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ABSTRACT: The reaction of oxidized bovine cytochrome ¢ oxidase (bCcO) with hydrogen peroxide (H,0,) was studied by
electron paramagnetic resonance (EPR) to determine the properties of radical intermediates. Two distinct radicals with widths of
12 and 46 G are directly observed by X-band EPR in the reaction of bCcO with H,O, at pH 6 and pH 8. High-frequency EPR
(D-band) provides assignments to tyrosine for both radicals based on well-resolved g-tensors. The wide radical (46 G) exhibits
g-values similar to a radical generated on L-Tyr by UV-irradiation and to tyrosyl radicals identified in many other enzyme systems.
In contrast, the g-values of the narrow radical (12 G) deviate from L-Tyr in a trend akin to the radicals on tyrosines with
substitutions at the ortho position. X-band EPR demonstrates that the two tyrosyl radicals differ in the orientation of their
P-methylene protons. The 12 G wide radical has minimal hyperfine structure and can be fit using parameters unique to the post-
translationally modified Y244 in bCcO. The 46 G wide radical has extensive hyperfine structure and can be fit with parameters
consistent with Y129. The results are supported by mixed quantum mechanics and molecular mechanics calculations. In addition
to providing spectroscopic evidence of a radical formed on the post-translationally modified tyrosine in CcO, this study resolves
the much debated controversy of whether the wide radical seen at low pH in the bovine enzyme is a tyrosine or tryptophan.
The possible role of radical formation and migration in proton translocation is discussed.

1. INTRODUCTION need to clarify the properties of the “P” intermediates, in which
it has been shown that the O—O bond has been cleaved
resulting in a ferryl structure on the heme aj iron atom.> Two P
intermediates have been reported during turnover. The Py
intermediate is formed under conditions in which all of the
metal redox centers are initially in their reduced states. The Py,
intermediate is formed when only heme a; and Cuy are
reduced, while heme a and Cu, remain oxidized (the so-called
“mixed-valence” (MV) form of the enzyme). Under physio-
logical conditions, it is thought that Py; precedes Py in the
reaction cycle (Figure 1) and subsequently is converted to

Cytochrome ¢ Oxidase (CcO) is the membrane-bound terminal
enzyme in the electron transfer chain of eukaryotes. In CcO, a
two-atom copper center (CuA) accepts electrons from
cytochrome ¢ and transfers them via a low-spin heme group
(heme a) to a heme a;—Cug binuclear center at which the four-
electron reduction of oxygen to water takes place. Associated
with the oxygen chemistry, four protons are translocated by the
enzyme, creating a proton gradient across the membrane that is
utilized for the generation of ATP by ATP synthase."

Although the mechanism of the oxygen reduction reaction
has been proposed (Figure 1), the properties of some key
intermediates and the role of ammo acid radical(s) during the Received: November 9, 2011
oxygen reaction are not known.” Of particular importance is the Published: February 1, 2012
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Figure 1. Postulated mechanisms for the reaction of oxygen with the reduced Cug-heme a; binuclear center in CcO and for the reaction of H,O,
with the oxidized enzyme. In this scheme the reaction with O, with the reduced binuclear center starts from the lower left corner and progresses to
the Py intermediate shown in the center. Py is associated with a radical on Y244, which donates an electron to the binuclear center following the
O—0 bond cleavage reaction. The reaction sequence progresses to the Py and F intermediates and ultimately to the oxidized state on the top left.
The reaction with H,0, is initiated by its binding to the heme aj; of the oxidized enzyme. The oxidized bCcO preparation used for the present work
contains a peroxide bridged between Cu and Fe.”*® Thus, the O species in the scheme are likely to be formed by the H,0, reduction of the bridged
peroxide. The O—O bond cleavage of the resulting hydroperoxy intermediate leads to a Compound I species with a porphyrin z-cation, which can
accept an electron from Y244 to form Py, leaving a radical on Y244 (Pathway A). The Y244 radical can be rereduced by Y129 to form F°.
Alternatively, the porphyrin 7-cation can accept an electron directly from Y129 to form F® without passing through Y244 (Pathway B). The Py
intermediate formed via Pathway A is the same as that (Py,) generated in the O, reaction and depending on the pH can progress to form Py and F.

another ferryl species (F). Upon formation of Py, the free
energy released by the reduction of O, is trapped by the high
oxidation state of the binuclear site and the nearby protein
moiety.

In the formation of the Py, state, an insufficient number of
electrons are available from the metal redox centers to cleave
the O—O bond, and thus an additional electron is needed; it
has been postulated to be donated from an amino acid residue
resulting in a radical species. The most likely candidate to
supply the additional electron is Y244 (bovine numbering),
which contains a covalent bond to H240, one of the Cug
ligands. However, a radical on Y244 has not been observed in
spectroscopic studies of intermediates generated in the reaction
of the reduced enzyme with oxygen,** although it was indicated
indirectly during the reaction of the MV form of the enzyme
with oxygen by an iodine trapping experiment, in which an
iodine adduct of Y244 was identified in a small fraction of the
enzyme.® Attempts to react the MV enzyme with oxygen and
freeze-trap the intermediates for EPR or other spectroscopic
studies are challenging experiments and have not been reported
to our knowledge.

Hydrogen peroxide (H,0,) treatment of CcO is a well-
established method for preparing the P and F ferryl
intermediates in CcO, which have been postulated to have
the same structures as those generated during turnover
conditions.>”'° (For a recent review of the H,0, reaction
see the article by Wikstrom.'") Specifically, an analogue of Py,
sometimes referred to as Py, is formed by the reaction of the
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oxidized enzyme with H,O, at alkaline pH. The optical absorp-
tion difference spectrum (with respect to the fully oxidized
enzyme) of Py has a band at 607 nm, just as in Py”'>"> and
amino acid-based radicals are associated with its formation
although the radical populatlons are typically in the range of a
few percent of the enzyme.'* Another ferryl species, F*, forms
by reacting CcO with H,O, at weakly acidic pH. It is ass1gned
as an intermediate with an amino acid based radical and an
optical transition at ~575 nm'*"® similar to that of the catalytic
intermediate, F (580 nm), which, however, is not associated
with a radical. Importantly, the lifetimes of these intermediates
are much longer than those in the reaction of the enzyme with
O,, so they can be more readily trapped and studied by
spectroscopic methods. The H,0, reaction is postulated to
follow a mechanism in eq 1 in which the reaction product is a
Compound I type species with AT cation radical on the
porphyrin ring (Por**) of heme a;," 'S which is then reduced by
an amino acid (AA) in its vicinity leading to the formation of a
radical (AA®) on the amino acid.

H,0, + CcO — H,0 + [Por® TR T=0]

— [PorFéT=0] + AA® + H" (1)

Although it is well-accepted that the P and F states have the
same Fe*"'=0 electronic structure, it remains unclear as to why
they exhibit distinct optical transition bands. Recently it was
shown that the addition of ammonia to the F state in CcO from
Paracoccus denitrificans (PdCcO) could convert it to a P state,
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in contrast to the order of intermediate formation in the
catalytic cycle.'® These new results suggest that the difference
in the Cug ligands between the P and F states may account for
their optical differences.'®

Electron Paramagnetic Resonance (EPR) is very useful for
the identification of the radicals formed by the H,O, treatment
of CcO. However, the correlation of radical species with specific
intermediates formed in the H,0, reaction has been
controversial. In PdCcO, a radical was reported to form on
Y167 (equivalent to Y129 in bCcO)."*'” In contrast, in bCcO, a
wide and a narrow radical were detected in the reaction with
H,0," and were attributed to a tryptophan cation radical
(either W126 or W236) and an unidentified radical resulting
from a side reaction, respectively.'*'? On the basis of a later
comparative study of the data, Svistunenko et al. suggested
that local interactions could modulate the lineshapes and in
bCcO the wide radical was on Y129 rather than on a tryp-
tophan residue.*

In summary, although amino acid based radicals have been
detected by several investigators, there is no consensus as to
their assignment. In addition, so far, there is no spectroscopic
evidence for radical formation on Y244 in bCcO or its
equivalent in PdCcO. In this study, we have generated the Py
and F°® intermediates by the addition of H,O, to bCcO and
used X-band (9 GHz) and D-band (130 GHz) EPR spectros-
copy to characterize the amino acid-based radicals. To obtain
an atomic detailed description of the spin density, we also
performed mixed quantum mechanics/molecular mechanics
(QM/MM)*' simulations of the radical formation.”*** Our
results provide firm assignments for the identity of the radical
species including the first spectroscopic identification of a
radical on Y244.

2. MATERIALS AND METHODS

Materials. The bovine Cytochrome ¢ Oxidase (bCcO) samples
used in these measurements were prepared from bovine heart tissue by
two different methods. Some were prepared according to the protocol
developed by Yoshikawa and co-workers.”* Others were prepared from
crystallization quality enzyme, by crystallizing the enzyme into
microcrystals, collecting them and then redissolving them for the
experiments. No qualitative differences between the two types of
enzyme were observed. Enzyme concentration was calculated using an
extinction coefficient of 33.6 mM ™" cm ™" for the fully reduced bCcO at
604 nm minus oxidized enzyme at 630 nm.>* 30% w/v hydrogen
peroxide (Sigma-Aldrich, St. Louis, MO) was diluted in buffer, purged
on ice for the anaerobic samples, and used within four hours. Enzyme
and hydrogen peroxide solutions were diluted in the following buffers:
200 mM BIS-TRIS with 0.2% w/v n-decyl-f-maltoside at pH 6 and
200 mM HEPES with 0.2% w/v n-decyl-$ -maltoside, at pH 8.

Optical Spectra. Optical absorption measurements were made on
identical samples at room temperature. The acquisition was started
after an incubation period of 60 s. Optical absorption measurements
were taken on a UV2100 spectrophotometer (Shimadzu Scientific
Instruments, Inc., Columbia, MD) with a spectral slit width of 1 nm.
The concentration of P was determined by using the difference
spectrum between the intermediate and the oxidized spectrum with
extinction coefficients of 14 and 2.9 mM ™' cm™ for the 607 nm minus
630 nm and 575/580 minus 630 nm absorbance, respectively; and the
concentration of F®* was determined by using the difference spectrum
between the intermediate and the oxidized spectrum with extinction
coefficients of 0.6 and 6.2 mM ™' cm™' for the 607 nm minus 630 nm
and 575/580 minus 630 nm absorbance, respectively. These values
were determined from those reported by Wikstrom and Morgan®® and
corrected for the high purity of the samples used in this study.

EPR Spectra. X-band (9 GHz) measurements were made on a
Varian E-line spectrometer at 77K using a liquid nitrogen finger dewar
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inserted into a TE,y, resonator. Typical instrumental parameters were
as follows: frequency, 9.1 GHz; power, 0.2 mW; modulation
amplitude, 3.2 G; scan time 2 min; time constant, 0.5 s; number of
scans averaged, 8 to 16. D-band (130 GHz) EPR spectra were
performed on a spectrometer assembled at Albert Einstein College of
Medicine, as previously described.”” The magnetic field is generated
using a 7 T Magnex superconducting magnet equipped with a 0.5 T
sweep/active shielding coil. Field swept spectra were obtained in the
two pulse echo-detected mode with the following parameters:
frequency, 130.001 GHz; temperature, 7 K; repetition rate, 15 Hz;
90 degree pulse, 40 ns; time 7 between pulses, 150 ns. The spectra
displayed in Figures 3b,c and Sc,d are derivatives of the echo-detected
spectra to approximate the effects of field modulation. The tem-
perature of the sample was maintained to an accuracy of approxi-
mately +0.3 K using an Oxford Spectrostat continuous flow cryostat
and ITCS03 temperature controller. The magnetic field at both
X-band and D-band was calibrated to an accuracy of ~3 gauss using a
sample of manganese doped into MgO.?®

Spectral Simulations. The isotropic hyperfine coupling of the
P-methylene protons is directly proportional to the spin density in
he p, orbital of the adjacent carbon, p”(C,). The McConnell equa-
tion”” describes this relationship:

Ajso = p"(C4)(Bo + Bycos” 0) (2)

We can assume that B, < B,, simplifying the equation:

Aiso = P7(C4) (Bycos” 0) (3)

For tyrosine radicals, a value of 58 G can be assumed for B, If we
let p*(C,) = 0.30, then the A,, value listed in Table 2 for the pH 8
radical yields a @ value of 60° for both beta protons. In unmodified
tyrosyl radicals, the value of p”(C,) is variable and dependent on the
environment, but a value in the range of 0.36 to 0.41 is typically
assumed.”®*' However for the His-Tyr moiety studied here, we
anticipate that some spin density may be shared on the covalently
linked imidazole. In our simulations, we started at p*(C,) = 0.38 and
varied € through space. The simulations were slightly broad, so we
decreased p”(C,) to 0.30 and varied 6 through space again, finding a
good fit at @ = 60°. The slight reduction in spin density on the phenol
ring is consistent with a modified tyrosine, which can share spin onto
the imidazole of H240. Kim et al. report experimental results and DFT
calculations of a model compound in which 0.09 spin is shared onto
the imidazole.>* FT-IR data of another Tyr-His model comgound also
supports that spin density is withdrawn by the imidazole.>

QM/MM Calculations. QM/MM methods can join together QM
and MM representations of different sectors of a complex system.”!
The conjunction of these technologies contains the elements necessary
to properly describe the potential energy surfaces relevant to
enzymatic chemistry. The model for CcO compound I has been
extracted from our recent study.** For the MM part we have used the
OPLS-AA force field*® while the QM part used unrestricted DFT with
the B3LYP functional in combination with the 6-31G* and LACVP*
effective core potential basis sets; all calculations were done with
Qsite.*® By using QM/MM techniques, we can model the entire
enzyme (plus a 10 A solvent layer) and treat a large enough quantum
mechanical region to describe the electronic wave function. The results
presented are based on spin density plots describing the radical
content of the different intermediates. The spin plots are obtained
from a grid projection of the difference in the alpha and beta spin—
orbitals from an unrestricted wave function. They represent the total
amount (and localization) of spin density. Both quartet and doublet
spin states gave almost identical energies and spin density. The
quantum mechanical region, shown in Figure 6, includes heme a; with
its oxo and histidine axial ligands, the metal center Cug with its three
coordinated histidines and OH group, Y129, Y244, Y292 and W236.

3. RESULTS

The reaction of bCcO with H,O, was carried out by hand
mixing the enzyme with H,0, at pH 6 and 8. For the EPR
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measurements the samples were freeze quenched within 1 min
and for the optical absorption measurements the spectra were
obtained at 1 min after mixing as well, but under our conditions
the samples were stable for much longer periods. To confirm
that the data were not sample preparation dependent all of the
measurements were duplicated with enzyme samples prepared
by the protocol developed by Yoshikawa and co-workers™* and
those prepared from solubilized microcrystals as described in
the Materials and Methods section.

Optical Characterization of the Intermediates Formed
in the Reaction of bCcO with H,0,. The optical difference
spectra (versus the fully oxidized enzyme) of the intermediates
derived from the reaction of bCcO with H,0, at pH 6 and 8 are
shown in Figure 2. Two distinct intermediates were detected

(a) pH 6 575

0.06

0.047 [bCCOl/[H,0;]
§ 0.02 F* { =220/280 pM
8 0.004 Py
s N —
4 (b)pH 8
o 4
< 020_

0.10 / [bCcO)/[H,0,]

4 =390/500 uM
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Figure 2. Optical absorption difference spectra of the intermediates
formed in the reaction bCcO with H,O,. Difference spectra were taken
relative to the oxidized resting bCcO at either pH 6 (a) or pH 8 (b).
Optical spectra were recorded at ~1 min following mixing. The
bCcO/H,0, concentrations for (a) and (b) were 220/280 uM and
390/500 M, respectively.

with optical transitions at 575 and 607 nm, which we assign as
F* and Py, respectively, as reported previously.'"* At pH 6,
when the enzyme (220 M) was reacted with 280 uM of H,0,,
the 575 nm species (F*) was the dominant product (100 yM)
with a small amount (10 #M) of the 607 nm species (Py;) also
present (Figure 2a). At pH 8, in which the enzyme (390 uM)
was reacted with 500 uM of H,0,, we observed contributions
from the Py species (150 M) at 607 nm and the F* species
(110 uM) at 575 nm (Figure 2b). These results are
summarized in Table 1. In both of these cases we attribute

Table 1. Concentrations of Py; and F* Determined from the
Optical Absorption Spectra of the Reaction of H,0, with
bCcO

pH [bCcO] [H,0,] (F°] [Py [Py]/[F°]
6 220 280 100 10 0.1
8 390 500 110 150 14

the incomplete accounting of the total enzyme as an indication
that some of it was in the fully oxidized state and therefore not
visible in the difference spectra. It is also noteworthy that at
both pH values both Py and F* were detected. As pointed
out by Tuukkanen et al. this is likely a result of the broad pH
dependence of the protonation of the lysine residue at the
entrance of the K-pathway.®”

EPR Characterization of the Intermediates Formed in
the Reaction of bCcO with H,0, at pH 8. In the initial
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series of experiments at pH 8, the X-band and D-band EPR
spectra were measured on samples prepared at equal
concentrations of bCcO and H,0, and at a 36-fold excess of
H,0,. In the former case a mixture of radicals was obtained
(Figure 3c), whereas in the latter case, a single radical species

~

36xH,0,

£ e -----0

D-band

T T T T
3260 46200 46300 46400

Magnetic flux density (Gauss)

Figure 3. X-band and D-band EPR spectra of the intermediates
formed in the reaction of bCcO with H,0, at pH 8. (a) X-band and
(b) D-band spectra (solid lines) obtained following the reaction of
bCcO with 36-fold excess of H,0,. (c) D-band spectrum (solid line)
of bCcO obtained following its reaction with a stoichiometric amount
of H,0,, revealing contributions from both the 12 and 46 G radicals.
The experimental and simulation data are given by the solid and
dotted lines, respectively. The parameters for the simulations are given
in Table 2. In the X-band spectrum (a), the contribution from Cu, has
been removed by subtracting the spectrum of resting oxidized bCcO.

was detected (Figure 3a). It has been noted in the past that
with a larége excess of H,0, (500-fold), only a narrow radical is
present." Although the origin of the effect of the H,0O,
concentration has not been determined, it may be associated
with the catalase activity of CcO, at high H,O, concen-
trations.'® In any case, to simplify the analysis, we first focus on
the pure narrow radical shown in Figure 3a.

In the X-band EPR spectrum (Figure 3a), the radical signal is
very narrow (12 G wide) with a shape and line width that are
consistent with the unassigned narrow radical observed by
others at alkaline pH."*'%'®'° To resolve the origin of the 12
G radical species observed in the X-band spectra, the D-band
(130 GHz) echo-detected EPR measurements at 7 K were
carried out allowing precise determination of g-tensor values.
Based on the D-band measurements, the g,, g, and g, values of
the 12 G radical are 2.0059, 2.0051 and 2.0017, respectively
(Figure 3b). The & value is in the range of a tyrosyl radical,
2.01 > g, > 2.006,>>** 7% and effectively rules out tryptophanyl,
histidinyl and glycyl species, all which have a g, < 2.0045.*"* 1t
also rules out cysteine thiyl radicals, which exhibit g, values in
a range of 2.29 - 2.21.* Moreover, the g, and g, values are also
consistent with tyrosyl species, as g, generally falls between
2.005 and 2.004 and g, is typically ~2.002. Interestingly, the g,
and g, values have converged to a Ig, — g separation of only
0.0008, indicating a near axial symmetry. We conclude, based
on this analysis of the g-tensor, that the narrow (12 G) radical
resides on a tyrosine residue, albeit modified, based on the
small Ig, — g separation (vide infra).

Narrow radical resonances in X-band EPR spectrum, such as
that reported here, are relatively unusual for a tyrosine.
However, they have been found in modified tyrosines in
which the ring ortho protons are replaced with other atoms.
Importantly, narrowed X-band spectra have been reported for
several model complexes of CcO in which a His is linked to a
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Tyr at its ortho position replacing the proton.****** Narrowed
X-band spectra have also been reported for proteins such as
apogalactose oxidase (width ~25 G)* and Mycobacterium
tuberculosis KatG (width ~17 G),* both of which have a radical
located on a tyrosine with modifications at the ortho position. A
modification at the ortho position of the Tyr is also consistent
with the small Ig, — g | separation of 0.0008 observed in the
D-band spectra (Figure 3b). It has been established that
radicals generated on tyrosine adducts with a single covalent
modification at the ortho position have a reduced value of
lg, — gl relative to unmodified tyrosyl radicals in which lg, — g | ~
0.0046 — 0.0015 as summarized in Supporting Information,
Table S2. This trend was confirmed by the D-band EPR
spectrum of 2-amino-p-cresol (Supporting Information, Figure S2)
with a Ig, — gl of 0.0012.

To determine quantitatively the origin of the narrow
resonance in bCcO we used the g-values obtained from the
D-band data to simulate the X-band data shown in Figure 3a,
with two sets of hyperfine couplings: (1) one ortho proton and
two f-methylene protons and (2) two ortho protons and two
f-methylene protons (see the inset in Figure 4). The details of

. Hgy I
H T HBZ B
o : : Hor Herz
Phenol Ring . =
Y244 Y129 |
i Hyr g Hee
H240 - H #
s H B
= = g Mo -
| Cup Hgs /Y o [
& > Hga
— Y129

Figure 4. Crystal structures showing the orientation of Y244 and
Y129. (Left) Crystal structure showing the orientation of Y244 and
His240. The C,—Cj bond is 88.7° to the plane of the phenol ring.
Assuming sp> geometry, the f-methylene protons are calculated to be
61.3° and 58.7° to the perpendicular axis to the phenol plane. (Right)
Crystal structure showing the orientation of Y129. The C,—Cg bond is
0.3° to the plane of the phenol ring, and the f-methylene protons are
30.3 and 29.7° to the perpendicular axis of the phenol plane. The inset
defines the positions on the tyrosine.

the calculations are described in the Materials and Methods
section and the parameters used to fit the data are listed in
Table 2. The experimental spectrum is best fit by the simulation

Table 2. Parameters Used to Simulate X-band and D-band
Spectra of CcO Tyrosyl Radicals Formed at pH 8 and pH 6

pH 8 radical pH 6 radical

component Hﬁl,Z Horthcl H/n H/;‘z Honhol,z
A, 4.5 7.2 16.5 14.9 9.1
Ay 4.2 2.2 179 14.0 2.9
A, 42 S.5 13.8 12.4 6.8
Ao 43 5.0 16.1 134 6.3
o° +60 —26 +34
a +33 +33

“Absolute values of hyperfine coupling constants are given in Gauss.
Dihedral angle (degrees) between the C—H bond of the beta carbon
and the normal to the phenol ring plane. “Angle (degrees) between

A, and g,

of a tyrosine radical on a modified tyrosine in which an ortho
proton has been replaced by a covalent bond to another
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nucleus, but not by the simulation of an unmodified tyrosine
radical with two ortho protons. In addition, in order to account
for the relatively small hyperfine interactions with the
f-methylene protons, the estimated spin density on the Tyr
must be reduced by ~20% relative to unmodified tyrosyl
radicals, as would be expected due to sharing of the spin density
on the covalently linked imidazole.*> The hyperfine coupling of
the two f-methylene protons is consistent with an angle 6
~60°, which minimizes the resulting total contribution of the
hyperfine splitting from both protons to the spectral width.*
Here, 0 is defined as the dihedral angle between the Cy,—Hjy
bond and p, axis of the a-carbon. In the vicinity of the binuclear
center, the only tyrosine with the side chain conformation
which gives @ in this range for the f-methylene protons is Y244.
Figure 4 shows the crystal structure of Tyr244 in the resting
bovine enzyme, which has angles of 61 and 59° for the 1 and
B2 methylene protons.

In summary, we assign the 12 G wide radical as residing on
the modified tyrosyl, Y244, based on (i) the principal g-values
determined from the D-band data and (ii) the line width in the
X-band CW-EPR spectrum. The narrow line width, of the
X-band EPR spectrum of Y244, is a result of reduced electron—
nuclear hyperfine interactions due to three factors: (1) an ortho-
proton is replaced by the covalent bond to nitrogen of His240,
eliminating the splitting from the hydrogen nucleus, (2) the
P-methylene protons are each ~60° relative to the perpendi-
cular axis to the phenol plane, minimizing their hyperfine
contributions, and (3) spin density is shared over the imidazole
of the cross-linked His240, reducing the electron spin density
coupled to the -methylene and the ortho proton nuclei.*”

EPR Characterization of the Intermediates Formed in
the Reaction of bCcO with H,0, at pH 6. At pH 6, 900 uM
of H,0, was reacted with 350 yuM bCcO and the X-band
spectra of the frozen sample was measured at 77 K. The X-band
spectrum (Figure Sb) shows the presence of two different
species, a narrow resonance (width ~12 G) with subtle
hyperfine structure, as that reported in Figure 3a, and a wide
resonance (width ~46 G) with extensive hyperfine splitting. To
isolate the spectrum of the wide resonance, the narrow
resonance was subtracted from the composite spectrum. The
resulting spectrum is shown in Figure Sa. The D-band EPR
spectrum obtained at pH 6 also contained the mixture of two
radicals (Figure Sd). When the narrow radical signal (taken
from Figure 3b) is subtracted out, the remaining radical has
g-values at g, = 2.0072, g, = 2.0041, and g, = 2.0023 (Figure Sc).
This g-tensor displays classic rhombic symmetry, indicating
an unmodified tyrosine with a Ig, — g/l of 0.0031, as has
been observed for radicals generated on the L-Tyr model com-
pound and for tyrosyl radicals identified in a variety of
enzymes.’>**~*° Furthermore, the high g, definitively rules out
a tryptophanyl species, showing that the 46 G radical in the
mammalian enzyme is a tyrosyl as reported in the bacterial
enzyme."

Using the g-values obtained from the D-band EPR data, the
X-band EPR spectrum can be simulated with two ortho protons
and two f-methylene protons each oriented ~30° to the
perpendicular axis of the phenol plane. The hyperfine couplings
are listed in Table 2. (Consistent with the past studies of Tyr
residues, in the simulations contributions of the small hyperfine
interactions from the meta protons on the C, and Cq ring
carbons were neglected.47) This orientation puts the C,—Cy
bond nearly parallel to the phenol plane, which matches
the orientation of Y129 seen in the crystal structure (Figure 4).
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Figure 5. X-band and D-band EPR spectra of the intermediates formed in the reaction of CcO with H,O, at pH 6. The H,0, (900 M) used was
~2.5-fold excess of the enzyme (350 uM). Panels (b) and (d) are the observed spectra obtained at X-band and (d) D-band, respectively, while (a)
and (c) are the corresponding spectra after subtraction of the 12 G radical. (f) Expansion of the spectrum in (a) compared to that reported for
PACcO (e).'” The dashed lines in (e) and (f) are to help guide the eye. The dotted lines in (a—d) are simulated spectra with parameters given in
Table 2. In the X-band spectra, the contributions from Cu, have been removed by subtracting the spectrum of resting oxidized CcO.

The uniczlueness of this orientation of Y129 has been noted in
the past.”” In addition, a similar broad EPR signal was observed
and assigned to Y167 in PdCcO (equivalent to Y129 in bCcO);
the assignment was confirmed from site-directed mutagenesis
studies, in which the broad radical signal disappeared in the
Y167F mutant.”> As comparable Tyr radicals are formed
in both the bacterial and the mammalian oxidases, the two
types of enzymes likely share common radical mechanisms
(vide infra).

In prior studies of the reaction of bCcO with H,0O,, the
hyperfine splitting of the broad radical, resulting from the reac-
tion of bCcO with H,0,, was not well resolved but ENDOR
spectra were obtained from which it was concluded that the
broad signal resulted from a tryptophan cation radical which is
exchange coupled to the heme iron.'* However, later
Svistunenko et al. simulated a hypothetical EPR spectrum
from Y129, and showed that it could account for the observed
broad signal.*® Although the broad radical we detected in bCcO
has approximately the same peak-to-trough width as those
reported previously in the bovine enzyme,'* the hyperfine
splittings are better resolved. Most interestingly, they exhibit
features very similar to the spectra reported for the reaction of
PdCcO with H,0,, as may be seen in Figure Se—f, further
confirming the assignment of the broad radical to Y129 in
bCcO and Y167 in PdCcO.

Effect of Cyanide on the H,0, Reaction. To ensure that
the radical species in the reaction of the enzyme with H,O,
originated from heme a; coordination of the peroxide and was
therefore not artifactual, the reactions were repeated in the
presence of 10 mM cyanide. The complete coordination of
CN~ to heme a3 was confirmed by optical absorption spectros-
copy (Supporting Information, Figure S3). No optical changes
occurred and no radicals formed upon reacting the CN™-bound
enzyme with H,0O,, indicating that radical formation in the
reaction of bCcO with H,O, involves chemistry initiated at the
binuclear center.”'”'%4

QM/MM Simulations. Previous Density Functional Theory
calculations on the CcO active site implicated the importance
of the Y244—H240 moiety in the proton pumping mecha-
nism,* but these calculations included only Cug and its ligands,
neglecting the role that heme a; and the surrounding amino
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acids may play. By using QM/MM techniques, we have been
able to model the entire enzyme (plus a 10 A solvent layer) and
treat a large enough quantum mechanical region to describe the
electronic wave function. The quantum mechanical region,
shown in Figure 6, includes heme a; with its oxo and histidine

Figure 6. Spin density for the optimized ferryl species without
deprotonation of Y244 (main panel) and after a proton transfer from
Tyr244 (lower right inset). The total unpaired spin density is shown
with a green mesh.

axial ligands, the metal center, Cug, with its three coordinated
histidines and the OH group, Y129, Y244, Y292 and W236.
The initial state for the calculations was a Compound I species.
Typically, Compound I presents two unpaired electrons in the
iron-oxo moiety and a third unpaired electron in a porphyrin
radical, as a result of an electron transfer to the iron-oxo center.
Our data show, following energy optimization, that the spin
density is located on Y129 and W236, instead of the porphyrin
ring (Figure 6). The observation of a radical on W236 is
consistent with the data reported in the past.'*

As the data reported above showed spin density on Y129 and
W236 rather than on Y244, we questioned if the radical
formation on Y244 was coupled to proton transfer. Thus, we
transferred the proton from the hydroxide group of the Y244
side chain to the oxo atom of Compound I using the water
molecule as a bridge. It is noteworthy that the bridging water
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molecule has been proposed to play a critical role in mediating
proton transfer during the oxygen reaction of bCcO by
Muramoto et al.>® Similar water molecules, with a hydrogen
bond to the oxo group, have been shown to play important
functional roles in other cytochromes, such as P450.,,.>" The
QM/MM energy profile indicates only a ~0.3 kcal/mol
increase in energy when transferring the proton to the oxo
atom. As expected, the proton transfer is associated with an
electron transfer, reducing the porphyrin 7-cation radical, giving
a neutral radical localized on Y244. The lower inset of Figure 6
shows the total spin density map of the product.

These calculations indicate that the radical formation on
Y244 is a proton coupled electron transfer as the radical will
only form if the OH group becomes deprotonated. In contrast,
for Y129 a radical can form without the loss of the proton. The
formation of a cation radical on Y129 in the simulations is a
result of its very polar environment, although it is readily
deprotonated to form the neutral species. The data suggest that
radical formation on Y244 is pH sensitive, consistent with our
EPR data showing that the relative population of the Y244
radical is decreased at a relatively lower pH (Figures 3 and $).
To further test the pH sensitivity, a second proton was added
to the OH ligand of the Cug center, to form a water ligand. We
have recently reported that this ligand is formed spontaneously
when adding protons in the active site.** The tyrosine
deprotonation energy profile is now 18 kcal/mol endothermic,
suggesting that the radical formation on Y244 is less favorable
at low pH.

4. DISCUSSION

In the past we were unable to detect any amino acid-based
radicals in the reaction of the fully reduced bCcO (ie., a 4-
electron reduced state) with oxygen,** possibly due their short
lifetime as a result of their rapid reduction by electrons
provided by the heme a/Cu, centers. To better characterize
radicals that may be formed on the enzyme, we have reacted
oxidized bCcO with H,0, as a surrogate for the physiological
oxygen reduction reaction and have been able to identify
radicals residing on Y244 and Y129.

Association of Radical Formation with Specific
Intermediates. In bCcO the EPR signal from oxidized Cu,
serves as an internal reference, so the concentrations of the
radicals within a given EPR spectrum can be estimated by their
ratio to the Cu, signal. Based on the analysis of several samples,
we found that the radical populations correspond to 2—5% of
the intermediate concentrations, similar to that reported in
prior studies.'”'*'® Unfortunately, as the ratio of the broad to
narrow radical signals varied with the concentration of the
H,0,, we are unable to quantitatively relate the P and F*
populations to the radical populations. However, at pH 6 the F*
species and the 46 G radical are dominant and at pH 8 the P
species and the 12 G radical are dominant.

Several studies have postulated that the absence of a Y244
radical signal in the EPR spectrum is due to spin relaxation or
antiferromagnetic coupling with Cug.”'*'*%*5% However, if in a
fraction of the enzyme, the Tyr-His ligation to Cuy is broken or
weakened, the Tyr-His radical signal could be recovered in the
EPR spectrum. Support for a dynamic change in coordination
to Cu comes from the recent report by Muramoto et al.>° in
which binding of cyanide to the enzyme caused H290 to be
displaced and moved 2.8 A away from Cug. If the H290 or the
Tyr-His moiety is displaced during the H,O, reaction, the
antiferromagnetic coupling could be altered, allowing detection
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of the radical on Y244. An alternative explanation for the
substoichiometric EPR signal may be radical migration and
eventual quenching by solvent, as it was shown by Chen et al.
that the radical generated by the reaction of H,O, with bCcO
can undergo transfer to the surface of the protein.** However, it
is interesting to note that the tyrosine, ortho-substitued with
cysteine, in galacatose oxidase is ligated to Cu(II), and that the
catalytically relevant radical formed on this moiety is
antiferromagnetically coupled to the parama§netic Cu(II) and
thus silent in the X-band EPR spectra.® Nonetheless, a
minority EPR signal is detected in holoenzyme preparations as
a result of a decrease or elimination of the antiferromagnetic
coupling due to the presence of a small percentage of radicals
displaced from the Cu(II) ligation, as is suggested to occur in
this work. It is important to note that the detection of this EPR
signal in galacatose oxidase provided the first evidence for the
key radical formed on the tyrosine cross-linked with cysteine.*®

Mechanism of the Reaction of CcO with H,0,. The data
reported here offer the basis to form a postulated mechanism of
the reaction of CcO with H,0, as summarized in Figure 1.
Initially, the fully oxidized enzyme binds H,0, to yield a
hydroperoxo intermediate. That the H,0, does in fact bind to
the heme as the first step in the reaction is supported by our
experiments in which it was found that preincubation of the
oxidized enzyme with cyanide prevented the formation of any
radical intermediates. The O—O bond in the hydroperoxo
intermediate is rapidly cleaved, by receiving one electron from
the iron atom and one from the heme, releasing an OH~
moiety and forming a Compound I type of intermediate in
which a z-cation radical is formed on the heme group that we
are unable to detect owing to its short lifetime.

Where the radical ultimately resides depends on the
experimental conditions. At high (pH 8) and low (pH 6) pH
the radicals on Y244 and Y129 have significant populations,
respectively. There are two possible pathways for radical
migration from the heme a; Compound I to Y129. Either the
radical could migrate via the D-ring propionate to W236 and to
Y129 (Pathway B in Figure 1) or the radical could migrate first
to Y244 and then to Y129 by Pathway A linking the two
tyrosines (Y244—H240—W236—Y129) as shown in Figure 7.
Support for the role of W236 in either pathway comes from the
W272F and W272 M mutations in PdCcO (W272 in PdCcO is
equivalent to W236 in bovine) by McMillan et al. in which no
radical signals were detected on Y167 in the H,0, reaction;
furthermore, the activity of these mutants was drastically
reduced as compared to the wild type enzyme,>* suggesting that
radical formation and migration may play a critical role in the
enzymatic function. Moreover, in the QM/MM calculations
reported here, unpaired electron density was detected on
W236, implicating its participation in electron delocalization/
transfer. Migration of the radical from Y244 to Y129 requires
reprotonation of Y244. This may plausibly occur by acceptance
of a proton from the water molecule identified in the crystal
structure reported by Muramoto et al.>® Ultimately proton
entry into the catalytic site would occur by protons delivered
via the D-channel during the oxidative phase of the reaction or
via the K-channel during the reductive phase."

Functional Roles of Radical Formation. A proton
loading site, in which protons are stored prior to their release
to the positive side of the inner mitochondrial membrane
during the proton translocation process, is critical for CcO
function. The proton loading site has been widely postulated to
reside in the region of the heme a; propionate groups” which
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Figure 7. Structure of the heme a;—Cug binuclear center, Y244 and
Y129 with respect to the positive and negative sides of the inner
mitochondrial membrane. The red spheres are water molecules that
are part of the water cluster near the heme a; propionates. These three
water molecules directly link the propionates of heme a; to Tyr-129 by
an H-bonding network (black dashed lines). The radical migration
between Tyr-244 and Tyr-129 may occur through the linked Y244,
H240, W236, Y129 network. The H-bond distances (in A) between
water molecules a, b and ¢ and that between ¢ and the oxygen of Y129
are indicated. The figure was made from PDB ID: 3AG3 with PyMol
Molecular Graphics Software (Delano Scientific, LLC).

are bridged by a water molecule (molecule a in Figure 7 is
~2.65 A from each propionate carboxyl group). In this region,
containing a large cluster of water molecules, a chain of water
molecules (a, b and c in Figure 7) lead directly to Y129 located
below the positive side of the inner mitochondrial membrane.
Based on the firm assignment of radicals on Y244 and Y129, we
postulate that Y129 is a key element of the proton loading site
that couples electron transfer to proton translocation. In a given
redox state, such as Py, a radical is formed on Y244, which is
subsequently reduced by electron transfer from Y129 (ie.,
radical migration from Y244 to Y129; Figure 7) and the
associated release of a proton, forming the more stable neutral
species, that is

Y129 — OH 2 Y129 — O° + ¢~ + H' 4)
The proton is ejected from Y129 unidirectionally toward the
positive side of the membrane, as the proton loading site is
“loaded” (ie., all labile groups in the loading site are fully
protonated), and it cannot accept any protons. Proton
movement out of the loading site region toward the negative
side of the membrane may be blocked by the orientation of
E242°° (See Figure S4 in the Supporting Information.)
Subsequent reduction of the radical, with the formation of a
tyrosinate, will increase its proton affinity and promote the
uptake of a proton, in particular from water molecule ¢, which
is H-bonded to Y129. The proton must come from this direc-
tion, as there are no labile protons within 6 A above Y129 and
below the positive side of the membrane. The water molecule
is ultimately reprotonated from protons supplied from the
D-channel linking to the negative side of the membrane. This
pathway leads to E242, where it is widely accepted that the
protons are gated to either the binuclear center for the
formation of water or to proton loading site above the heme
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a; propionates. This pathway is illustrated in Figure S4 in the
Supporting Information.

In summary, we propose that Y129 is a critical element of the
proton loading site; it ejects a proton to the positive side of the
membrane during radical formation and abstracts a proton
supplied via the D channel during its rereduction. The unique
local environment of Y129 allows it to act as an effective proton
diode, which rectifies unidirectional proton movement as it
switches between the neutral and the radical form. The
assessment of the role of Y129 during each of the steps in the
catalytic cycle remains to be investigated.
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