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We report the use of the novel spin trap DEPMPO in conjunction with EPR spectroscopy to provide evidence for
free-radical mediated oxidation of some proteins in aqueous solution, with systems including metal ions, peroxides
or both. In addition we have used a novel approach involving detailed spectral simulation (to reproduce anisotropic

features of phosphorus, hydrogen and nitrogen splittings) to confirm structural assignments.

Oxidation of bovine serum albumin (BSA) with either Ce** or IrCl¢*™ leads to the predominant formation of
spin-trapped oxygen-centred free-radicals, attributed to tyrosyl-based adducts, a reaction also observed for
sulfur-free analogues (lysozyme and tyrosine-containing models). Similar spectra were obtained from reactions
involving oxidation with HRP/H,0, and methaemoglobin/H,0O, couples, through intermolecular oxidation of the

proteins via oxo—iron intermediates.

Oxidation of BSA with peroxynitrite leads to an anisotropic spectrum which is assigned to the trapping of a
sulfur-centred radical. This assignment has been confirmed via denaturation of the spin-adduct (and simulation of
the resulting less immobilized spectrum). Reaction of the hydroxyl radical with BSA and lysozyme, in Fenton-type
reactions, leads to the detection of anisotropic spectra derived from the spin-trapping of carbon-centred radicals,

whose assignment is discussed.

Introduction

Continued extensive interest surrounds the reactions of
free-radicals in biological systems, with emphasis on their
formation, as a result of endogenous processes and as the con-
sequence of externally stimulated events (radiation, photolysis
and reaction of xenobiotic species), and their subsequent reac-
tions.™? There is special interest in the reactions of O, /HO,"
and HO’, the latter being formed from H,O, (resulting from
superoxide dismutation) via Fenton-type reactions with
endogenous or exogenous metal ions. Subsequent damage to
DNA, proteins and lipids has been widely explored, not least in
the context of ageing, diseases and the development of drugs.’
We have been particularly interested in potential free-radical
damage to proteins which has been implicated in a number
of specific diseases (including diabetes, atherosclerosis) and
neurodegenerative diseases.* The molecular consequences of
free-radical damage to proteins have been recently reviewed.®

The work to be described here was designed to extend the use
of EPR spin-trapping techniques and the simulation of aniso-
tropic EPR spectra to identify the initial targets of attack by
free-radicals and different transition metal ions (which are
capable of one-electron oxidation). The key principle in the
spin-trapping technique is the addition of a first-formed transi-
ent free-radical (FR") to a suitable nitrone or nitroso compound
[reactions (1) and (2)] to give nitroxide (aminoxyl) radicals
which are generally longer-lived and whose EPR spectra may
provide information about the initial site of attack (e.g to give
carbon-, sulfur- or oxygen-centred radicals depending on the
oxidant or the reaction).
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Nitrones, especially those with a cyclic structure, provide
valuable information from their adducts with oxygen or
sulfur radicals, largely from the variation observed in the
B-hydrogen coupling constant as a result of conformational
preferences (see below). The spin-trapping of proteinyl-
radicals leads generally to immobilised or slowly tumbling
spin-adducts exhibiting EPR anisotropic spectra which are
dramatically dependent on the initial protein and the spin
trap itself.*” Unambiguous assignment of the spectrum is not
usually possible due to the broad nature of the EPR signal.
So, definitive identification must be achieved by the design of
ancillary experiments, which are not without drawbacks, or
by effecting denaturing or digestion on the proteinyl spin-
adduct. Unfortunately, these processes may result in the
destruction of the EPR signal and can lead to the formation
of new spin-adducts, thus leading to potential misinterpre-
tations.® Further information is in principle also provided
by the anisotropy of the adducts’ spectra. This anisotropy
characterizes the motional properties of the nitroxides and
hence also of the macromolecule carriers. For example, the
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occurrence and/or denaturation can
be probed.®’

Our experiments have largely employed the novel spin
trap  5-diethoxyphosphoryl-5-methyl-1-pyrroline  N-oxide,
DEPMPO (1) which has a B-phosphorus substituent, as well
as the more widely used 5,5-dimethyl-1-pyrroline N-oxide,

DMPO (2). For both types, the adducts of different types of
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radical have characteristically different B-proton splittings, in
the ranges <1.5 mT (O), 1.4-1.8 mT (S) and >2.0 mT (C).° The
extra information potentially available for the former trap,
notably from the phosphorus coupling constant (and its
anisotropy), and the suggestion that the phosphorylated ver-
sion gives more biocompatible and longer-lived spin-adducts,’
are potential advantages we wished to explore. Our approach
has also involved the utilisation of a spectrum simulation
program designed for matching anisotropic spectra of slowly
tumbling macro-radicals.'"'?

The proteins employed include BSA,'* which possesses a free
cysteine residue at position 34, and a number of chemically
modified (‘blocked’) derivatives, and also lysozyme,'* chosen for
its lack of a free sulfhydryl group. Various oxidants have been
chosen to react with these proteins in the presence of spin traps,
including HRP/H,0, (horse radish peroxidase), Met/H,0,
(methaemoglobin) and peroxynitrite (HOON=0O/"OON=0,
pK,=06.9) as well as metal ions (Ce*" and Ir*") and redox
couples Fe*'/H,0, (to give HO") and Ti**/S,04’" (to give
SO, ).

Experimental
Chemicals

Horse radish peroxidase (HRP), pig methaemoglobin (Met),
myoglobin (Myo) from horse heart, bovine serum albumin
(BSA), bovine serum albumin-S-cysteinyl (thiol-blocked BSA),
lysozyme (lys), poly(gly-tyr) and DMPO were purchased from
Sigma and used as supplied, with the exception of DMPO
which was purified by vacuum distillation before use.
DEPMPO was synthesised as described previously.'* All solu-
tions were prepared in 100 mM phosphate buffer at pH 7.0,
using high-purity deionised water with the exception of Fe(1r)-
ethylenediaminetetraacetic acid (EDTA) and Ce(1v)-nitrilo-
triacetic acid (NTA), which were made up only in high-purity
deionised water. Peroxynitrite (pN) was synthesised as
described previously.*®

Protein modification

Protein modifications were carried out using previously
described methods."” Thiol-blocked BSA was synthesised by
mixing BSA (90 mg, 1 ml high-purity deionised water) with
N-ethylmaleimide (NEM) (16.8 mg, 0.6 ml high-purity deion-
ised water) for 10 minutes. The solution was passed through a
G-25 Sephadex column and eluted with high-purity deionised
water. The remaining protein solution was freeze dried. The loss
of the thiol group was determined by the DTBN assay.'®
Tyrosyl modifications of BSA and lysozyme were achieved
by reaction of the protein with N-acetylimidazole (NAI). Typ-
ically, protein (100 mg, 4 ml high-purity deionised water) was
mixed with NAI (100 eq., 1.5 ml high-purity deionised water).
The reaction was allowed to stand until there was no decrease in
the absorption at 278 nm. The mixture was purified by passing
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through a Sephadex G-25 column and eluted with high-purity
deionised water. The remaining protein solution was freeze
dried.

EPR spectroscopy

EPR measurements were carried out on Bruker ESP 300 and
EMX spectrometers (both X-band) at room temperature except
where stated otherwise. Samples were recorded using a quartz
aqueous-solution flat-cell. Typical spectrometer settings are
given in the relevant figure legends. The spin-trap concen-
trations (given in the text and figure legends) were typically in
the range 5-100 mM and oxidant concentrations 1-25 mM.

EPR simulations

The EPR simulation program employed '"'? describes the effect
of slow tumbling by using effective tensorial elements for
Zeeman and hyperfine interactions, with an orientation-
dependent line-width tensor. The principal axes of interactions
(namely the g, Ay, Ay and A, tensors) are assumed to be paral-
lel. In the case of the DMPO adducts, six spin-Hamiltonian
parameters were adjusted (g, 2,, Any Ani> Auys Ag1), While for
DEPMPO the total was eight (to include Ap, and Ap)).
Residual motion in slowly tumbling radical-adducts can
modify anisotropic spectra, as compared to spectra recorded in
frozen solution (typically the parallel components are broad-
ened and shifted with the largest variation in the high field
region); the effect of slow and anisotropic tumbling motion was
taken into account by introduction of a hyperfine dependent
linewidth tensor [eqns. (3) and (4)], where My is the magnetic

W//2 =ay + BMy + VIIMNZ (3)
WL2 =a, + My + yLMNZ 4)

quantum number for nitrogen and where axial symmetry is
assumed. The orientation dependence is given by eqn. (5),

WX0) = W %sin*0 + W, cos*0 (5

which is formally analogous to the expression that is used to
describe the broadening via strain effects.”” To limit the num-
ber of linewidth parameters, we replaced the f,, £, y, and y,
tensor elements by isotropic constants f and y and adjusted
these in the curve-fitting procedure. We considered the line-
shape function as a weighted mixture of Lorentzian and
Gaussian curve (for solution spectra, the lineshapes were
largely Lorentzian; in the solid-state a Gaussian shape pre-
dominated). All tensorial elements were adjusted by combin-
ing iteration and least squares procedures, with a search for
the minimum square deviation between experimental and
computed spectra.

For each spectrum simulation reported, we also started from
different but realistic parameter sets and the iteration converged
to the same (optimum) values. Iterations trapped in local min-
ima (which were rejected) were recognised by the significantly
larger least squares error.

Results and discussion
Simulation of EPR spectra obtained with haem-proteins

The haem-protein family (including myoglobin or haemo-
globin) can exhibit a pseudo peroxidase activity: on reaction
with H,0,, they are believed to form a reactive ferryl-oxo haem
intermediate [iron(1v)—oxo porphyrin radical-cation]*** able to
oxidise different biomolecules and hence contribute to cell
degradation.® Haem-proteins, such as horse radish peroxidase
(HRP) have consequently been used in this work in an attempt
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Fig. 1 (a) EPR spectrum of the myoglobin-derived radical adduct
formed in the reaction of myoglobin with H,0, in the presence of
DMPO, (b) simulated spectrum, (c) EPR spectrum of the
methaemoglobin-derived radical adduct formed in the reaction of
methaemoglobin with H,0, in the presence of DMPO, (d) simulated
spectrum (for parameters see Table 1). Concentration: (a) and (c)
DMPO 100 mM, (a) myoglobin 4 mM, H,0, 4 mM, (c)
methaemoglobin 4 mM, H,0, 4 mM. Setting (a): modulation
amplitude 0.1 mT, time constant 163.8 ms, sweep time 83.9 s, gain
2 x 10*, microwave power 50 mW. Setting (c): modulation amplitude
0.25 mT, time constant 163.8 ms, sweep time 83.9 s, gain 1 x 105,
microwave power 50 mW.

to characterize radical damage to proteins: our aim in initially
studying these proteins, which are known to produce aniso-
tropic spectra in the presence of spin traps, was to demonstrate
that the effective simulation of anisotropic spectra is now
possible.

The reaction of H,0, (4 mM) with myoglobin (4 mM) in
the presence of DMPO (typically ca. 100 mM) led to the
detection of a spectrum characteristic of a partially immobil-
ised spin-adduct (see e.g Fig. 1a); previous experiments with
blocked derivatives suggest that this spectrum is the result of
the spin-trapping of an oxygen-centred radical hence assigned
to a tyrosyl-based adduct (ie. from a phenoxyl radical
derived from tyrosine).*?*?! On the other hand the reaction
of hydrogen peroxide with haemoglobin (in the presence of
DMPO) (Fig. 1c) clearly led to a different adduct assigned to
a sulfur-centred spin-adduct, again as previously noted.”**
The spectra obtained are anisotropic and it is not possible to
analyse or attribute them easily. However, optimised simu-
lations of these spectra have now been computed with the
approach described above (see refs. 11 and 12), taking into
account the anisotropy of the nitrogen and hydrogen split-
tings (the latter of which is of course less significant). As can
be seen from Fig. 1b and 1d, very good agreement is
obtained on the basis of simulation for a single (dominant)
species; the extent of anisotropy evidently increases (as meas-
ured by the increase of the calculated values of A, — A4))
with the size of the protein (results given in Table 1) so that,
as expected, there is a greater extent of motional averaging
(lower A,, A)) for the smaller, more rapidly tumbling mol-
ecule. The splittings derived from these simulations, notably
the average values, are very characteristic of the individual
spin-adducts and the values of the hydrogen coupling con-
stants allow clear cut conclusions to be drawn, though the
absolute magnitudes of hydrogen splittings show some
divergence: this is not unexpected given the conformational
dependence of the spectra and the possibility that other
spectra underlie the major component. Particularly notable
in these examples are the average values of the hydrogen split-
tings of the DMPO adducts from myoglobin and methaemo-
globin ({ay)=0.80 and 1.22 mT, respectively), which are
clearly characteristic of oxygen- and sulfur-centred species,
respectively. We believe that this confirms the original
assignments. Comparable results, with an additional splitting
from phosphorus, were obtained with DEPMPO (see Table
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Fig. 2 (a) EPR spectrum of an oxygen-centred BSA-derived radical
adduct formed in reaction of BSA with Ce*'/NTA in presence of
DEPMPO, (b) simulated spectrum, (c¢) EPR spectrum of an oxygen-
centred BSA-derived radical adduct formed in the reaction of BSA with
Ce**/NTA in the presence of DMPO, (d) simulated spectrum. The low
intensity peaks indicated (¢) are attributed to the hydroxyl-radical
adduct (for parameters see Table 1). Concentration: (a) DEPMPO 5
mM, (c) DMPO 5 mM, BSA 1.5 mM, Ce**/NTA 5/10 mM. Setting (a)
and (c): modulation amplitude 0.2 mT, time constant 20.48 ms, sweep
time 1342.1 s, gain 10°, microwave power 20 mW.

1). The approach was next employed in studies of a range of
oxidants and substrates from which broadened anisotropic
spectra might be anticipated.

Reaction of BSA, its derivatives and lysozyme with Ce**

i) Initial experiments involved the use of DEPMPO, Ce**/NTA
and BSA in aqueous solution at pH 7, over a range of concen-
tration of trap and oxidant (see above). In experiments with
relatively low trap concentrations (5 mM) and with [Ce**] 5-25
mM, and with the metal ion added last, a strong and relatively
long-lived EPR signal was detected (see Fig. 2a). This spectrum
consists of an anisotropic nitrogen splitting as well as a small
hydrogen splitting, further split by a large phosphorus splitting.
The corresponding spectrum obtained with DMPO is shown in
Fig. 2c. Spectral simulations were carried out (Fig. 2b and
2d) with the program developed to include the anisotropy of
the nitrogen as well as those of phosphorus and hydrogen; in
each case, a very good fit was obtained for a single species,
with the parameters shown in Table 1. In particular, it is
encouraging that this automatic simulation for B-phosphoryl-
ated nitroxide spin-adducts gives parameters (including those
for phosphorus) close to those identified (using a similar
procedure) by Tordo and Chachaty and co-workers in the
calculation of low temperature spectra of B-phosphorylated
nitroxides in glycerol.** It is notable that the magnitude of the
resulting average hydrogen splitting in some cases is some-
what less than the apparent splitting measured directly from
the anisotropic spectrum.

We believe that the mechanism of reaction involves “authen-
tic” spin-trapping of free-radicals, but we need to exclude two
alternative mechanisms for nitroxide formation. The first
consists of the nucleophilic addition of the protein to the trap
followed by oxidation by Ce** of the corresponding hydroxyl-
amine to the observed nitroxide. Similar experiments in the
absence of Ce** but in the presence of K;Fe(CN),, which is
known to oxidise first-formed hydroxylamines (and which was
added 3 hours after the protein), led to an EPR-silent spectrum.
We hence conclude that this mechanism is unlikely. The second
possible mechanism involves oxidation of the spin trap itself
by Ce** to the nitrone radical-cation followed by the addition
of protein. If this reaction occurs, we believe that the most
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Table 1

Simulated parameters of EPR spectra of spin-adduct proteins obtained in the presence of spin trap at pH = 7.0

Hyperfine splitting constant/mT*

Protein/reactant Spin trap A, A, (an) A, A, (ay) A, A, (ap) Adduct type
Myo/H,0, DEPMPO 2.01 1.08 1.39 0.77 0.89 0.80 4.62 4.36 4.46 (0]
Met/H,0, DEPMPO 2.71 0.88 1.49 1.39 1.40 1.40 5.09 4.47 4.68 S
Myo/H,0, DMPO 198 116 143 077 082  0.80 o)
Met/H,0, DMPO 2.87 0.49 1.28 1.17 1.25 1.22 S
BSA/Ce*'/NTA DEPMPO 2.89 0.55 1.33 0.31 0.65 0.53 4.79 4.31 4.47 (0]
Lys/Ce*"/NTA DEPMPO 2.06 1.10 1.42 0.81 0.95 0.90 5.02 4.51 4.68 (0]
BSA/Ce*'/NTA DMPO 2.55 0.78 1.37 0.84 0.88 0.86 (0]
BSA/Ce**/NTA/guanidine, HCI DEPMPO 1.85 1.31 1.49 1.19 1.43 1.35 497 4.47 4.64 S
BSA/peroxynitrite DEPMPO 2.64 0.97 1.53 1.53 1.85 1.74 6.09 3.75 4.52 S
BSA/peroxynitrite DMPO 2.67 0.82 1.44 1.15 1.27 1.23 S
BSA/peroxynitrite/guanidine, HCI DEPMPO 1.58 1.34 1.42 1.28 1.49 1.42 4.87 4.43 4.57 S
BSA/H,0,/Fe*"/EDTA DEPMPO 2.87 1.13 1.70 2.00 2.12 2.08 5.22 4.60 4.80 C
BSA/N2,S,04/Tiy(SO,)/EDTA DEPMPO 273 075 141 167 194 176 526 448 474 C
BSA/H,0,/Fe*"/EDTA DMPO 3.20 1.17 1.85 2.23 2.32 2.26 C
BSA/N2,S,04/Tiy(SO,)/EDTA DMPO 330 095 173 216 220 217 C
Lys/H,0,/Fe*' /EDTA DEPMPO 1.70 1.39 1.49 1.96 2.08 2.04 5.18 4.54 4.75 C
BSA/H,0,/Fe*"/EDTA/urea DEPMPO 1.65 1.39 1.47 1.90 2.21 2.00 5.07 4.47 4.87 C
BSA/H,0,/Fe*"/EDTA/urea DMPO 1.69 1.47 1.54 2.11 2.34 2.26 C
“ Typical g-values from simulation were g, 2.006, g, 2.008.
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Fig. 3 (a) EPR spectrum of hydroxyl-radical adduct formed in the
reaction of H,0, with Fe?*/EDTA in the presence of DEPMPO, (b)
EPR spectrum of DEPMPOX formed in the reaction of DEPMPO
with Ce**/NTA. Concentration: (a) DEPMPO 50 mM, H,0, 2.0 mM,
Fe**/EDTA 2.0 mM. (b) DEPMPO 50 mM, Ce*/NTA 0.5 mM.
Setting (a) and (b): modulation amplitude 0.15 mT, time constant 40.2
ms, sweep time 83.3 s, gain 8 X 10%, microwave power 20 mW.

important nucleophile, water, would have added preferen-
tially, leading to the formation of the hydroxyl adduct and
DEPMPOX (4) as obtained in absence of protein (see below).

Variation of the Ce*" concentration from 5 to 25 mM was
found to lead to a steady increase in the spectrum intensity (as
expected from an increase in the rate of the oxidation reaction
as [Ce*'] is increased). However, increasing cerium concen-
tration also led ultimately to the appearance of an extra EPR
signal from the HO" spin-adduct (3), especially at high trap
concentrations, probably formed by reaction of the trap with
Ce*" [although the reaction of Ce** (0.5 mM) alone with either
of the spin traps in the absence of protein led to a strong signal
interpreted in each case as the oxidised form of the spin trap
(DMPOX ay=0.71, aiz =0.42 mT and DEPMPOX ay =0.78,
ag=0.41, ap=4.12 mT)]"** with only a small amount of
hydroxyl spin-adduct (see Fig. 3).

At this stage, and from the small B-H coupling constants
obtained from experiments with DEPMPO and DMPO (typic-
ally DMPO: {(ay) =0.86 mT; DEPMPO: (ay)=0.53 mT), we
conclude that an oxygen-centred radical has been trapped after
reaction of BSA with Ce**. In the absence of oxygen, removed
by freeze-pump-thaw cycle, the spectrum obtained with
DEPMPO was found to be the same as under normoxic condi-
tions, but with a small increase in the spectrum intensity, an
observation which excludes the spin-trapping of a protein-
derived peroxyl radical. These findings, especially the remark-
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Fig. 4 (a) EPR spectrum of the sulfur-centred BSA-derived radical
adduct formed in reaction of BSA with Ce**/NTA in the presence of
DEPMPO after denaturation with guanidine hydrochloride (4 M), (b)
simulated spectrum. The spectrum indicated (¢) is attributed to glass
peaks (for parameters see Table 1). Concentration: DEPMPO 5 mM,
BSA 1.5 mM, Ce*'/NTA 5/10 mM, guanidine hydrochloride (4 M).
Setting: modulation amplitude 0.25 mT, time constant 20.48 ms, sweep
time 83.9 s, gain 10°, 10 scans, microwave power 20 mW.

ably low B-H value for the DEPMPO adduct (discussed in more
detail later), strongly suggest the reassignment of the spectra
from DMPO (dominated by a relatively small doublet) previ-
ously reported by us”® and interpreted as a thiyl radical. A thiyl
radical would be expected to have a somewhat larger coupling;
support for this expectation is described below. It should be
noted, of course, that a minor contribution from such a species
could not be ruled out.

In complete contrast to the results of experiments shown in
Fig. 2, when the EPR spectra were recorded in experiments with
protein which had been denatured (with urea 8 M or guanidine
hydrochloride 4 M) after reaction with Ce**, a very different
spectrum of a less immobilized spin-adduct was obtained (as
the anisotropic spectrum disappeared) characterised by a
decrease of 4, — A, (Fig. 4). The following parameters {(ay) =
1.49, {ay) = 1.35, {ap) = 4.64 mT strongly suggest that a sulfur-
centred radical has been trapped under these conditions.

The following experiments were performed to attempt to
confirm and rationalise this behaviour.

ii) Experiments carried out with the S-blocked BSA deriv-
atives, BSA-S-NEM and BSA-S-cysteinyl, gave results (data
not shown) closely similar to those obtained with BSA itself,
which strongly suggest that the oxidised species trapped with
native BSA, is not sulfur-centred. This implies also that the
sulfur group is probably not the initial target of attack by
cerium, followed by radical transfer to another residue (though,



Exp.
b A A
. A*”“”"‘""MH,,"WW

DEPMPO/Ce*INTA/Lys

i .
) 2.0mT
i
i)
X X
"
S o o [ X0
K O e T A
o
d " DEPMPO/CE* INTA/poly(gly-tyr)
Sim.
v/ Y 2.0mT

Fig. 5 (a) EPR spectrum of oxygen-centred lysozyme-derived radical
adduct formed in the reaction of lysozyme with Ce*"/NTA in the
presence of DEPMPO, (b) simulated spectrum, (c) EPR spectrum of
the oxygen-centred poly(gly-tyr)-derived radical adduct formed in the
reaction of poly(gly-tyr) with Ce*'/NTA in the presence of DEPMPO,
(d) simulated spectrum. The spectrum indicated (X) is attributed to a
smaller tyrosyl-derived fragment radical. The spectrum indicated (°) is
attributed to the hydroxyl radical adduct (for parameters see Table 1).
Concentration: (a) DEPMPO 10 mM, lysozyme 3.0 mM, Ce*'/NTA 5/
10 mM. Setting (a): modulation amplitude 0.25 mT, time constant
163.8 ms, sweep time 671.1 s, gain 105, microwave power 50 mW.
Concentration: (¢) DEPMPO 10 mM, poly(gly-tyr) 21 mg ml~!, Ce**/
NTA 5/10 mM. Setting (c): modulation amplitude 0.25 mT, time
constant 40.9 ms, sweep time 83.9 s, gain 5 x 10°, microwave power 50
mW.

as noted, we cannot exclude the possibility that a small propor-
tion of a sulfur-centred spin-adduct is present at the same time
as the oxygen-centred spin-adduct in experiments with native
BSA, Ce*" and DEPMPO). On the other hand, denaturation of
these S-blocked BSA samples after addition of Ce** and spin-
trapping gave no detectable signal, unlike experiments with
BSA itself for which a thiyl adduct was detected. Our experi-
ments suggest that the thiyl spin-adduct detected after denatur-
ation in the earlier experiment indeed reflects the oxidation of
the thiyl group by Ce**. The thiyl residue, which was previously
buried'* in the native protein, evidently becomes accessible on
denaturation and reacts with the remaining Ce**.

iii) When similar experiments were carried out with Ce** and
glutathione in the presence of DEPMPO a strong isotropic
signal was detected with parameters ay =1.42, ay=1.42, ap =
4.58 mT, characteristic of a thiyl adduct (data not shown), as
might be expected from the well-known ability of Ce** to
oxidise the -SH function.?**

iv) On the other hand, reaction of Ce** under similar condi-
tions with lysozyme (Fig. 5a), which has no thiyl residue, led to
the detection of a strong spectrum characteristic of an oxygen-
centred trapped radical, simulated (Fig. 5b) with parameters
indicated in Table 1.

v) Additionally the reaction of poly(gly-tyr) with Ce**
(Fig. 5c¢) in the presence of DEPMPO also led to the detection
of a spectrum virtually identical to those detected for lysozyme
and Ce*", as would be expected if oxidation has occurred at
tyrosine moieties.

On the basis of the observations noted above we conclude
that Ce** reacts with BSA by oxidation preferentially to give an
oxygen-centred species which we suggest is a tyrosyl-based resi-
due. Spin-adducts of tyrosyl-derived radicals have been previ-
ously reported (cf. ref. 21). For example, a spectrum at 77 K of
the myoglobin spin-adduct obtained with DMPO after reaction
with H,0,, shows similar features to the spectrum obtained
here with BSA and Ce** in the presence of DMPO at 193 K
(data not shown).”® Further support for our assertion comes

firstly from the finding that when the tyrosine residues are
blocked (see Experimental section) the signal intensities are
dramatically reduced. It is notable that when tyrosine residues
are blocked, significant damage does not appear to occur at the
sulfur moiety as might have been expected.

Reaction of other oxidants with BSA and lysozyme

The characteristic features of the spectra obtained for BSA and
lysozyme with Ce** were also obtained when reactions were
carried out with? K,IrCl, (typically with concentrations of
DEPMPO 10.0 mM; BSA 1.5 mM; K,IrClg 10.0 mM) and in
experiments involving HRP/H,0, or Met/H,0, (DEPMPO
10.0 mM; BSA 1.5 mM; H,0, 1.0 mM and HRP (220 u mg™")
18.0 mg ml~! or Met 1.5 mg ml™!). In the second set of experi-
ments it is believed that a ferryl-oxo haem species is responsible
for the oxidation. Under the conditions we employed there was
no evidence for these signals in the HRP/H,0, system without
the addition of BSA or lysozyme, so we believe that inter-
molecular radical damage has occurred; this observation pro-
vides further support for the claim that radical transfer occurs
between HRP/H,0, and the tyrosyl residue of BSA.?* The simi-
larity of spectra obtained both with Ce*" and the HRP/H,0,
system implies that the same tyrosine-derived radicals have
been trapped. This hypothesis was confirmed by the decrease of
signal intensity when EPR experiments were carried out with
tyr-blocked BSA, both with Ce*" and HRP/H,O,. Given the
apparent ease of spin-trapping of the proteinyl-derived radical
in experiments with HRP, we conclude that the tyrosyl radicals
are formed on the surface of the protein rather than on buried
residues.

Reaction of peroxynitrite with BSA and lysozyme: effective
generation of thiyl radicals

It has been shown that in aqueous solution peroxynitrite (O=
NOOH/O=NOO", pK, = 6.9) reacts with thiols to generate thiyl
radicals.* We have utilised EPR spin-trapping and explored the
reaction of peroxynitrite with a number of proteins in water at
pH = 7.0 in an attempt to generate authentic sulfur-centred rad-
ical adducts, to confirm our earlier experiments and to contrast
potential routes with those observed for the metal ions.

Reactions of peroxynitrite and BSA in the presence of
DEPMPO at pH =7.0 led to the detection of an anisotropic
spectrum, simulated with a set of parameters which leads to
{an) 1.53, {ay) 1.74 and (ap) 4.52 mT attributed to a sulfur-
centred adduct (Fig. 6a). On denaturation with guanidine
hydrochloride a strong signal from a less immobilized sulfur-
centred adduct (an=142, ag=142, ap=4.57 mT) was
obtained (Fig. 7) [with a significant decrease in (4, — 4,)]. Since
the lifetime of peroxynitrite in water at pH = 7.0 is very short
(typically #,,, =1 s at pH = 7.4),%' we believe that the spectrum
obtained after denaturation is from the trapping of the thiyl
radical formed in the initial oxidation. Simulation of both spec-
tra (Fig. 6b and Fig. 7b) shows very good agreement and con-
firms the assignment of these spectra to sulfur-centred trapped
radicals [though with evident conformational differences
reflected in the slightly different a(B-H) values]. No signal was
detected with S-blocked BSA (with BSA-S-cysteinyl, BSA-S-
NEM or lysozyme as expected on this basis).

We have also investigated the reaction of peroxynitrite with
BSA in the presence of DMPO and obtained further evidence
for the spin-trapping of a sulfur-centred proteinyl-derived
species (Fig. 6d and 6e).

Reaction of the hydroxyl radical with BSA and lysozyme

Reaction of BSA with HO" (generated from Fe**/EDTA and
H,0,) in the presence of DEPMPO in water at pH 7.0 led to the
detection of a strong anisotropic EPR spectrum dominated by
a component with a large B-hydrogen splitting ({ay) 2.08 mT),
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Fig. 6 (a) EPR spectrum of the sulfur-centred BSA-derived radical
adduct formed in reaction of BSA with ONOOH/ONOO™ in the
presence of DEPMPO, (b) simulated spectrum, (c) S-blocked BSA, (d)
EPR spectrum of sulfur-centred BSA-derived radical adduct formed in
the reaction of BSA with ONOOH/ONOO™ in the presence of DMPO,
(e) simulated spectrum (for parameters see Table 1). Concentration: (a)
DEPMPO 100 mM, (d) DMPO 100 mM, (a) and (d) BSA 1.5 mM, (c)
S-blocked BSA 1.5 mM, (a) (c) and (d) peroxynitrite 2.0 mM. Setting
(a) (c) and (d): modulation amplitude 0.25 mT, time constant 20.5 ms,
sweep time 1342.2 s, gain 10°, microwave power 20 mW.
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Fig. 7 (a) EPR spectrum of the sulfur-centred BSA-derived radical
adduct formed in the reaction of BSA with ONOOH/ONOO™
the presence of DEPMPO, after denaturation with guanidine
hydrochloride (4 M), (b) simulated spectrum (for parameters see Table
1). Concentration: DEPMPO 100 mM, BSA 1.5 mM, peroxynitrite 2.0
mM, guanidine hydrochloride 4 M. Setting: modulation amplitude 0.25
mT, time constant 20.48 ms, sweep time 83.9 s, gain 10°, microwave
power 20 mW.

attributed to a carbon-centred radical adduct (Fig. 8a):
denaturation with urea led to the detection of an analogous
spectrum characteristic of a less immobilised spin-adduct (Fig.
8c) distinguished by a decrease of A4, — A,. The high value of
{ay) in the anisotropic spectrum is notable and will be discussed
further below. Closely similar spectra to these were observed for
reaction of HO" with lysozyme in presence of DEPMPO, with-
out denaturation (Fig. 9). With DMPO analogous spectra were
obtained (e.g Fig. 10a). The spectrum obtained after reaction of
BSA with the sulfate radical-anion (SO, ") (Fig. 10c) also
shows the formation of a carbon-centred radical adduct.
Nevertheless, one can note that the EPR signals are different:
this is presumably explained by a different selectivity of the
attacking radicals leading to different carbon-centred radicals
on BSA. Experiments with direct observation (flow, Ti**/
EDTA/H,0,, BSA) led to complex spectra in which carbon-
centred species of the type —-CH,~"CH-COO~ can be
detected.® We believe that these are the species trapped in these
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Fig. 8 (a) EPR spectrum of the carbon-centred BSA-derived radical
adduct formed in the reaction of BSA with Fe>*/EDTA/H,0, in the
presence of DEPMPO, (b) simulated spectrum, (¢c) EPR spectrum of
the carbon-centred BSA-derived radical adduct formed in the reaction
of BSA with Fe*’/EDTA/H,0, in the presence of DEPMPO after
denaturation with urea (9 M), (d) simulated spectrum (for parameters
see Table 1). Concentration: (a) (¢) DEPMPO 2.5 mM, BSA 2.25 mM,
Fe*'/EDTA 2.0 mM, H,0, 2.0 mM, (c) urea (9 M). Setting:
modulation amplitude 0.25 mT, time constant 20.48 ms, sweep time
335.5's, (c) sweep time 83.9 s, gain 3.17 X 10°, microwave power 20 mW.
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Fig. 9 (a) EPR spectrum of the carbon-centred lysozyme-derived
radical adduct formed in the reaction of lysozyme with Fe*/EDTA/
H,0, in the presence of DEPMPO, (b) simulated spectrum. The weak
signals indicated (*) are attributed to the hydroxyl-radical adduct (for
parameters see Table 1). Concentration: DEPMPO 2.5 mM, lysozyme
4.9 mM, Fe**/EDTA 2.0 mM, H,0, 2.0 mM. Setting: modulation
amplitude 0.25 mT, time constant 20.48 ms, sweep time 335.5 s, gain
3.17 x 10°, microwave power 20 mW.

experiments. It is notable that hydrogen abstraction from C-H
bonds is evidently highly competitive with reaction of S-H
(dominant in GSH).

The large average nitrogen coupling for the carbon-centred
radical-adduct obtained with BSA (though not after denatur-
ation or for lysozyme) is notable: one possible explanation is
pyramidalization at the nitroxide nitrogen induced by steric
effects. A second possibility is that the principal direction for g
and splitting tensors are not necessarily parallel and/or that the
rotational tumbling is anisotropic. In these conditions the
isotropic average of splitting may significantly deviate from
the arithmetic average of principal values. Furthermore, when
the motion is not rapid the adjusted ‘effective’ Ay, can be
smaller, and Ay, larger than the frozen solution value, which
may give an (Ay) different from the isotropic value.

We also note the relatively low a(p-H) value for some carbon-
centred radical adduct(s) of DEPMPO (ca. 2.0 mT). We suggest
that, for example, for a bulky spin adduct it is likely that spectra
are detected with a predominant (or exclusive) preferred con-
formation with the five-membered cycle pseudo-rotation
frozen. This should be most marked at low temperature, which
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Fig. 10 (a) EPR spectrum of the carbon-centred BSA-derived radical
adduct formed in the reaction of BSA with Fe*/EDTA/H,0, in the
presence of DMPO, (b) simulated spectrum, (c) EPR spectrum of the
carbon-centred BSA-derived radical adduct formed in the reaction of
BSA with S,04* /Ti**/EDTA in the presence of DMPO, (d) simulated
spectrum (for parameters see Table 1). Concentration: (a) DMPO 5
mM, (c) DMPO 20 mM, BSA 1.5 mM, (a) Fe**/EDTA 2.0 mM, H,0,
2.0 mM, (c) K;S,04 10.0 mM, EDTA 4.0 mM, Tiy(SO,); 4.0 mM.
Setting (a): modulation amplitude 0.25 mT, time constant 20.48 ms,
sweep time 671.1 s, gain 3.17 X 10°, microwave power 20 mW. Setting
(c): modulation amplitude 0.25 mT, time constant 41.0 ms, sweep time
671.1's, gain 2 x 10°, microwave power 20 mW.

led us to study some systems at —100 °C. For example, the
spectrum obtained for BSA carbon-centred spin adducts of
DEPMPO at low temperature, with {(ag) =1.37 and (ap) = 5.20
mT, was found to be characteristic of adducts of DEPMPO
with the five-membered cycle adopting an envelope conform-
ation [cf. {(ay) = 1.39, {ap) = 5.12 mT calculated for the envelope
conformation (°E) of the DEPMPO/'CH, spin adduct].*

We also note the particularly low values of a(B-H) for some
oxygen-centred adducts (e.g 0.53 mT for BSA/Ce**/DEPMPO)
compared to well-known and slightly higher isotropic con-
stants previously reported. We suggest again that, for a
bulky spin-adduct under these conditions, it is likely that
spectra are detected with a predominant (or locked) preferred
conformation.

Conclusion

The new approach described provides an extra valuable tool for
identification of the predominant site of free-radical or metal-
ion attack on macromolecules. Thus, the EPR spin-trapping
technique can be significantly improved if the use of cyclic
nitrones (DMPO and DEPMPO) is coupled with the use of
spectrum simulation software which takes into account the
motional restriction of the major spin-adduct obtained. This
gives much greater confidence in spectrum analysis, and the
calculated average B-proton splittings allow more confident
distinction to be made between the trapping of oxygen- or
sulfur- and carbon-centred species. Further, with the DEPMPO
spin-adducts, the phosphorus splitting also depends on the
nature of the trapped radical, affording a greater reliability for
the assignment. This work is now being extended to the charac-
terisation of peroxyl-radicals generated from macromolecules
and to simulate spectra of a mixture of radicals.**

Our results allow also some specific mechanistic conclusions
to be drawn, including the confirmation of the ease of form-
ation and spin-trapping of tyrosyl radicals from reaction with
Ce**, Ir** as well as ferryl-oxo species from enzymes. The
relative ease of oxidation of tyrosine residues by the transition-
metal ions studied becomes understandable in terms of their
relatively low redox potentials for one-electron transfer and the
stability (via delocalisation) of the tyrosyl phenoxyl radical.
Thiyl-group oxidation may be anticipated and occurs readily in
denatured proteins and with peroxynitrite. The predominance
of attack at oxygen evidently reflects the number and the acces-

sibility of phenolic oxygen atoms and, we believe, the difficulty
in attack of oxidant on the buried thiyl moiety. Radical transfer
(via electron- or hydrogen-transfer) from oxygen to sulfur has
been demonstrated for different enzymes.® However, in our
studies, experiments conducted with different trap concen-
trations and with O- or S-blocked proteins did not provide
conclusive evidence for such transfer. Also notable is the facility
with which the nitrones employed trap (stabilised) phenoxyl
radicals; this is not simply a reaction imposed by the protein’s
environment since the same behaviour is shown by tyrosine
itself in experiments with DMPO and DEPMPO.*

The formation of thiyl radical by reaction of peroxynitrite in
its anionic form (O=NOQO™) with BSA has been demonstrated
to be a one-electron oxidation. The formation of the hydroxyl
free radical from decomposition of the neutral form of
peroxynitrous acid (O=NOOH) or by reaction with the thiyl
moiety does not appear to be significant under the conditions
employed.

Finally further evidence is obtained for the formation of
aliphatic carbon-centred protein-derived radicals (rather than
phenoxyl or thiyl species) in reaction with HO". The primary
target for this relatively unselective radical is believed to be the
C-H bond adjacent to a carboxy group.
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