Biochimica et Biophysica Acta 1807 (2011) 1295-1304

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbabio

Radical formation in cytochrome c oxidase™

Michelle A. Yu *!, Tsuyoshi Egawa *'!, Kyoko Shinzawa-Itoh ®, Shinya Yoshikawa °, Syun-Ru Yeh ?,
Denis L. Rousseau **, Gary J. Gerfen ***

@ Department of Physiology and Biophysics, Albert Einstein College of Medicine, 1300 Morris Park Ave., Bronx, NY 10461, USA
b Department of Life Science, University of Hyogo, 3-2-1 Kouto, Kamigori, Ako, Hyogo 678-1297, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 19 April 2011

Received in revised form 14 June 2011
Accepted 15 June 2011

Available online 22 June 2011

The formation of radicals in bovine cytochrome c oxidase (bCcO), during the O, redox chemistry and proton
translocation, is an unresolved controversial issue. To determine if radicals are formed in the catalytic reaction
of bCcO under single turnover conditions, the reaction of O, with the enzyme, reduced by either ascorbate or
dithionite, was initiated in a custom-built rapid freeze quenching (RFQ) device and the products were trapped
at 77 K at reaction times ranging from 50 ps to 6 ms. Additional samples were hand mixed to attain multiple
turnover conditions and quenched with a reaction time of minutes. X-band (9 GHz) continuous wave electron

gfg;‘:;ﬁcs paramagnetic resonance (CW-EPR) spectra of the reaction products revealed the formation of a narrow
Electron paramagnetic resonance radical with both reductants. D-band (130 GHz) pulsed EPR spectra allowed for the determination of the g-
Radicals tensor principal values and revealed that when ascorbate was used as the reductant the dominant radical
Proton translocation species was localized on the ascorbyl moiety, and when dithionite was used as the reductant the radical was
Peroxyl the SO,*~ ion. When the contributions from the reductants are subtracted from the spectra, no evidence for a

protein-based radical could be found in the reaction of O, with reduced bCcO. As a surrogate for radicals
formed on reaction intermediates, the reaction of hydrogen peroxide (H,0,) with oxidized bCcO was studied
at pH 6 and pH 8 by trapping the products at 50 ps with the RFQ device to determine the initial reaction
events. For comparison, radicals formed after several minutes of incubation were also examined, and X-band
and D-band analysis led to the identification of radicals on Tyr-244 and Tyr-129. In the RFQ measurements, a
peroxyl (R—0-0¢) species was formed, presumably by the reaction between O, and an amino acid-based
radical. It is postulated that Tyr-129 may play a central role as a proton loading site during proton
translocation by ejecting a proton upon formation of the radical species and then becoming reprotonated
during its reduction via a chain of three water molecules originating from the region of the propionate groups
of heme as. This article is part of a Special Issue entitled: “Allosteric cooperativity in respiratory proteins”.
© 2011 Published by Elsevier B.V.

they are located [1-3]. Four additional protons are consumed for the
reduction of molecular oxygen to water resulting in the overall reaction:

1. Introduction

Cytochrome ¢ oxidase (CcO) is a member of the heme-copper
oxygen reductase superfamily, which encompasses the membrane-

4e” + 8Hp, + 0,—2H,0 + 4Hyy, (1)
bound terminal enzymes in the electron transfer chain in organisms that

utilize oxygen. These membrane-bound enzymes catalyze the 4-
electron reduction of O, to two water molecules and use the free
energy generated to pump four protons across the membrane in which

Abbreviations: PACcO and bCcO, the aas cytochrome c oxidases from Paracoccus
denitrificans and bovine, respectively; Cu,, the binuclear copper site in oxygen
reductases; Cug, the copper atom which is part of the binuclear catalytic site in oxygen
reductases; EPR, electron paramagnetic resonance; RFQ, rapid freeze quench
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In eukaryotic species, such as bovine CcO (bCcO), in which the
enzyme is located in the inner mitochondrial membrane, a two-atom
copper center (Cua) accepts electrons from cytochrome c (Cyt c¢) and
transfers them via a low-spin heme group (heme a) to a heme as-Cug
binuclear center at which the four-electron reduction of oxygen to
water takes place (Fig. 1). In the reduced state, heme as is 5-
coordinate with a histidine (His-376) axial ligand and Cug is
coordinated by three histidine residues (His-240, 290 and 291—
bCcO numbering is used throughout unless otherwise noted).

The O, reaction chemistry has been heavily studied and key
intermediates have been identified [1,4-8] (Fig. 2). However, the
formation of amino acid radicals and their roles during the oxygen
reaction has not been delineated and remains a controversial issue [9].
Putative radical formation resulting from donation of an electron from
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Fig. 1. The metal redox centers in cytochrome c oxidase (PDB ID: 3EHB). The heme a3
and Cug, which are separated by ~5 A, form a binuclear center at which the reduction of
oxygen takes place. The figure was made with PyMol Molecular Graphics Software
(Delano Scientific, LLC).

an amino acid residue to the binuclear center during oxygen reduction
may be essential for rapidly cleaving the O— O bond in the formation
of a “P” intermediate (Py in Fig. 2) thereby preventing the release of
reactive oxygen species; radicals have also been postulated to play a
role in proton translocation [10,11]. The cleavage of the O—0 bond
with the concomitant formation of an OH™ ion and a ferryl state on
heme as requires 4 electrons. Starting with the reduced binuclear
center, two electrons originate from the oxidation of the heme a3
iron from Fe?™ to Fe** and one comes from the oxidation of Cug from
Cu'* to Cu?*. The fourth electron can come from a reduced heme a
center or from an amino acid residue. In the mixed valence (MV)
enzyme, in which only the two metals in the binuclear site are
reduced, while the others are oxidized, the fourth electron needed to
cleave the O—-0 bond must come from an amino acid. It is widely
believed that the “extra” electron originates from Tyr-244, the residue
that is covalently linked to His-240, one of the Cug ligands [1]. Support
for this assignment was made by radioactive iodide labeling followed
by peptide mapping studies of the oxygen reaction with the MV
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oxidase carried out by Babcock and coworkers in which Tyr-244
became labeled, indicating the formation of a radical on this residue
[12]. More recently other workers have reported radical formation on
other residues during catalytic turnover [11,13].

In this paper, we summarize the prior reports of radical formation in
heme-copper oxygen reductases. In addition, we define the conditions
under which spurious radical formation can take place, and we report
the identification of new radicals formed in the reaction of hydrogen
peroxide with fully oxidized bCcO. From these observations a new
center that can serve as a proton loading site during the catalytic
reaction is suggested.

2. Materials and methods

The bCcO samples, isolated from bovine heart tissue, used in these
measurements were prepared by two different methods. Some were
prepared according to the protocol developed by Yoshikawa and
coworkers [14]. Others were prepared from crystallization quality
enzyme, by crystallizing the enzyme into microcrystals, collecting and
then resolubilizing the crystals for the experiments. No qualitative
differences between the two types of enzyme were observed. The
enzyme concentrations were calculated using an extinction coefficient
of 33.6 mM~'cm~! for the fully-reduced CcO at 604 nm minus the
oxidized enzyme at 630 nm [15].

Natural abundance r-ascorbic acid was obtained from Fisher
Scientific, Waltham, MA. Isotopically labeled r-ascorbic acid was
obtained from Omicron Biochemicals, South Bend, IN. A 1 M stock
solution of ascorbate was prepared in degassed 0.2 M sodium
phosphate buffer at pH 7.4 and the pH was adjusted with NaOH. A
final concentration of 10 mM ascorbate was added to degassed bCcO
and incubated with 0.5puM Cyt c as the electron carrier. Sodium
dithionite was obtained from Sigma-Aldrich, St. Louis, MO. A 1M
stock solution of dithionite was prepared in degassed 0.2 M sodium
phosphate buffer at pH 7.4. A final concentration of 6 mM dithionite
was added to degassed bCcO without Cyt c. 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. To make
anaerobic samples the solutions were first purged with argon gas and
then D-glucose (500 mM) and glucose oxidase (1.3 mg/ml) were
added to remove any residual oxygen prior to the experiments.

Rapid freeze-quench (RFQ) is a novel technology used to trap
transient radicals formed at room temperature for spectroscopic
characterization at low temperature. RFQ samples were prepared
using a custom-built device described previously [16,17]. For the
reactions of O, with the fully reduced enzyme, resting bCcO was

Cu'+ cu+ CF2+
OH-
Y244-0OH Y244-0H  PO° Y244-0°
o, ? 9
—_— Fe —N —_ Fe e —_ — Fe
I I I
His R His A His P
"
Cu+ Cu?+ Cu?t
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OH- OH- OH-
Y244-OH Y244-OH Y244-O-
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Fig. 2. Schematic sequence for the reaction of O, with cytochrome c oxidase. In general, the ligands on Cug have not been unequivocally determined. Thus, the addition of a proton in

going from Pg to F could reside on either on Tyr-244, as indicated or on Cug.
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reduced with either ascorbate or dithionite in a gas-tight syringe and
mixed with oxygenated buffer in another gas-tight syringe at room
temperature. For the reactions of H,0, with the oxidized enzyme the
resting bCcO in one gas-tight syringe was mixed with buffered H,0, in
another gas-tight syringe. To assure that the reaction could occur on
the fast time scale and build up a population sufficient for EPR
detection, a large excess of H,O, was used. Samples were freeze-
quenched on a timescale of 50 ps to 6 ms. The frozen powder was
packed into 4-mm O.D. (X-band) or 0.55 mm O.D. (D-band) precision-
bore quartz EPR tubes immersed in liquid nitrogen. Hand-quenched
samples were prepared in similar EPR tubes and frozen in liquid
nitrogen on the timescale of minutes.

X-band (9 GHz) measurements were made on a Varian E-line
spectrometer. A finger dewar filled with liquid nitrogen and inserted
into the EPR cavity maintained the sample at 77 K. Experimental
conditions were: modulation amplitude, 3.2 G; microwave power, 1.0
or 0.3 mW; receiver gain, 2.5x 10%; microwave frequency, 9.1 GHz.
The field was calibrated using Mn doped in MgO.

D-band (130 GHz) measurements were made on a spectrometer
assembled at Albert Einstein College of Medicine, described by Gerfen
and co-workers [18,19]. Hahn echo, field swept spectra were obtained
with the following parameters: temperature, 7 K; repetition rate,
30 Hz; 30 averages per point; 90° pulse, 50 ns; time T between pulses,
130 ns.

3. Results and discussion

Electron paramagnetic resonance (EPR) is a very powerful
technique for characterizing radicals formed in the reactions of
heme-copper oxidases and identifying the residue on which these
radical form (for an excellent review see [20]). In addition, the
oxidation state of the metals in the enzyme can be assessed based on
the EPR spectra of the heme groups and the copper centers. In the
Supplementary material, we present the general characteristics of the
EPR spectra from the iron and the copper centers.

3.1. Search for spectroscopic evidence of radicals formed during the
catalytic reaction

During the catalytic turnover of heme-copper oxygen reductases,
several radicals have been reported, however, their identities and
relevance remain elusive. Wilson et al. studied bCcO using ascorbate
as the reductant and catalytic amounts of Cyt c as the mediator to
create multiple turnover conditions and reported an 8 G wide radical
at g~ 2 that amounted to as much as 10% of the enzyme concentration
[21]. When they reduced the enzyme with excess Cyt ¢ passed down a
Sephadex G-25 column to remove the ascorbate, the magnitude of the
radical signal decreased to ~1% of the enzyme concentration, but they
were unable to determine if the residual signal resulted from some
ascorbate, which remained bound to Cyt c, or a protein-based radical,
thus motivating the need for additional studies. The formation of
radicals in the reaction of oxygen with the MV bovine enzyme was
reported by Babcock and coworkers in a radioactive iodide trapping
study in which they identified a radical on the modified tyrosine, Tyr-
244, although the population of the radical was very low (<1% mole
fraction of the P intermediate) [12]. No direct spectroscopic evidence
for the radical was reported.

Wiertz et al. reported the presence of two radicals in the reaction of
oxygen with ascorbate-reduced aas CcO from Paracoccus denitrificans
(PdCcO) [11]. The first radical species, present from 83 ps to ~1 ms with
maximum population at 355 ps, was assigned as a tryptophanyl radical
located on W272 (PdCcO numbering, W236 in bCcO), based on
simulations of Q-band data. A second unidentified, narrow radical existed
from 83 ps through 6 ms and was termed the “6 ms radical.” The radical
was 8 G wide with subtle hyperfine couplings. It accounted for ~0.5% of
the enzyme concentration and was assigned g-values of 2.0022, 1.9965

and 1.9994. The authors suggested the source to be a “main-chain radical”
but concluded that its identity and functionality could not be determined.
Radicals with similar features in X-band spectra were reported in the bos
quinol oxidase from E. coli [13]. Neither the locations of the radicals nor
their role in catalysis could be determined and their formation could not
be correlated with oxygen intermediates postulated during the catalytic
cycle.

The need to clearly identify and understand the radicals formed
under catalytic conditions motivated this study of radicals formed in
the oxygen reaction with fully reduced bCcO, using rapid freeze-
quench (RFQ) trapping and multi-frequency EPR analysis. Fig. 3 shows
X-band CW-EPR spectra for the reaction of ascorbate-reduced bCcO
with oxygen saturated buffer, freeze-quenched at 50, 150, 1000, and
6000 ps. A narrow radical with a peak-to-trough linewidth of 9 G,
superimposed on the spectral features of cupric Cus, was detected.
The isolated CuZ™ signal is seen in the RFQ resting CcO sample (Fig. 3f)
and can be simulated with the parameters, g,=1.99, g,=2.02, and
g,=2.18, consistent with reported values [22-24]. The origin of the
feature at ~3360 G in the RFQ sample is unknown but it does not
interfere with our analysis of the signal at g~2.005. No new radical
signals were generated when resting bCcO and BSA were individually
mixed with buffer and freeze-quenched demonstrating that the
narrow radical was not formed due to passing a non-specific protein
solution through the RFQ device. A remarkable feature of the data is
the persistence of the narrow radical through 6000 ps, indicating
extraordinary stability. High frequency pulsed-EPR (D-band) revealed
a powder pattern consistent with approximate axial symmetry that
could be simulated with g, =2.0068, g, =2.0066, and g,=2.0023
(Table 1) [25].

To determine if radicals could be generated during multiple
turnover conditions, we prepared hand-quenched samples in which
0,-saturated buffer was mixed with bCcO reduced with ascorbate and
a trace amount of Cyt ¢ and allowed to turn over for several minutes.
An accumulation of a relatively stable radical species was detected by
X-band CW-EPR (Fig. 3e) The signal-to-noise is higher in the multiple-
turnover sample, which is a frozen liquid, compared to the frozen
powders generated by the RFQ device.
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Fig. 3. The X-band EPR spectra of the products of the reaction of oxygen with bovine
CcO rapidly freeze quenched at several time points following the initiation of the
reaction in the presence of ascorbate. The 55 pM samples of bovine CcO buffered with
0.2 M sodium phosphate at pH 7.4 containing 0.2% w/v n-decyl-B-p-maltoside (DM)
were reduced with 10 mM ascorbate and catalytic amounts of Cyt c under Ar and mixed
with O,-saturated buffer. They were freeze quenched at 50 (a), 150 (b), 1000 (c) and
6000 (d)ps after the initiation of the reaction in a rapid mixer. In (e) the oxygen
saturated buffer was hand mixed with 100 pM bovine CcO with 10 mM ascorbate and
catalytic amounts of Cyt ¢ and frozen after 5 min of incubation. As a reference the Cua
spectrum from the oxidized CcO is shown in (f). The EPR spectra were measured at 77 K
with a microwave power of 1 mW, a microwave frequency of 9.1 GHz and a modulation
amplitude of 3.2 G.
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Table 1

The g-tensor values of the various species. CcOeq and CcOox represent the fully reduced
and fully oxidized bCcO, respectively. Reaction times are not indicated in the reactions
of the fully reduced enzyme with O, as the reactions were quenched at several different
times.

Species  Linewidth at X-band® gy 8y g2 Conditions

Ascorbyl 9G 2.0068 2.0066 2.0023 CcOreq+ 0,

SO5* 11G 2.0089 2.0052 2.0017 CcOreq+ 0

Tyr-244 12G 20059 20051 2.0017 CcOox+ H0, (60's)
Tyr-129 46 G 2.0072 2.0041 2.0023 CcOox+ Hy0, (60 s)
Peroxyl 16G 203" 20079 2.0015 CcOox+H,0; (50 ps)
Tyr-129 46 G 2.0072 2.0036 2.0016 CcOux+ Hy0, (50 ps)

2 Peak-to-trough linewidth of the most prominent spectral feature in the X-band
spectrum.
b A Gaussian distribution of 0.014 full width half height in g, is used in simulations.

The isotropic g-value calculated from the trace of the g-tensor
obtained in the D-band data matches values reported for the ascorbyl
radical at room temperature, g=2.0052 [26]. To assess the possible
assignment of the radical as an ascorbyl radical, experiments were
carried out with isotopically labeled ascorbate. Hand quenched and
RFQ samples were prepared with 1-[1-3C]-ascorbic acid. Lowering
the power to 0.3 mW and narrowing the field sweep to 50 G allowed
for resolution of the ascorbyl radical with minimal contributions from
Cui* (Fig. 4). A splitting from the '>C nucleus is observed in the
spectrum (Fig. 4b) which arises from a hyperfine coupling consistent
with that observed previously for isotopically labeled ascorbyl
radicals [26]. The linewidth of the natural abundance ascorbyl radical
is remarkably narrow, measuring 9 G peak-to-peak, yet unresolved
hyperfine splittings broaden the edges of the signal. These spectra are
well-simulated as described previously confirming the assignment of
the ascorbyl radical [25].

During the catalytic reaction, Cyt c acts as the electron mediator
between ascorbate and the enzyme, i.e.

Cytc 4+ AsH —Cytc +As +H' (2)

4Cyt & 4 CcO,, —4Cyt & + CcO,, (3)

3230 3240 3250 3260 3270
Magnetic Flux Density (G)

Fig. 4. The X-band EPR spectra of the freeze quenched products of the reaction
of oxygen with bovine CcO initiated by hand mixing and incubated for 5 min in the
presence of natural abundance and isotopically labeled ascorbate. (a) reduction
by 10mM L-['2C] Ascorbate; (b) 10 mM L-[1-'3C] Ascorbate. The initial bCcO
concentration was 100 uM buffered with 0.2 M sodium phosphate at pH 7.4 containing
0.2% w/v DM. The EPR conditions were the same as in Fig. 3, except the microwave
power was 0.3 mW. The simulations (dotted lines) were done with the following
parameters. (a) g-values: 2.0068, 2.0066, 2.0023; isotropic spin ¥ (proton) hyperfine
coupling values A;s, = 1.76, 0.07, 0.19, 0.19 (in Gauss). (b) The same parameters as in
(a) with the addition of a spin %2 isotropic hyperfine coupling A, of 6.54 G
(corresponding to '>C).

where AsH™ and Ase™ are the reduced and the radical forms of
ascorbate, respectively, and CcOox and CcO,eq represent the oxidized
and reduced form of CcO, respectively. To obtain insights as to the
origin of the ascorbyl radical and its relationship to the one-electron
reduction of Cyt ¢, ratios of 1:1 or 20:1 Cyt ¢ to reductant were
prepared in and frozen within 5 min. Surprisingly, we found that no
radicals accumulated in these experiments in the absence of CcO.
Under our pH 7.4 conditions, the protonated form of ascorbate
(AsH™) is the major form present, although it was reported that the
dianion (As®~) is a much better reductant [27]. In addition, it has been
shown that the ascorbyl radical is also a better reductant than
AsH™ [28], i.e.

As 4Oyt oCyt T+ As (4)

where As represents the fully oxidized form of ascorbate. Furthermore
ascorbyl radicals can decay through dismutation [28]:

2As +H —>AsH + As (5)

Therefore, the radicals would be expected to be short-lived.

One possibility to account for the absence of ascorbyl radicals with
Cyt c alone, in contrast to their existence in the presence of bCcO, is
that with Cyt c alone, the ascorbyl radical formed in Eq. (2) serves as a
reductant of Cyt ¢ (Eq. (4)) thereby generating the diamagnetic
dehydroascorbate (As), and thus no radical signal is observed.
However, in the presence of bCcO, when the Cyt c is bound to bCcO
it is possible that it cannot be reduced by the ascorbyl radical.
Although surprising, it has been noted that the ascorbyl radical will
not reduce cytochrome bs and this has been attributed to the extent of
heme exposure [29], and charged groups near the electron transfer
sites [30]. When Cyt ¢ is bound to CcO the solvent exposure is very
different, possibly preventing reduction by the ascorbyl radical.
Another possibility is that the ascorbyl radical formed in the Eq. (2)
reaction is stabilized by binding to bCcO preventing the reactions in
Eq. (4) or (5) from occurring. Finally, the ascorbyl radical could be
formed by serving as a spin trap for radicals possibly generated in the
enzyme during turnover (vide infra). Current experiments are in
progress in our laboratory to explore these possibilities.

The presence of the ascorbyl radical could interfere with the
observation of catalytically relevant radical species; thus, to eliminate
the presence of ascorbate, in a new series of experiments, minimal
dithionite was used to reduce the enzyme. A narrow (11 G linewidth)
radical signal was detected in the reaction of the enzyme freeze
quenched from 50 to 6000 ps as shown in Fig. 5. Upon annealing for
one minute at 298 K the narrow radical signal disappeared and only
the EPR spectrum of Cu, remained (Spectrum d in Fig. 5). To
determine if the radical was a reaction product of dithionite, the
reaction of dithionite with both redox active and non-redox active
proteins (myoglobin and bovine serum albumin) was rapidly freeze
quenched. The same narrow radical signal in the X-band EPR
spectrum was formed [25].

Dithionite exists in an equilibrium with radical products:

S,0” =250, (6)

Furthermore, it has been shown that SO,*~ is the most reactive form
of dithionite during the reduction of CcO [31]. To further characterize
the radical species, D-band spectra of the samples were measured
which allowed for the determination of the g tensor values of g, g,
and g, of 2.0089, 2.0052 and 2.0017, respectively (Table 1). The
isotropic g value of 2.0053 calculated from these data is in good
agreement with the literature value for the SO,* ™ radical generated by
dithionite [32,33], confirming that the radical originated from the
reductant rather than from bCcO. The presence of spurious ascorbate
and dithionite radicals under turnover conditions demonstrates that
great care must be taken when searching for CcO-based radicals.
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Fig. 5. The X-band EPR spectra of the products of the reaction of oxygen with bCcO
(100 puM) rapidly freeze quenched at several time points following the initiation of the
reaction in the presence of dithionite. The samples of bCcO were reduced with 1.5 mM
dithionite under Ar and mixed with O,-saturated buffer. They were freeze quenched at
50 (a), 350 (b) and 6000 (c)ps after the initiation of the reaction in a rapid mixer. In
(d) the 350 ps sample was annealed for 1 min at 298 K and the refrozen to 77 K. The
solution and EPR conditions were the same as in Fig. 3.

When contributions from ascorbate- or dithionite- based radicals
and that from Cu, are subtracted from our spectra, we do not detect
the presence of enzyme-based radicals in our EPR spectra of the RFQ
trapped products of the reaction of the fully-reduced bovine enzyme
with oxygen. Although the de Vries group used ascorbate as the
reductant of bacterial oxidases, their radical spectra do not have the
same characteristics of the ascorbyl radicals as that which we detected
[11]. Instead, they detected a tryptophanyl radical and an unknown
radical at 6 ms after the initiation of the reaction that has different g
tensor values (gx,,=2.0022, 1.9965, 1.9994) from the ascorbyl
radical detected here (see Table 1) [11]. This suggests that there may
be differences in the catalytic reaction in the mammalian enzyme in
comparison to that in the bacterial enzymes. For example, it is
possible that, for the fully reduced enzyme, in which all four electrons
needed to reduce oxygen are readily available in the metal centers, the
kinetics in the mammalian system may be faster than in the bacterial
system, thus preventing the detection of the radical intermediates in
the former even under ultrafast RFQ conditions. It is also possible that
the electron donation from (and radical formation on) an amino acid
is unnecessary in the robust mammalian chemistry but is necessary in
the bacterial enzymes to assure rapid reduction of the oxygen and
prevent release of reactive oxygen species. Additional experiments
are needed to clarify these issues.

3.2. Radical formation in the reactions with hydrogen peroxide

Hydrogen peroxide (H,0,) treatment of oxidized CcO is a well-
established method for generating radicals in the enzyme as a surrogate
for those generated in the P intermediates during the catalytic reaction
with O, [34-38]. In the catalytic reaction, P intermediates can be formed
under two different conditions: when 4 electrons are available from the
metal redox centers, an intermediate referred to as Pg is formed (the
subscript R represents fully reduced); and when only 2 electrons are
available (one each from heme a3 and Cug, while heme a and Cu, remain
oxidized) (Py) is formed (the subscript M refers to the mixed valence
(MV) form of the enzyme). Under physiological conditions it is thought
that Py precedes Pg in the reaction cycle as shown in Fig. 2. An analog of
Py, referred to as Py is formed by the reaction of the oxidized enzyme
with H,0, at alkaline pH. Electronically, Py is similar to Py formed in the
reaction of oxygen with MV CcO, in which only two reducing
equivalents are available from the metal centers, in that H,O, also
provides two electrons. Indeed, the optical absorption difference
spectrum (with respect to the fully oxidized enzyme) of Py has a

band at 607 nm, just as in Py [5,39-41] and amino acid-based radicals
are associated with the formation of Py [38]. Another ferryl species,
termed Fe, forms by reacting CcO with H,0, at weakly acidic pH (6.0). It
is assigned as an intermediate with an amino acid based radical and an
optical transition at ~575 nm [38,42] similar to that of the catalytic
intermediate, F (Fig. 2), which, however, is not associated with a radical.

The EPR identification of the radicals formed by H,0, treatment in
both PdCcO and bCcO and their correlation with specific intermediates
formed under oxygen turnover conditions have been controversial. In
PdCcO, a radical was reported to form on Tyr-167 (equivalent to Tyr-
129 in bCcO) [37,42]. However, in bCcO, a wide (peak-to-trough
linewidth=45 G) and a narrow (peak-to-trough linewidth=12 G)
radical were detected by X-band EPR in the reaction with H,O, [34]
and were attributed to a tryptophan cation radical (either Trp-126 or
Trp-236) and a radical which is the product of a side reaction,
respectively [38,43]. In a further comparative study of the data, it was
suggested that local interactions could modulate the lineshapes and in
bCcO the wide radical was on Tyr-129 rather than on a Trp residue
[44]. Spectroscopic evidence for radical formation on Tyr-244 in bCcO
or its equivalent in PdCcO has not been reported, despite its potential
importance in the catalytic mechanism.

To determine the mechanism of the reaction of H,O, with bovine
CcO, we used our RFQ system to trap potential radicals within 50 ps
[16]. To help guide the interpretation of the data, samples of the fully
oxidized enzyme were hand mixed with 5-fold excess of H,0, and
frozen within one minute for EPR analysis. As may be seen in Fig. 6, a
narrow signal with a width of 12 G, and a broad signal with a width of
46 G, are present in the X-band EPR spectra. The broad resonance is
strongest at pH 6 and the narrow resonance is strongest at pH 8.
Analysis of X-band and D-band data from hand mixed samples have
allowed for the assignment of the narrow line to a radical on Tyr-244
and the broad line to a radical residing on Tyr-129 (M. A. Yu et al. to be
submitted). The g-tensor values for these radical species are listed in
Table 1.

When the reaction was initiated with the RFQ device, a new EPR
active species was detected in the X-band spectrum. As evident in
Fig. 7, the same signal was detected at both pH 6 and pH 8. We
measured the D-band spectrum (Fig. 8) to resolve the g tensor values
for this radical and found contributions from 2 different radical
species. The major component can be simulated using g, g, and g,
tensor values of ~2.03, 2.0079 and 2.0015, respectively, and can be
assigned to a peroxyl species. The determination of the precise value

12G —»

] ] ] ]
3150 3200 3250 3300 3350

Magnetic Flux Density (G)

Fig. 6. X-band CW-EPR spectra of species formed in the reaction of H,0, with bCcO at
pH 6 (a), 8 (b) and 9 (c). The bCcO (70 pM) was reacted with 500 uM H,0, and
quenched at 60 s in liquid nitrogen. The buffers were: 200 mM BIS-TRIS + 0.2% w/v DM
at pH 6,200 mM HEPES + 0.2% w/v DM at pH 8, and 200 mM CHES + 0.2% w/v DM at pH
9. Spectra of the resting enzyme at pH 6 and 8 were subtracted to remove contributions
from Cua. The EPR conditions were the same as in Fig. 3.
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of g, is hindered by a large distribution in this parameter (as has been
observed in previous studies of peroxyl radicals [45]) and by
underlying copper signals. Double integration of the X-band spectrum
(Fig. 7) indicates that the population of the peroxyl radical accounts
for ~15% of the enzyme concentration. Peroxyl species have been
reported by the treatment of H,0, in several heme proteins [46] and is
believed to proceed by the reaction of O, with an amino acid based
radical:

R +0,-R-0-0° (7)

To test this mechanism we carried out the reaction in the presence
and absence of O,. In the absence of O, the intensity of the second
radical species (designated by the asterisk in Fig. 8c) is much stronger
relative to the peroxyl radical when compared to the spectrum
obtained in the presence of O, (Fig. 8a). Similar behavior was reported
in myoglobin by Kelman et al. [47], who found that the peroxyl radical
was present only in aerobic samples and in its absence a radical
resided on an amino acid. When both samples in Fig. 8 were annealed
to 200K for 30 min only the peroxyl species remained in the
spectrum.

Peroxyl radicals (R-0O-0°) have been well characterized in
myoglobins and hemoglobins treated with peroxide [46]. These
radicals all have a central feature at g~2.00 and a component of
variable intensity at g4 ~2.03 [46]. Winfield and co-workers first noted
that oxygenation of free radicals in myoglobins treated with peroxide
produced a feature at 2.03 [48,49] and this feature was definitively
assigned to a peroxyl radical through spin-trapping measurements
[50]. Konovalova et al. studied the g-anisotropy of peroxyl radicals
formed on pure tyrosine, tryptophan, and histidine adducts at three
different frequencies [45]. They reported g-tensor values for Tyr-OOQe,
Trp-O0+ and His-O0- as summarized in Table 2. The g, component
varies the most for the different parent amino acids. The g-values
reported here for the 16 G radical (peak-to-trough linewidth of the
most prominent spectral feature) in CcO are g,~2.03, g, = 2.0079, and
g,=2.0015, which is most consistent with tyrosine peroxyl species
(Tyr-00¢). However, we cannot rule out that the peroxyl resides on a
tryptophan as it has been reported as the source of the peroxyl in the
globins [51-54].

To determine the origin of the second radical species, the annealed
spectra were subtracted from the original spectra quenched at 50 ps,

(b) pH 8

— 1«16 G
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Fig. 7. X-band CW-EPR spectra of the reaction products of H,0, and bCcO trapped
via rapid freeze-quench at pH 6 (a) and pH 8 (b). The bCcO (160 pM) was reacted with
2.2 M H,0, and trapped at 50 ps. The buffers were: 200 mM BIS-TRIS + 0.2% w/v DM
at pH 6, 200 mM HEPES + 0.2% w/v DM at pH 8. The EPR conditions were the same as
in Fig. 3.

and spectrum e in Fig. 8 was obtained. The population of this radical
relative to the peroxyl species is between 2 and 10% depending on the
presence or absence of O,. Although the signal to noise ratio is not
optimal we were able to extract g tensor values of 2.0072, 2.0036 and
2.0016 for gy, gy and g,, respectively. The g, component lies in the
range of tyrosine radicals (2.006<g,<2.009) and effectively rules out
tryptophan, cysteine, and histidine radicals. Within the uncertainty of
the data, these g-values agree very well with the g-tensor values we
obtained in the hand mixing experiments reported in Fig. 6. Thus, we
tentatively assign the radical as residing on Tyr-129.

3.3. Mechanism of the H>0, reaction with CcO

Based on the data reported above, we postulate the following
mechanism for the reaction shown in Fig. 9. In the first step, H,0,
reacts with the oxidized enzyme to form a hydroperoxo intermediate.
The reaction of H,0, with the heme iron was confirmed as the initial
step in the mechanism by experiments in which CcO pre-incubated
with cyanide failed to produce radical signals under any reaction
conditions. Cyanide binds tightly to the Feas, which blocks the heme
binding site and prevents the formation of the hydroperoxo
intermediate and subsequent radical formation. (This experiment
also confirmed that no spurious or degradation-induced enzyme
radicals were generated by a direct reaction of the H,0, with enzyme
amino acids). The hydroperoxo intermediate rapidly leads to a ferryl
Compound I species by cleaving the O— O bond by taking one electron
from the Fe>* and one from the heme macrocycle resulting in a
porphyrin m-cation radical. It has been shown in the past that such an
intermediate likely precedes the formation of a radical on an amino
acid such as Compound ES in CcP and in fact such an intermediate has
been detected in some cases[55-57]. This compound I species rapidly
accepts an electron from Tyr-244 generating the Py intermediate and
a radical on Tyr-244, as we have demonstrated previously (M.A. Yu,
to be published). This radical can migrate to Tyr-129 during the
formation of the Fe intermediate. Either or both of these radical
species may react with O, to form the peroxyl species we detect. At
present our data does not allow for the discrimination between these
two possibilities or even the possibility that the peroxyl resides on a
different residue.

As shown in Fig. 6 when we hand mixed the enzyme with H,0, at
pH 8 the dominant intermediate was that assigned as originating from
Tyr-244. However, the analysis of the data of the radical species
present in the EPR spectra of the RFQ samples indicates that the
radical is located on an unmodified tyrosine, based on the hyperfine
interactions evident at X-band and g-values measured at D-band,
likely Tyr-129. Given that our data is consistent with radical migration
between Tyr-244 and Tyr-129, these results may indicate that the
peroxyl forms faster on Tyr-244 and thus we detect the remaining
tyrosyl radical on Tyr-129.

The difference in the relative amounts of the peroxyl and tyrosyl
radicals formed when using O, saturated compared to Argon purged
buffer in Fig. 8 confirms that the formation of the peroxyl species
depends on the presence of O,. However, a significant population of
the peroxyl radical is formed under conditions in which great care
was taken to make the samples O,-free. We attribute the presence of
0, in these preparations to three possibilities. First, it is well known
that trace amounts of metals can lead to the disproportionation of
H,0, into O, and H,0 [58]. Second, the Compound I formed by the
reaction of H,0, with CcO could support a catalase type of
reaction [59] owing to the high concentrations of H,0, used in the
RFQ experiments. This reaction would proceed as follows:

H,0, + [Por” Fe*" = 0]—>H,0 + O, + [Por Fe’'] (8)

Here, [Pors™ Fe?* =0] represents the Compound I porphyrin m-
cation radical on heme a; and [Por Fe>™] represents the ferric form
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Fig. 8. High-frequency pulsed EPR (D-band) of the reaction products of H>0, and bCcO with and without oxygen at pH 8 was measured at 7 K. (a) The bCcO (210 pM) in 200 mM O,
saturated BIS-TRIS 4+ 0.2% w/v DM was reacted with 2.2 M H,0, and trapped at 50 ps. (b) The sample from (a) was annealed at 200 K for 30 min and then reduced to 7 K for the
measurement. (c) The bCcO (210 pM) in 200 mM O,-free BIS-TRIS + 0.2% w/v DM was reacted with 2.2 M H,0, and trapped at 50 ps. (d) The sample from (c) was annealed at 200 K
for 30 min and then reduced to 7 K for the measurement. (e) The spectrum from (d) was subtracted from that in (c). The inset is an expansion of the derivative and absorption
profiles of the spectrum (e). Field swept Hahn echo detected D-band spectra were obtained with the following parameters: temperature, 7 K; repetition rate, 30 Hz; 30 averages per
point; 90° pulse, 50 ns; time T between pulses, 130 ns. The simulations (dotted lines) were done with the following parameters. (b) and (d): g,=2.03, g, = 2.0079, and g, =2.0015;
Gaussian distribution in gy =0.014 full width at half height. This distribution precludes a precise determination of g,. (e) and inset: g,=2.0072, g, = 20,036, and g,=2.0016; S/N
precluded the determination of any hyperfine coupling parameters in these spectra. (c) Simulation was a sum of the simulations from (d) and (e).

of heme as. This type of process was invoked by Kelman et al. [47] to
account for the observed oxygen isotope distribution of the peroxyl
species formed in myoglobin in mixed '°0-170 experiments. Third,
X-ray crystallographic structures of the resting CcO from bovine
[60,61], Paracoccus denitrificans [62] and Rhodobacter sphaeroides
[63] have revealed the presence of electron density between Cug
and the iron of heme as. This has been interpreted as originating
from peroxide bridge in the bovine [60,61] and Paracoccus
denitrificans [62] structures. Redox titration results are consistent
with the presence of such a peroxide bridge [15]. Thus, the first step
in the reaction of the resting CcO with H,0, would be a
disproportionation reaction:

Fed; —0~ — 0 — Cug + H,0,—Fea, — OH Cuy — OH  + O, 9)

By this mechanism, the O, would be generated within the heme
pocket. (Although we have written the product as containing an
OH™ ion on both the Fe and Cug, the actual ligation states in the
oxidized enzyme subsequent to the reaction step in Eq. (9) are not
well-established.) Any of these possibilities or a combination of all
could generate the O, that reacts with the amino acid-based radical
to form the peroxyl species.

The experiments reported here show that radicals are rapidly
formed (time scale ~50 ps) in the reaction of bCcO with H,0, and a
subsequent reaction with O, generates peroxyl species. In contrast,
when the same reaction is initiated by hand mixing the enzyme with
H,0, and freeze trapping it on the minutes time scale, the peroxyl

Table 2
Comparison of the g-tensor values for reported peroxyl radicals on various residues
compared to those obtained in the reaction of H,0, with bCcO.

Species o« 8y g, Reference
His-00* 2.03630 2.00690 2.00040 [45]
Trp-00°* 2.03790 2.00375 2.00195 [45]
Tyr-00° 2.03560 2.00840 2.00250 [45]
Tyr-00° 2.03 2.0079 2.0015 This work

intermediate is not detected and instead radicals centered on Tyr-244
and Tyr-129 are identified. With the present data in which the time
points of the quenching differ by a factor of 10® and the H,0,
concentrations are very different, we are unable to reconcile the
different observations. Additional experiments are needed spanning
the time range to determine the relationship between the early events
and the later events. Such experiments will also help to address the
question of whether or not peroxyl radicals are involved in the
catalytic reaction of the reduced enzyme with O,.

3.4. Functional implications

The role of radicals in the function of the terminal oxidase
superfamily remains controversial. Over the past few years, new
radicals have been reported in the reaction of oxygen with the fully
reduced bacterial enzymes and have been postulated to play a role in
proton translocation [10,11]. Related radicals have not been detected
in mammalian CcO and instead we have reported that radicals are
generated that reside on the reductant used to prepare the reduced
forms of the enzyme instead of on the enzyme itself [25]. In the case of
ascorbate this is especially intriguing as the radical is only generated
when ascorbate is used to reduce bCcO with catalytic amounts of Cyt c,
whereas no radical is generated on the ascorbate when it is used to
reduce Cyt c alone. Thus, it is possible that the ascorbate is acting as a
spin trap, capturing a short-lived radical formed in the mammalian
enzyme during turnover. If peroxyl radicals are generated in bCcO
during the oxygen reaction, as in the H,0, reaction, the radical could
migrate to the ascorbate, as is well documented for peroxyl radicals on
other proteins [64-66]. Current experiments are planned to test this
hypothesis.

When an insufficient number of electrons are available on the
metal redox sites to cleave the O-0O bond, an additional electron
source is needed, which is most plausibly supplied by an amino acid
with the concomitant formation of a radical in it, and it is widely
believed that the initial radical is formed on Tyr-244 [1]. Our H,0,
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Fig. 9. Schematic pathway for the formation of peroxyl radicals. In this scheme the starting structure is designated as O in which an OH™ ligand is on Cug and the iron of heme as is 5-
coordinate. However, it has been shown that in the resting enzyme, the Cu and the Fe are bridged by a peroxide [60-63]. Thus. the O species in the scheme would be formed by the
H,0, reduction of the bridged species as shown in Eq. (9). Subsequently, hydroperoxy intermediate is formed that is rapidly converted to a compound I species. The radical on the
porphyrin then migrates to Tyr-244 forming a radical on it that is in equilibrium with radical formation on Tyr-129. Either of these two radical species may then react with O, to form

the peroxyl radical species.

experiments demonstrate that a radical can form on this residue and
offer support for this hypothesis. It is less clear if a radical is generated
in the case of a fully reduced form of the enzyme when the metal
centers can supply an adequate number of electrons to cleave the
0- 0 bond. However, to assure that the reduction process is rapid and
thereby preventing the release of reactive oxygen species, transient
donation of an electron could still occur with the concomitant
generation of an amino acid-based radical.

Another issue concerning the function of the enzyme is whether or
not radicals play a role in proton translocation beyond their putative
roles in the redox chemistry. In this regard the location of Tyr-129 is
particularly interesting. Formation of radicals on this residue has been
reported in bacterial oxidases [37,67] and in bCcO as well, as reported
here. If the initial radical is formed on Tyr-244, a pathway exists for
radical migration to Tyr-129 as may be seen in Fig. 10. This pathway
can occur via the interactions between Tyr-244, His-240, Trp-236 to
Tyr-129. Thus, the radical, which is initially formed on Tyr-244, may
very efficiently migrate to Tyr-129 to form a neutral radical species
with the release of a proton. When the radical is located on Tyr-244,
introduction of a proton into the catalytic site could raise its redox
potential and serve as the driving force for reduction of the radical on
Tyr-244 with the concomitant formation of a radical on Tyr-129.

For efficient proton translocation, there needs to be a site at which
protons are stored (a proton loading site) from which they can be
translocated to the positive side of the membrane when triggered by
changes in the metal centers. The proton loading site has been widely
postulated to reside in the region of the heme as propionate groups
[68] which are bridged by a highly conserved water molecule
(molecule a in Fig. 10 is ~2.65A from each propionate carboxyl
group). This molecule is 2.8 A from water molecule b which is 3.4 A
from water molecule ¢ which is in H-bonding distance Tyr-129
(Fig. 10). Thus, Tyr-129 may be a key element in the proton loading
site by ejecting a proton during radical formation and becoming
reprotonated via the water channel upon reduction of the radical. If
the residues and water molecules in the loading site region are fully
protonated, the released proton would be forced to be ejected toward
the positive side of the membrane. Upon reduction of the radical on
Tyr-129, the residue would be reprotonated by a proton from the

water molecule that is within H-bonding distance as no labile proton
groups exist within 6 A in the direction of the positive side of the
membrane. The water molecule would ultimately be reprotonated
from protons supplied from the D- or K-channel originating on the
negative side of the membrane. Thus, because of its unique location,
Tyr-129 becomes an effective proton diode when it switches between
a neutral radical and a neutral residue. As such Tyr-129 could play a

Positive Side

Proton
Movement

Radical
Movement

W Y244
'

. Heme a,
=

Negative Side

Fig. 10. The structure of the heme as;-Cug binuclear center with its relationship to Tyr-
244 and Tyr-129. 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 propionate
region (water molecule a) to Tyr-129 by the illustrated 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 are indicated.
The figure was made from PDB ID: 3AG3 with PyMol Molecular Graphics Software
(Delano Scientific, LLC).
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central role in the regulation of proton translocation, although
additional experiments are needed to confirm the postulated
directionality.
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