg®il in
of other chromaphores complements well the studies of the presence of both chloride and'Cwhere the Nernst plot
native HCOs by allowing easier characterization of complex at a single wavelength (e.g., 432 nm) is nonlinear (see Figure
intermediates of @reduction and deducing more general 2B). Therefore, a model of A> B < C was used. The
principles about the heme protein structure and function. For reduction potential of each protein was then obtained from
example, previous studies of gMb have shown that the  the Nernst plot by plotting the applied potential versus the
Cus center plays a critical role in £binding and reduction  logarithm of the ratio of the oxidized to reduced forms of
and proton delivery plays an important role in the heterolytic the protein from the global analysis of the entire spectra
O—0 bond cleavagesd(l). Here, we report a new intermediate described above. Data analysis using a single wavelength
after the transfer of the first electron to the hentepper (such as 432 nm) instead of the entire spectra resulted in

Spectroelectrochemical Measuremeriise reduction po-
tentials were measured by a spectroelectrochemical method
using an optically transparent thin-layer cell (OTTLE) as
described in details4@—44). The working electrode was
made from a piece of 52 mesh platinum gaugel mm
diameter platinum wire was used as the auxiliary electrode,
while a piece of Pasteur pipet filled with agar gel containing
0.2 M K;SO, was used as a salt bridge to connect the Ag/
AgCl (3 M KCI) reference electrode to the bulk solution
containing the working and auxiliary electrodes. Generally,
the redox titration was performed using.6 mL of working
solution containing 0.2 mM protein, 4@M phenazine
methosulfate, and 4Q«M anthraquinone-2-sulfonate as
mediators. The working solution was purged gently with Ar
for at least 30 min to remove Mdefore being transferred to



Chloride Binding to an Engineered Hem€opper Center in Myoglobin

o
[N)

0 40 80 120 160
E (mV, vs NHE)

0.0

0.2 y <

-100

T

o] 100 200 300
E (mV, vs NHE)

0.0

Biochemistry, Vol. 44, No. 17, 200%561

0.8
i, 0.6 . 061 it e Fe(lll)-Cu(ll)
0.6 g 05 3, — Fe(lll)-Cu(l)
g £ o0 s 8 -——- Fe(ll)-Cu(l)
§ %-o.s 0.4 % 0 § 0.4
- 04 -1.0 [y
9 15 A 2
a Q
< <

0.0

400 500 600 700 400 500 600 700 400 500 600 700

Wavelength (nm) Wavelength (nm) Wavelength (nm)

FiIGURE 2: Spectroelectrochemical titration at 26 of (A) CusMb in 20 mM Bis-Tris at pH 7 in the presence of 2 equiv of''C(B)
CugMb in 20 mM Bis-Tris at pH 7 in the presence of 5 equiv of''Gand 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 directionviC3pdtra of

the fully oxidized heme R&—Cu' (--+), intermediate heme Fe-Cu (—), and fully reduced heme EFeCu (- --) of chloride-bound
CusMb.

the same reduction potential within the error of the analysis through the same low-spin heme intermediate and back to
(typically 3 mV). the fully oxidized form.

The overall redox reaction can be fitted to two consecutive
one-electron reduction processes using modetB — C

The spectroelectrochemical reduction of oxidized'Cu  With Ex = 220 mV (versus NHE) anf; = —10 mV (versus
bound CgMb in 20 mM Bis-Tris at pH 7 resulted in NHE). The first one-electron reduction process with a
decreases in absorptions at 408, 500, and 628 nm andPotential ofE; = 220 mV (versus NHE) can be assigned to
increases in absorptions at 432 and 558 nm (Figure 2A). Thethe reduction of Ctito Cu, because the CICU redox
clear isosbestic points at 418, 458, 524, and 600 nm indicateCouple normally possesses a higher reduction potential than
a clean conversion from the oxidized enzyme to the reducedheme in Mb and because the BVisible spectrum suggests
enzyme, without any observable intermediates. The linear that the heme was not reduced until the second one-electron
Nernst plot (inset of Figure 2A) is consistent with such a reduction, as indicated in Figure 2B. Therefore, the species
conclusion. A global analysis and fit of the entire spectra B can be assigned as hemé'FeCu and specie€ as heme
yielded a midpoint potential of 85 mV for the heme. A Fe'—Cu. In comparison to the heme potential in the absence
previous study showed that redox titrations of'@ree Cug- of either CU or chloride, the heme redox potential in the
Mb under the same condition resulted in the same reductionPresence of both chloride and Cwas lowered from 85 to
potential and similar spectral changes, i.e., decreases in—10 mV, probably because of the formation of the low-
absorptions at 408, 500, and 628 nm were accompanied bySPIN SPecies.
increases in absorptions at 432 and 558 nm, with clear The formation of the heme Pe-Cu species was also
isosbestic points at 418, 458, 524, and 600 nm. The resultcharacterized by EPR spectroscopy. Before redox titration
was attributed to the lack of spin coupling between the copper of a solution containing GiMb (0.2 mM), KCI (100 mM),
and the heme and thus little influence of reduction potential and Cl (1 mM), the EPR spectra showed the presence of
of the heme by the presence of the copper i).( both a high-spin heme Fewith rhombically split high-spin

To explore the effects of chloride on the same process, Signals atg = 6.08 and 5.64 and Cusignals atg = 2.22
the redox titration of Cl+free CuMb was performed inthe (A= 160 G), 2.05, and 2.01 (Figure 3A). In contrast to the
presence of 100 mM KCI and the heme redox potential of cyanomet form of CeMb (39), the presence of Cihad little
CugMb was also found to be 82 mV (versus NHE), nearly effect on the ferric heme signals, suggesting that, without a
the same as that in the absence of chloride, indicating thatbridging ligand such as cyanide, the presence of chloride in
chloride does not bind to the heme in the absence of copperitself is not sufficient to result in spin coupling between'Cu
and thus has no direct effect on the heme redox potential.and ferric heme. This lack of spin coupling in the presence
However, in the presence of both KCI and'Cthe redox of halides is different from that of native HCOs; this
titration of CusMb yielded a nonlinear Nernst plot (Figure difference could be due to a slightly different position of
2B), suggesting the presence of more than one redox processCU' relative to the heme iron, resulting in different orbital
The UV-—vis spectra of the protein before reductive titration overlaps 84).
showed a Soret band at 408 nm and visible peaks at 500 The bulk electrolysis of this solution with the applied
and 628 nm, typical of a high-spin aqua-coordinated heme. potential at 105 mV (versus NHE) was conducted af@5
Interestingly, an intermediate species appeared during theAfter equilibrium was reached, a portion of the protein
reductive titration, and it reached a maximum at 105 mV solution 400 uL) was transferred to an EPR tube via
(versus NHE) (Figure 2B). The UWvis spectra of this  cannula under Ar and frozen in liquid,NThe EPR spectrum
intermediate has absorptions at 418, 540, and 575 nm (Figuremeasured at 15 K is shown in Figure 3B. The strondj Cu
2C), indicative of a low-spin ferric heme species. This species signals in Figure 3A decreased significantly, with a remaining
decreased under further negative potentials and was con-minor signal atg = 2.22, 2.05, and 2.01 amounting to less
verted to the fully reduced species with a spectrum identical than 5% of the original copper concentration. The disap-
to that of the deoxy-GaMb (Figure 2B). This redox process pearance of the ('isignal is consistent with the assignment
is completely reversible because reoxidation of the fully of heme F&—Cu for this intermediate based on the BV
reduced protein resulted in the reverse spectral changesyis titration data. In addition, the high-spin heme signaj at

RESULTS AND DISCUSSION



6562 Biochemistry, Vol. 44, No. 17, 2005

A

6.08 2.26

’\ 5.64
/

x8

920 2520

Magnetic Field (Gauss)
FiIGURE 3: X-band EPR spectra of (A) fully oxidized heme'Fe
Cu', (B) intermediate heme Fe-Cu, and (C) fully reduced heme
Fe!'—Cu of chloride-bound CgMb. 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.

4120

= 5.63 decreased dramatically and new signats-at2.85,

2.23, and 1.62 appeared, suggesting formation of a low-spin

ferric species, again in agreement with the-ts spectral
analysis. Another minor species wigh= 4.23 could be due

Zhao et al.

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 Cp 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
Cus center resulted in protonation of chloride and release
of HCI in the solution, again in an analogous way as
protonation of hydroxide and release of®H(Scheme 1)398).
When a hemecopper 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 Uwis and EPR on the
heme F&—CuU form in the presence of chloride. Recent
EXAFS studies of cytochromieo; oxidases have shown that
one of the histidine ligands to the gwenter became
dissociated from the copper upon reducti@3,(38). The
observation of a low-spin heme in gMdb upon reduction
indicates that this dissociated histidine may coordinate to
the heme in the heme le-Cu form when chloride is
present. However, the dissociated histidine does not coor-
dinate to the heme when the protein is fully reduced to heme
Fe'—Cu, 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 hercepper
center of native HCOs3(). The spectroelectrochemical

to heme decomposition. These EPR signals are typical offitrations of CuMb showed that the heme potential remained

the low-spin H-type hemoglobin coordinated by a distal
histidine with a deprotonated N-1 ¢{Nmidazole, N~; g =

the same in the absence of copper ion in thg nter and
can be lowered by 95 mV only in the presencehafth

2.80, 2.26, and 1.67) and bis-His-coordinated cytochrome chloride and copper. Although both the negative charge on

bs at high pH conditions46—49). When the bulk electrolysis
was conducted at further negative potential2D0 mV

the chloride ion and the positive charge on the copper ion
can influence the heme reduction potential, especially when

(versus NHE)], the low-spin signal disappeared because ofthe copper is spin-coupled to the heme center, their effects

the formation of the fully reduced EPR-silent hemé'Fe
Cu center (Figure 3C). The UWvis spectrum of this fully

are generally small4®). Previous studies on other heme
proteins with axial heme ligation have shown that the heme

reduced state resembles that of a five-coordinate reducedpotential can be lowered by 1750) and 182 mV §1)
heme, indicating that one of the histidine ligands to the heme through coordination of another histidine to heme. Therefore,

in the heme P&—CuU state dissociated from the heme center
upon the full reduction of heme.

we believe that the main factor for lowering the reduction
potential is a spin transition from high to low spin.

Scheme 1: Redox-Dependent Structural Changes of theG@ater (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 first electron reduction and coordinated to the heme center
observed in the absence of chloride, suggesting different rolesto form a low-spin heme Fe-Cu intermediate. This low-
played between hydroxide and chloride as a ligand to the spin species was not observed in the absence of either
Cug center. This difference in the intermediate may explain chloride or Cl. Further reduction of the heme 'Fe Cu
their different reactivities. For example, previous studies of form resulted in the release of the coordinated His from the
cytochrome oxidases showed that chloride binding preventsheme center and five-coordinate high-spin hemt—Feu
fast reactions with CNand NO (34, 35). Because chloride  species. These results demonstrate that chloride can bind to
does not bind to the heme in the heme copper center, it isthe Cy center and play an important role in the redox
not clear how it can have such a dramatic influence omn CN processes of the hemeopper center and that the bound
and NO binding to the heme. EXAFS studies of cytochrome chloride and hydroxide in the hemeopper center may play
bos; from Escherichia coliindicated that reduction of the slightly different roles in the reduction of the hemeopper
binuclear center weakens both the coordinated water mol-center of HCOs. Factors may include a different binding
ecule and one of the Gthistidine ligands22, 23). A major affinity to the copper center and the relatively high concen-
difference between chloride and hydroxide is their effective tration of chloride under physiological conditions. These
concentrations at physiological pH; chloride concentration factors should be considered when discussing their roles in
is normally as high as 25 mM, while hydroxide is much HCOs.
lower (~0.3 uM at pH 7.5). Water is a weaker ligand for
Cu than either histidine or chloride, and thus is unlikely to ACKNOWLEDGMENT
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 tKg ¢f a
copper-bound water molecule to the range86 However, REFERENCES
the change in Id, is much less pronounced for the less
positive CU, so formation of a copper hydroxide is unlikely. 1. Babcock, G. T., and Wikstmo, M. (1992) Oxygen activation and

Therefore, the combined effects of the high physiological ghoegconservaﬁon of energy in cell respiratidfature 356 301—
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