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ABSTRACT. Oxidized bovine cytochromeoxidase reacts with hydrogen peroxide to generate two electron
paramagnetic resonance (EPR) free radical signals (Fabian, M., and Palmer, G.Rit@®@mistry 34,
13802-13810). These radicals are associated with the binuclear center and give rise to two overlapped
EPR signals, one signal being narrower in line widNHptp = 12 G) than the otherAHptp = 45 G).

We have used electron nuclear double resonance (ENDOR) spectrometry to identify the two different
chemical species giving rise to these two EPR signals. Comparison of the ENDOR spectrum associated
with the narrow signal with that of compound | of horseradish peroxidase (formed by reaction of that
enzyme with hydrogen peroxide) demonstrates that the two species are virtually identical. The chemical
species giving rise to the narrow signal is therefore identified as an exchange-coupled porphyrin cation
radical similar to that formed in horseradish peroxidase compound I. Comparison of the ENDOR spectrum
of compound ES (formed by the reaction of hydrogen peroxide with cytochoopeeoxidase) with that

of the broad signal indicates that the chemical species giving rise to the broad EPR signal in cytochrome
¢ oxidase is probably an exchange coupled tryptophan cation radical. This is substantiated @ing H
D,0 solvent exchange experiments where the ENDOR difference spectrum of the broad EPR signal of
cytochromec oxidase shows a feature consistent with hyperfine coupling to the exchangeable N(1) proton
of a tryptophan cation radical.

Cytochromec oxidase (€O)' catalyses the transfer of containing hemes and Ci includes two-electron-reduced
electrons from ferrocytochroneto oxygen and the coupling  intermediate Peroxy) and a three-electron-reduced (Bxo
of this redox reaction to the pumping of protons across the erryl) intermediate, which were first observed as two distinct
inner mitochondrial or bacterial membrane. The catalytic spectral forms of €0 at 607 nm P) and 580 nm )
mechanism of oxygen reduction to water at a binuclear centerfollowing reversal of electron transfer from water to cyto-
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chrome (—3). Species related 8 andF (includingF*; see a result, it can be used to identify the chemical species giving
below) are also observed following the addition of hydrogen rise to the EPR free radical signal and to probe the electronic
peroxide (HO,) to oxidized @O (4—7). In P species structure of the radical and its interaction with the surround-
produced by reaction of oxidizedcO with H,O, (8), and ings. We have used this technique to study the two free
by reaction of the mixed-valenceé)(and fully reduced radicals generated by the interaction of04 with oxidized
enzyme 10) with oxygen, resonance Raman spectra exhib- CcO and demonstrated that they arise from a porphyrin cation
ited a mode characteristic of ®e=O. This suggests that the radical and a tryptophan cation radical. During the prepara-
O—0 bond is broken in both th® and F* forms. The tion of this manuscript a paper by MacMillan et a1y
reductive cleavage of this bond requires three electronsreported that only one free radical species, attributed to a
relative to the oxidized state, but only two electrons can be tyrosine radical, was found on reaction &faracoccus
provided by the metal centers at tReor F* stage of the denitrificansCcO with H,O..

oxygen reduction cycle.

A number of different states have been proposed to accountMATERIALS AND METHODS
for the additional electron: (@) the further oxidation of heme
asz to Feg (V) (9); (b) the further oxidation of Guto Cu(lll)
(1D); (c) the donation of the electron from the herag
macrocycle to form a porphyrin cation radical as happens,
for example, in ascorbate peroxidad®)(and catalasel@,

14); (d) oxidation of an amino acid to form a radical, as has
been reported in prostaglandin H syntha$B) (and cyto-
chromec peroxidase (€P) (16).

The crystal structures of the cytochrome oxidases from
bovine heart17) andParacoccus denitrificanél8) show a
tyrosine residue close to the binuclear center which is
covalently cross-linked to one of the histidine ligands o.Cu

Bovine O oxidase was prepared by a procedug) (
which yields “fast” enzyme with monophasic cyanide binding
kinetics and a characteristic Soret maximum at 424 nm. The
concentration was determined optically from the dithionite-
reducedminusoxidized difference spectrum using an extinc-
tion coefficient of Aegos-621 nm= 25.7 mMcm™ (23).

The HO; stock was a 30% (w/v) stabilized solution, i.e.,
equivalent to 9.7 M HO,, which was stored at £C.
Dilutions were prepared in double-distilled water and
calibrated optically using an extinction coefficient at 240 nm
of 40 Mt cm™ (24). Values agreed with concentrations
It has been suggested that this tyrosine could be oxidized tod€termined by measurement of the oxygen evolved when
provide the fourth electron required for-@D bond cleavage ~ the Solution was added to 50 mM potassium phosphate pH
(9, 18, 19-21). 7..5 containing 16U/mL catalase ina Clarke-typg e!ectrode.

P andF species related to the and F intermediates of Diluted solutions were kept on |cg and used within 4 h.
CcO are thought to be formed consecutively by the reaction  €cO (100uM) was suspended in 0.1 M MES buffer pH

of two molecules of hydrogen peroxide with oxidized@ 6.5 containing 0.05% (w/v) lauryl maltoside and 100 units/
The extent and rate of the reaction, and the ratio of the two Ml superoxide dismutasé 1 mM H0; solution was added
forms, depend on pH and-B, concentration4, 7, 19. In and the sample frozen in liquid nitrogen after 3 mird)(

a recent kinetic analysis of the reaction of oxidizexDGith To exchange oxidase into;D, oxidase was spun down and

H,0, (19) in the pH range 6.69.0 we have found a more resuspended in {® at pD 8.5. It was in_cubated overnight
complex situation, where a 580 nm species terfiedan at 4°C and concentrated by centrifugation. The sample was
be formed by reaction with a single,6; at low pH, as phecked to ensure it was still a “fast” enzyme gnd .then
previously reported for thbo quinol oxidase fronEscheri- incubated as above with 0.5 mM,8;, before freezing in
chia coli (20). However in bovine oxidase it seems tiat  liquid nitrogen. A control €O sample was prepared in the
and F* are not in a rapid pH-dependent equilibrium, since Same way at pH 8.5 in 0.1 M Tricine buffer. Attempts to
lowering the pH of a sample containif®, (the species  €xchange the € into D,O at pH 6.5 inevitably resulted in
formed by reaction with kD,) andPy (formed by reaction conversion of a significant amount of oxidase into the “slow”
with CO/Qy) only results in formation oF* on a time scale ~ form.

of minutes. It was concluded thRtandF* are not in a rapid, Yeast cytochrome peroxidase (€P) was prepared as in
pH-dependent equilibrium, but instead are formed by distinct ref 25. Compound ES was prepared by treating the enzyme
pathways and cannot interconvert in a simple manner, andwith H.O, using the conditions described in ref 27 but with
that the crucial difference between them lies in their patterns 0.1 M MES pH 6.5 as the buffer instead of 10 mM acetate

of protonation. pH 6.0. Horseradish peroxidase (HRPC) (Sigma HRPC, type
Two EPR radical signals have been observed following II) was dissolved to 24 mg/mlin 0.1 M phosphate buffer at
the incubation of cytochrome oxidase with HO, (11), pH 7.0 and compound | prepared by the addition of 2.5 mM

although at low occupancy (less than 0.1 spin per enzyme).H20.. After incubation for 40 s, the sample of HRPC was
We observed in our studie$q) similar radicals, which were ~ frozen in liquid nitrogen.

not observed in samples pretreated with cyanide or formate ENDOR and EPR spectra were obtained at X-band using
or exposed to CO and must therefore be associated with thea Bruker ESP 300 EPR spectrometer. Acquisition conditions
binuclear center. The different microwave power saturation for specific spectra are given in the figure captions. Precision
behaviors of these two radicals indicates they arise from two of hfc determination, i.e., the variation in hfc determination
distinct species, but there was no clear correlation betweenbetween these samples, wa8.1 MHz. Spectra are presented
their levels and those of any intermediak E°, or F). in first-derivative mode. The hyperfine coupling constants

Electron nuclear double resonance (ENDOR) spectroscopyare measured from zero crossing points. However, because

is a paramagnetic resonance technique that can detect thef overlap in such relatively crowded spectra it is not always
hyperfine couplings between the unpaired electron in free possible to see the zero crossing point for both of the two
radical and the magnetic nuclei in the chemical species. Assymmetry-related features (high and low frequency) arising
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Ficure 1: EPR spectra of HD,-treated (a) cytochrome oxidase Ficure 2: ENDOR spectra of bD,-treated cytochrome oxidase

(CcO) at pH 6.5 (0.1 M MES buffer), (b) horseradish peroxidase at pH 6.5 showing in (a) the spectrum arising from the narrow EPR
(HRPC) (0.1 M phosphate buffer pH 7.0), and (c) cytochrame  signal and in (b) the spectrum arising from the broad EPR signal.
peroxidase (€P) (0.1 M Mes buffer pH 6.5). All spectra were  Conditions: (a) microwave power 3.9 mW; rf power 100 W; rf
recorded in the ENDOR cavityQ factor ~ 800). Preparation modulation depth 177 kHz, average of 120 scans, temperature 100
conditions given in Materials and Methods. Conditions: microwave K; (b) microwave power 24 mW, rf power 100 W, rf modulation
power 30uW; modulation amplitude 1.2 G; modulation frequency depth 140 kHz, average of 60 scans, temperature 12 K.
12.5 kHz; temperature 80 K. (a) and b) are the sums of four scans.

central portion of a much broader (1800 G) and weaker

from the same hfc. In these cases the zero crossing point isspectrum that can be detected using rapid passage conditions.
me}rked where possible and V\{herg this is not possible theThe EPR spectrum of &, recorded at 77 K exhibits, a
point closest to the zero crossing is marked, hence the.factbroad’ isotropic line shape similar to that of the broad
Fhat some arrows appear to |nd|qate troug'hS and MINOr cytochromec oxidase component but with a smaller line
inflections. In these cases the hfc is determined by taking width, AHptp = 28 G. However at lower temperatures the
A2 as the fr_equency difference between the observable zerg-pg spectrum of €P appears axial) with AHptp = 60
crossing point and the Larmor frequenay. G. These line shapes are determined by the exchange
RESULTS coupling between the oxyferryl heme and the tryptophan
radical @7), and therefore, a difference in this coupling could
Figure 1a shows thg = 2.00 region of the EPR spectrum lead to a broader yet more isotropic line shape as is observed
of CcO treated with 1ImM (KHO,) at pH 6.5. This spectrum  for the GO radical. Such behavior could be indicative of
is very similar to those obtained by Fabian and Palni&y (  an increased radical to heme distance @®@Celative to €P,
and Jmemann et al X9), apparently consisting of two although a change in the relative orientation of the radical
overlapped signals, one withHptp = 12 G and the other = and heme might also be affecting the strength of coupling.
with AHptp = 45 G. Oxidized Cu also gives an EPR signal  No other radical species giving rise to isotropic line shapes,
in these samplesl(, 19), but this only contributes to a line widths of this magnitude, and lacking partially resolved
baseline shift in the spectra shown in Figure 1, which are hyperfine structure as the radicals frone@ and @P do
over too narrow a field range to show CuThe relative has been reported.
proportions of these two signals have been shown to vary Using temperature and microwave power variation it was
with pH (11, 19, the narrow signal being more abundant at possible to obtain separate ENDOR spectra from each of
high pH. Figure 1b,c shows tlge= 2.00 regions of the EPR  the two radical components of the;®b-treated €O EPR
spectra of other heme proteins treated withOK these spectrum. Figure 2a shows the ENDOR spectrum of the
proteins being HRPC and yeastl respectively. Such  narrow component obtained using high temperatures<{100
treatment leads to the formation of states known as com-120 K) and low microwave power (3.9 mW). This ENDOR
pound | in HRPC and compound ES il EPR spectra of  spectrum was only obtainable within the field range covered
these states have been reported previously, for example byby the narrow component of the EPR spectrum (i.e. could
Schultz et al. (HRPC)26) and Hoffman et al. (EP) (27) not be obtained at magnetic field positions where only the
and are attributed to a porphyrin cation radica8)(and a broad component was present). Figure 2b shows the spectrum
tryptophan (W191) cation radicall§), respectively, both  of the broad component obtained at low temperature (12 K)
these radicals being spin-coupled to the oxyferryMF©) and high microwave power (24 mW). This spectrum was
iron of the heme. The EPR spectrum of compound | of obtainable over the field range covered by the EPR spectrum
HRPC, withAHptp = 10 G, resembles the narrow compo- of the broad component (i.e. not just the region of the narrow
nent of the EPR spectrum from the®}-treated cytochrome  component), although the ENDOR spectra shown were
¢ oxidase. Schultz et al26) have shown that the narrow obtained at the center field of the EPR spectrum. This
first-derivative spectrum from compound | of HRPC is the spectrum disappears above 20 K, and no microwave or rf
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Table 1: Hyperfine Coupling Constants and Assignments for the
Narrow Cytochromee Oxidase (€O) Derived Radical in
Comparison with Those for Horse Radish Peroxidase (HRPC)
Determined Here and by Roberts et 28)

hyperfine coupling (MHz)

feature (%) HRPC HRPE assgn
1 3.3 3.2 2.8 Chvinyl
2 5.0 4.9 4.4 methyl
3 6.0 6.0 5.8 methyl
4 7.6 7.6 methyl
5 8.8 8.6 9.3 mesoH
6 10.2 10.2 mesoH
7 11.3 11.4 11.9 mesoH
8 12.5 12.7 mesoH

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Frequency (MHz)
Ficure 3: ENDOR spectra of pD.-treated (a) cytochrome
oxidase (€O) at pH 6.5 showing the spectrum arising from the
narrow EPR signal and (b) horseradish peroxidase (HRPC).
Numbers refer to features described in the text and Table 1.
Conditions: microwave power 3.9 mW; rf power 100 W; rf
modulation depth 177 kHz; average of 120 scans ((b) average of
80 scans); temperature 100 K.

powers which allowed its observation could be found above
this temperature. Note that neither ENDOR spectrum could
be detected outside the region of the broad and narrow
radicals. This confirms what is clear from the spectra, that
neither arises from the paramagneti (L) species. Several
distinct features can be observed in each spectrum, but none R1 R2
is common to both confirming that the broad and narrow
radicals arise from distinct chemical species. This is obvi-
ously supported by the temperature dependence of theHemea —CHOH(CH,CH,CHCCH,),CH, —CHO
ENDOR response and the different microwave power satura-igugre 4: Structure of heme and protoporphyrin I1X (hemé),
tion behavior observed for the two radicalkl( 19. Note with carbon atom-numbering scheme.
that the ENDOR spectrum of the narrow component was
scanned over a smaller radio frequency range than that oftrue width of the EPR spectrum of the HRPC radical (and
the broad species. The ENDOR spectrum of the narrow therefore presumably thecO radical) is approximately 1800
component is necessarily weaker than that of the broadG (width at half-height) 26), these ENDOR spectra arise
component (due to the higher temperatures and lowerfrom only from the limited set of orientations of the radicals
microwave powers required for optimum observation). To in the powder sample that contribute to the EPR spectrum
extend the scan range for the narrow component to that usedat the observation field (orientation selection effe@3)(
for the ENDOR spectrum of the broad component while The most intense features in the ENDOR spectra of porphyrin
maintaining a sensible scan rate would have rendered theradicals arise from hfcs to methyl groupso the delocalized
accumulation time for this spectrum unacceptably long. & system 80) (see Figure 4 for structures). Such methyl
Since HO; treatment of other heme proteins produces EPR group hfcs have only small anisotropie30( and so are
spectra of free radicals similar to those observed @ C  minimally affected by the orientation selection effect.
(Figure 1), we can use ENDOR spectra of these radicals toFurthermore, due to these small anisotropies, the measured
aid assignment of the oxidase ENDOR spectra. Figure 3 hfcs approximate to the isotropic hfcsidd for the methyl
shows a comparison of the ENDOR spectra derived from groups. Extended Hikel calculations31) and more recent
the narrow oxidase EPR signal and that of the porphyrin density functional theory (DFT) calculatior3?) suggest that
cation radical of HRPC. A majority of spectral features are the cation radical is created by the loss of an electron from
common to both spectra and have identical or very similar the porphyrin a, orbital (although this may not be a pure
hfcs. The hfcs measured here for the HRPC radical are instate but admixed with an;@orbital contribution). As a
good agreement with those published previoug®).(Any consequence of this, the four methyl groups of the proto-
deviations presumably arise from the differences in the porphyrin IX cofactor of HRPC should give rise to resolved
temperatures and methods of detection employed in this studyfeatures in the ENDOR spectrum. These are visible as
and ref 28. Hfcs and tentative assignments for the®C  features 2-4 in Figure 3. One of the methyl group features
radical and the HRPC porphyrin cation radical are given in is therefore not resolved, probably because it has the same
Table 1 together with the hfcs reported in ref 28. Since the hfc as another. This conclusion is supported by thiekeu

Protoporphyrin IX —CH=CH, —CH,
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FiGURE 5: ENDOR spectra of pO,-treated: (a) cytochrome Ficure 6: ENDOR spectra of bD,-treated cytochrome oxidase

oxidase (@O) at pH 6.5 showing the spectrum arising from the &t PH 8.5 (0.1 M Tricine) showing the spectrum arising from the
broad EPR signal and (b) cytochromperoxidase (€P). Numbers ~ Proad EPR signal: (@) incubated in®i buffer; (b) incubated in
and letters refer to features described in the text and in Table 2. D20 buffer; (c) the difference spectrum (a) minus (b). Letters refer
Conditions: (a) microwave power 24 mW, rf power 100 W, rf to features described in the text and in Table 2. Conditions:
modulation depth 140 kHz, average of 60 scans, temperature 12Microwave power 24 mW; rf power 100 W; rf modulation depth
K; (b) microwave power 15.9 mW, rf power 100 W, rf modulation 140 kHz; average of 100 scans; temperature 12 K.

depth 177 kHz, average of 80 scans, temperature 9 K. . . .
P g P but since thgg-CH, proton hfcs have small anisotropies, they

are not particularly affected by orientation selection. How-

and DFT calculations3(l, 32), which suggest all four methyl  ever, the observed hfcs for the tryptophan radical ring protons
groups should have similar hfcs. The heme A cofactor of depend on the orientation of the ring relative to the field
CcO has only three methyl groups (Figure 4) and therefore direction. The field setting at the center of the EPR signal
can give rise to only three methyl group features in the corresponds to a direction parallel to theéVFeO bond of
ENDOR spectrum. The assumption of gp state suggests, the oxyferryl heme 33). Since there are no tryptophan
together with their lower intensities, that remaining features residues in the bovine heartQ having orientations relative
in the spectra of Figure 3 arise from theesoprotons on to hemea or az (from the mechanism of action of thecO
the bridging carbon atomsi( 3, y, 9, in Figure 4) @8, 31, ag is obviously preferred as a source of the oxyferryl species)
32). The hfcs to such protons have large anisotropies; similar to that of the radical-bearing W191 inck, there
therefore, the hfcs measured from the observed features aravill be no correspondence between ring proton hfcs in the
subject to the orientation selection effect and do not two radicals. Thus comparison of these spectra, while
correspond to a defined componeAt, (A, or A,) of the hfc. indicating that a tryptophan cation radical is formed in the
Note that there is no definitive assignment (based, for two systems, is not conclusive evidence for the formation
example, on specific deuteration) available for porphyrin of a tryptophan cation radical indD.
cation radicals. Further evidence for the existence of a tryptophan cation

The line shape of the broadcO radical EPR signal is  radical can be obtained from,B8/D,O exchange experi-
similar to that exhibited by bD,-treated @P, Figure 1. The  ments. Experimental and theoretical studies of such radicals
ENDOR spectra of the €© and @P radicals are shown in  show that they have large hfcs to the N(1) prot88-36),
Figure 5. There are marked differences in intensity in the which will exchange with a solvent deuteron. A difference
CcO spectrum between features above and below the protonspectrum constructed by subtracting a spectrum recorded in
Larmor frequencyyy. This occurs because the relaxation D,O from one taken in KD is shown in Figure 6. These
of those protons giving rise to features with intense low- spectra were recorded on samples prepared at pH 8.5/pD
frequency components is dominated by mechanisms different8.5 in order to maintain the oxidase in the “fast” form during
from those with intense high-frequency components. Dif- the incubation of the enzyme in,D (see Materials and
ferences in relaxation mechanisms suggest differences in theMethods). As a result they are not identical to the spectra of
location of the protons relative to the delocalizearbital Figures 2 and 5. The main differences in the hfcs to the
containing the unpaired electron. Therefore this different 3-CH, protons (features 2 and 5) between the spectra shown
behavior may indicate that the spectrum shows hfcs to bothin Figure 6 and Figures 2/5 are caused by the pH differences
ring protons ang3-CH, protons. Features 1, 2, and 5 are between the samples used and arise frorfh ehange in the
common to both spectra. Features 2 and 5 have been assignearientation of the tryptophan ring relative to tifeCH,
to the3-CH, protons of a oxyferryl heme-coupled tryptophan protons (see below). Feature 4 seen in spectra at pH 6.5 is
(W191) cation radical in €P (33) (see below for further  hidden under feature 5 at pH 8.5.
discussion). As above, exchange coupling to the oxyferryl  The difference spectrum shows two features X and Y.
heme leads to orientation selection in the ENDOR spectrum, These are more obvious in the originalspectrum (Figure
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A, dominated admixture of states) of a porphyrin cation
radical spin coupled to an oxyferryl e=O state. Therefore

the obvious assignment is as an exchange coupled cation
radical of the oxygen binding hemeg. Similar EPR and
ENDOR spectra have been shown to arise from an exchange
coupled porphyrin (in this case protoporphyrin IX) cation

Table 2: Hyperfine Coupling Constants and Assignments for the
Broad Cytochrome Oxidase (€O) Derived Radical in Comparison
with Those for Cytochrome Peroxidase (€P) Determined Here
and by Huyett et al.33)2

hyperfine coupling (MHz)

feature @O CcO(pH8.5) @P CcP® assgn pied _ _
A 33 > radical in HRPC (Figures 1 and 3). The magnitude of the
B 4.27 52 50 ring C(6)H orC(8)H exchange c_oupling in _such systems corrglates with the nature
1 8.6 8.6 8.4 ring C(5)H of the proximal axial ligand to the heme iron and its effects
C 10.3 ? on orbital symmetry14). Since both hemaz and the heme
% ﬂ'g gg 124 130 ﬂr'iﬁgHé'?;*)f’H cofactor of HRPC have proximal histidine residues coordi-
4 152 c 15.0? ring C(2)H nated to the iron, it is expected that they should have similar
D 17.6 16.0  ring N(1)H coupling and hence EPR and ENDOR properties (the effect
5 18.8 17.4 20.0 21.0 B-CHAA on the ENDOR spectra of the different number of methyl
X 9.8 ring N(1)H groups in the two hemes has been discussed in the Results
Y 6.0 ? : . S .
_ : _ section above). The spin coupling in HRPC is very weak
5 acﬁp aﬁ'gnme”ts in bold typHuyett et al. 83). ©Hiddenunder (3  0) due to a fortuitous balance between ferromagnetic
at this pH.

and antiferromagnetic coupling term4( 26. This also
seems to be the situation in cytochromexidase given the
formation of an A, state radical cation and the similarity to
HRPC in the narrow EPR spectrum. Larger exchange
coupling would lead to a more anisotropic line shape and
displacement of the spectrum from the= 2.00 region {4,
26). It may be that the small exchange coupling has allowed
us to detect ENDOR spectra of such coupled heme radical
cations at higher temperatures than previously reported,
though it is evident from Table 1 that our data do not differ
FIGURE 7: Structure and carbon/nitrogen atom-numbering scheme much from those previously reported for HRPC at lower
for tryptophan. temperatures2B). The small differences between our data

) ) ) and those of Roberts et ak8) for HRPC probably arise
6a) on the right-hand side since X and Y are obscured by from differences in the temperatures at which the ENDOR
the greater prominence of Features 1 and 2 on the left-handspectra were acquired. The amount of porphyrin cation
side. Feature, X, with an apparent hfc of 9.8 MHz, is radical produced cannot be estimated from the EPR spectra,
consistent with the existence of an hfc to the exchangeable\yhich are the result of two overlapping signal§), However
N(1)H of a tryptophan cation radical. The weaker feature py analogy with HRPC the observation of any narrow radical
Y, W|th ar'l th Of 6.0 MHZ, aI’iS.eS from a protein or SOIV.ent at g = 2.00 (as part Of a much broader Spectrum) Suggests
proton within hydrogen-bonding distance of the radical, the generation of a reasonable amount of porphyrin cation,
though not necessarily hydrogen bonded to it (see Discus-and yet optical changes reported do not result in the loss in
sion). The features in the difference spectrum that occur ggyet intensity together with a broadening and blue-shift

around the proton Larmor frequenay, arise from hfcs to

which might be expected if such a radical was formed. This

exchangeable protons in the tryptophan radical environmentinconsistency remains to be resolved, but it should be noted

but outside hydrogen-bonding distance.

The hfcs determined here for thec@ radical, the €CP
tryptophan cation radical and the hfcs determined38) (
for the &P radical are collected in Table 2, together with

that there is not at the moment any clear correlation between
optically detected intermediates and the amount of these EPR
radicals (9).

Comparison with the EPR and ENDOR spectra previously

suggested assignments. The assignments are based on recefitained for HO,-treated @P (Figures 1 and 5)16, 27,

density functional calculation84—36) on tryptophan cation

33) suggests that the broad component of th®ODEPR

radicals and similar model systems which have supersededspectrum arises from a tryptophan cation radical. Both the

the Hickel-McLachlan method33). Differences between
the hfcs measured in ref 33 and here f@PGrobably arise
from the use of Q-band~35 GHz microwave frequency)
ENDOR in ref 33 which allows for the selection of a smaller

CcP and @O radicals have similar hfcs {6 protons, and
both have large hfcs to an exchangeable proton (see Table 2
and ref 33). However, the assignment of the radical formed
in CcP has itself been questioned by Krauss and Garmer

experimental temperature (our spectrometer is incapable ofradical on the basis of optical studies.

the 2 K employed in ref 33). The structure and atom
numbering scheme for tryptophan is shown in Figure 7.

DISCUSSION

Distinct ENDOR spectra have been obtained from the two
components of the EPR spectrum obt@i-treated ©O.
ENDOR spectroscopy shows that the component giving rise
to the narrow EPR signal arises from the,Atate (or an

The assignment of the radical formed inc@ as a
tryptophan cation radical is supported by several properties
of the ENDOR spectrum. The Heller and McConnell
equation for an aromatic radical i88):

Ao(Hp) = pJ" [B' + B cos 6]

whereAiso(Hp) is the isotropic hfc to a proton of th&CH,
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group, p” is the r spin density at the ring carbon of the trapping molecule. A tyrosine radical was also trapped in
radical to which the3-CH, group is attached®' andB are the recent spin-trapping world7) but only after extensive
numerical constant®' being negligible andB being equal modification of the protein with the cysteine blocking reagent
to 162 MHz, andd is the angle between the normal to the N-ethylmaleimide. A tyrosine radical has been identified in
aromatic ring plane and the g)(to H(3) bond. Using this  the HO,-treated cytochrome oxidase from the bacterium
equation and the data of Table 2 for the oxidase radical givesParacoccus denitrificang1) using specific deuteration and
o = 0.37 andd = 55.9 for feature 5 and? = 64.1° for EPR spectroscopy. The EPR line shape and limited number
feature 2. Likewise for the tryptophan cation radical (W191) of hfcs reported in that study show clearly that this tyrosine
of CcP p* = 0.39 andf = 56.1° for feature 5 and) = radical is not related to the radicals observed by us here (see
63.9 for feature 2. This agrees well with previously reported also ref 19) or by Fabian and Palmetl) in beef heart
data for this radical33), & = 56° (and 64) and an average  cytochromec oxidase. The different radicals observed in the
p” = 0.39 (theoretical calculations give similar values two different oxidases when treated with® may result
between 0.3 and 0.4, e.g. refs 35 and 37). Unfortunately, from interspecific differences, although in the absence of data
this value ofp¢™ is not diagnostic of a tryptophan cation characterizing the chemical species formed by treatment of
radical. Tryptophan neutral radicals (having no proton at P. denitrificansoxidase with HO, definitive comparison of
N(1), such as those observed in tBecoli ribonucleotide the two systems is not possible. We have prepared samples
reductase R2 Y122F mutanB9)) and tyrosine neutral  of bovine cytochrome oxidase under conditions identical
radicals (which have been studied in vitro, e.g. ref 40, and to those used to produce the tyrosine radical in ref 21, using
in biochemical systems such as photosysten¥D @nd a concentration of kD, equimolar with €O at a pH of 6.0
ribonucleotide reductaset?)) both have similar values of and freezing the sample immediately. These samples con-
pc". However, this value does exclude the less well studied tained the narrow and broad EPR signals observed after
tyrosine cation43) and histidine 44) radicals, which have  treatment with 1 mM HO, (Figure 1) but at much lower
higher p* than determined here, although the existing concentrations. We do not therefore attribute the differences
experimental data on these radicals are far from complete.between our results and those reported in ref 21 to differences
Second there is the 9.8 MHz hfc to the exchangeable in sample preparation.
proton, labeled X in Table 2. Such an hfc is observed in  The information derived from the ENDOR spectrum can
CcP (labeled Feature D in Table 2B3) (although the be used to suggest which tryptophan residue around the
apparent magnitude of the hfc is different because of the binuclear center of bovine €© gives rise to the radical.
orientation selection effect, as described in Results) and isThere are two conserved tryptophan residues where the
predicted by theoretical calculatior34-36) for tryptophan radical bearing rings are within 10 A of the iron atom of
cation radicals. No such large hfcs to exchangeable protonshemeas, W126 and W23617, 49 (see Brookhaven Protein
have been observed in studies of tryptophan neutral radicalsDatabase entry 20CC.PDB). The X-ray crystal structure
(39) or tyrosine neutral radicals4l, 42 in biological provides approximate values 6f= 52° for W126 andd =
systems, nor are they predicted by theoretical studies of such44® for W236. Furthermore there is no obvious countercharge
radicals 85, 36, 45. Smaller hfcs to exchangeable protons for the tryptophan cation in the vicinity of W236, while
have been reported for the tryptophan neutral radicgl W W126 is within ~3.5 A of a negatively charged henag
(W111) in the R2 Y122F mutant d. coli ribonucleotide propionate group. Thus the assignment of the location of
reductase (largest componeAt;, of a rhombic hfc= 5.4 the tryptophan cation radical to W126 is more consistent with
MHz) (39) and the neutral tyrosine radicabYof photosys- both the crystallographic and ENDOR data than an assign-
tem 2 @& = 6.2 MHz) (46). These hfcs have been assigned ment of the cation to W236. Note that both W126 and W236
to protons hydrogen bonded to N(1) of the tryptophan radical are~9 A from the hemess iron, whereas W191 in € is
(39) and the oxygen atom of the tyrosine radicdb) only ~5 A (at closest approach of the ring) from the iron.
although such studies only determine distances and do notThis may explain the apparent differences in the exchange
prove the existence of hydrogen bonds. Feature Y of Figure coupling and the shape of the EPR spectra of the oxidase
6c may arise from such an exchangeable proton within and QP radicals.
hydrogen-bonding distance of the tryptophan radical¢®@C Ascorbate peroxidase is a heme-containing enzyme which
Note that the lack of a large hfc to an exchangeable proton shares 33% global sequence identity and a very similar active
was taken as evidence for the formation of a neutral radical, site structure with €P (49). Although GP W191 is
rather than a cation radical, in ref 39. Therefore, considered conserved in ascorbate peroxidase (as W179), it does not
together with the calculation of.", the large hfc to an  form a cation radical in the latter enzyme; instead a porphyrin
exchangeable proton demonstrates that the broad componertation radical is formed at the heme. A recent theoretical
of the EPR spectrum of D.-treated @©O arises from a  study 60) has suggested that differences in electrostatic
tryptophan cation radical exchange coupled to the oxyferryl interactions between the proximal histidine ligand to the
FeV=0 state of hemes. The formation of a tryptophan  heme iron, the radical-forming (ind®) tryptophan, and a
radical on treatment of €O with H,O, (at pH 8.8-9.0) has nearby aspartic acid residue may control the location of the
also been suggested by optical measureméiisA(recent radical state. However, the structure around the hege
EPR spin-trapping study4{) shows the formation of a  binding site of @O is very different to that of € or
cysteine-based thiyl radical with excesgddat pH 7.4. This ascorbate peroxidase (e.g. the conserved tryptophan residues
is clearly inconsistent with the data presented here butin the oxidase are on the distal side of the heme and not the
probably indicates that a cysteine thiyl radical is the first or proximal side as are W191 incB and W179 in ascorbate
most stable radical formed under these conditions that is peroxidase), and therefore, such a mechanism is unlikely to
accessible to the 5,5-dimethyl-1-pyrrolihNeoxide (DMPO) be controlling radical location in cytochronteoxidase.
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Definition of the number and identity of radical species 20. Brittain, T., Little, R. H., Greenwood, C., and Watmough, N.
associated with oxidase intermediates is an important step _ J- (1996)FEBS Lett. 39921-25.

; P ; : ; 21. MacMillan, F., Kannt, A., Behr, J., Prisner, T., and Michel,
in understanding its mechanism, particularly as such radicals H. (1999)Biochemistry 389179-9184.

could be Iinked to protc_)nation changes that are integral to 5, Moody, A. J., Cooper, C. E., and Rich, P. R. (19Bigchim.
the mechanism by which electron transfer is coupled to Biophys. Acta 1059189-207.

proton translocation. Indeed, models have been elaborated 23. Rich, P. R., and Moody, A. J. (1997) Cytochromexidase.
recently @, 18, 19-21) in which a tyrosine radical species In Bioelectrochemistry: principles and practi¢&réber, P.,
plays a key role in coupled protonation events, and Mac- g”d '\I/'"azzo’ G., Eds.) pp 413156, Birkhauser Verlag AG,
Millan'et al. (21) report the presence of a tyrosine radic_al in o4 strgrheyer, H. U., Gawehn, K., and Grassl, M. (1970) in
the F* intermediate of the homologous cytochrome oxidase Methoden der Enzymatischen Anal{Bergmeyer, H. U., Ed.)
of Paracoccus denitrificandHowever, if its role is critical, p 40, Verlag Chemie, Weinheim, Germany.

then this same radical might be expected to be detected in 25. Yonetani and Ray (1969) Biol. Chem. 2404503-4514.

all members of the oxidase superfamily. The data presented 26- Schulz, C. E., Devaney, P. W., Winkler, H., Debrunner, P.
here and in previous publicationsl| 19 indicate that this SéBDSOig,ItNIO%TSQEiORE; Rutter, R., and Hager, L. P. (1979)
is not the case. Hence, the alternative possibility must be 57 Hoffman, B. M., Roberts, J. E., Kang, C. H., and Margoliash,
considered that, although radical species can be associated E. (1981)J. Biol. Chem. 2566556-6564.

with some oxygen intermediates, the pattern is not always 28. Roberts, J. E., Hoffman, B. M., R., Rutter, R., and Hager, L.
the same. In this case, the role of such radicals may not be _ P. (1981)J. Biol. Chem. 2562118-2121.

central to protonmotive mechanism but rather to act as one 29- Rist, G. H., and Hyde, J. S. (197D)Chem. Phys. 521633~

contributing factor to the general stability of the transient 30.?\]6;?i}5 J. R., Scheer, H., and Katz, J. J. (1979)The

catalytic intermediates. Porphyrins(Dolphin, D., Ed.) Vol. 4, pp 159195, Academic
Press, New York.
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