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Reaction of HOCl with amino acids and peptides: EPR evidence for
rapid rearrangement and fragmentation reactions of nitrogen-centred
radicals

Clare L. Hawkins and Michael J. Davies*
The Heart Research Institute, 145 Missenden Road, Camperdown, Sydney, NSW 2050,
Australia

EPR spin trapping together with UV–VIS spectroscopy has been employed to examine the reaction of
HOCl with amino acids and some small peptides. Evidence has been obtained for the formation and
subsequent decomposition of short-lived chloramine derivatives from free amine groups present on both
amino acid side-chains and at the N-terminus. Radical formation, detected by EPR spin trapping, occurs
concurrently with chloramine decomposition. This process is enhanced by, but does not require, the
presence of added Fe21. With some substrates nitrogen-centred (aminyl, RNH? or RNH2~1) radicals,
formed from cleavage of the N]Cl bond of the chloramine, can be detected. These initial aminyl radicals
undergo a variety of hydrogen atom abstraction, rearrangement and fragmentation reactions to give
carbon-centred species. Evidence has been obtained for both inter- and intra-molecular (1,2- and 1,5-)
hydrogen atom abstraction reactions, decarboxylation and â-scission processes. The last of these only
occurs to a significant extent where the resulting radical is highly stabilised, for example, by aromatic
substituents, and results in loss of the amino acid side-chain. Studies with N-acetyl derivatives and
peptides are consistent with reaction of HOCl at amide (peptide) bonds to give transient chloramides
which rapidly decompose to give (undetected) amidyl [?N(R)C(O)R9] radicals. These species undergo
rapid 1,2-hydrogen atom shift reactions to give (stabilised) á-carbon radicals with most peptides. Evidence
has also been obtained for the occurrence of hydrogen atom abstraction and decarboxylation reactions
with these substrates.

Introduction
Oxidants such as O2~2 and H2O2 are known to be generated
during the respiratory burst of activated phagocyte cells both in
vitro and in vivo.1 These cells also release the heme enzyme
myeloperoxidase which catalyses the reaction of H2O2 with
physiological concentrations of Cl2 to give the powerful oxid-
ant HOCl.2 This species has a pKa of 7.59, thus a mixture of
HOCl and 2OCl is present at physiological pH; HOCl is used
below to designate this mixture.

HOCl plays an important role in mammalian defences
against invading micro-organisms as a result of its potent bac-
tericidal activity.3 Excessive or misplaced generation of HOCl is
also known to cause damage to mammalian tissues, and this is
believed to be important in some human disease such as athero-
sclerosis, chronic inflammatory disorders and some cancers.1

Previous studies have shown that proteins are major targets for
HOCl,4,5 though this oxidant also reacts with a wide variety of
other biological targets including DNA,6 lipids,7 cholesterol,8

NADH,9 and free thiols and sulfides.9–11 Various amino acid
side-chains have been shown to be particularly susceptible to
attack and modification by HOCl.12,13 It is known that tyrosine
is readily chlorinated by HOCl to give 3-chlorotyrosine,14 and
this product has been employed as a marker of HOCl-mediated
damage to proteins.15 Cysteine and methionine react rapidly
with HOCl to give oxyacids and cystine (from cysteine) and
sulfoxides (from methionine).10–13 The latter type of reaction
has been shown to inactivate α1-proteinase inhibitor.16 Amino
acids which lack the above functional groups also react with
HOCl via the free amino group which results in the generation
of unstable chloramine intermediates (RNHCl/RNH2

1Cl);
subsequent decomposition of these species gives NH3, CO2 and
aldehydes.17–22 The free side-chain amino group of lysine is also
converted to an unstable chloramine.23 Similar reactions also
occur with peptides though reaction has been suggested to

occur only at the free N-terminal amino nitrogen and reactive
side-chain sites, and not at the amide nitrogen of peptide
bonds.20,21 This has however been disputed.24

Though the products of reaction of HOCl with amino acids
and some peptides are reasonably well characterised, the mech-
anism(s) by which these products arise is less well understood.
Radicals have not generally been implicated as intermediates,
though it has been suggested that inactivation of α1-proteinase
inhibitor involves radicals on the basis of the protection
afforded by the radical scavenger butylated hydroxytoluene.16 In
recent studies we have shown 25 that the reaction of HOCl with
proteins results in the formation (amongst others) of both high-
and low-molecular-weight, protein-derived, nitrogen-centred
radicals derived from lysine side-chain amino groups. These
species arise via the formation and subsequent decomposition
of chloramines formed at this site. In the light of these observ-
ations we have now examined radical formation from chlor-
amines and chloramides generated from reaction of HOCl with
a number of free amino acids and small peptides, by use of
electron paramagnetic resonance (EPR) spectroscopy with spin
trapping, and UV–VIS spectroscopy.

Results and discussion

UV–VIS spectroscopic studies
Free amino acids. Previous studies have shown that HOCl

reacts with most amino acids to generate unstable chloramines
which have significant optical absorption bands in the 220–340
nm region, with λmax typically between 250 and 260 nm.19,22,26

This process, together with the loss of the parent absorption
band from 2OCl at 292 nm,26 has been employed to investigate
the occurrence and rate of reaction of HOCl with a variety of
amino acids and derivatives and the subsequent decomposition
of the chloramines so generated.

Initial studies were carried out with glycine (0.1 ) and HOCl
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(2.5 m) at pH 7.4; this resulted in immediate loss of the 2OCl
absorption band at 292 nm and the detection of a new absorp-
tion band with λmax ca. 255 nm; this reaction occurred within
the mixing time, and its kinetics could therefore not be moni-
tored. Similar behaviour was observed with other amino acids
(see Table 1). The new absorption bands, which are assigned to
chloramine species, decreased in intensity over time with the
half-life dependent on the substrate employed; the t ₂

₁ values for
each chloramine are given in Table 1.

No chloramine absorptions were detected in experiments
with histidine, tryptophan, tyrosine or phenylalanine due to the
intense absorptions from the aromatic side chains of these
amino acids, nor with cysteine and methionine, though in each
case complete loss of the 2OCl absorption band was detected
indicating that reaction had occurred. The lack of chloramine
species with cysteine and methionine is believed to be due to
preferential reaction with the sulfur-containing side chains.

N-Acetylamino acid derivatives and peptides. No absorptions
due to chloramides were detected in the 220–700 nm wavelength
region on reaction of HOCl with any N-acetylamino acid,
though the initial absorption band of 2OCl at 292 nm was lost
indicating that reaction does occur. Chloramine absorptions
were observed with N(α)- and N(ε)-acetyllysine, and all the
(unblocked) peptides as a result of reaction with the remaining
free amino group in these materials. No evidence for a chlor-
amide was obtained with N(α),N(ε)-diacetyllysine or peptides
where all free amino groups are blocked. Indirect evidence for
reaction at amide sites was obtained from examination of the
yield of chloramines formed at the (N-terminal) amino group
of free amino acids compared to homopeptides. Thus (Gly)2

gave an ca. 10% lower yield of chloramines compared to Gly
with fixed concentrations of HOCl. This is consistent with the
free amino group being ca. 10-fold more reactive than amide
site(s). Overall these experiments suggest that HOCl can react
with amide groups to give very short-lived chloramide inter-
mediates which decompose rapidly, but that this process is less
favoured than reaction at free amino sites.

EPR studies
Free amino acids. The presence of radical intermediates dur-

ing the reaction of HOCl with amino acids, N-acetyl derivatives
and some peptides has been examined using EPR in conjunc-
tion with the spin traps 5,5-dimethyl-4,5-dihydro-3H-pyrrole
N-oxide (DMPO; 167 m) or 3,5-dibromo-4-nitrosobenzene
sulfonic acid (DBNBS; 2.5 m). Spectra were recorded of reac-
tion mixtures typically containing the substrate (50 m), HOCl
(6.25 m) and a spin trap at pH 7.4, though some experiments
were also carried out at lower pH values where indicated.
Sequential spectra were recorded for up to 60 min after initi-
ation of the reaction. The substrate was always present in large

Table 1 Characteristics and life-times of the UV absorptions of
amino acid-derived chloramine species

Amino acid

Alanine
Arginine
Aspartic acid
Asparagine
Glutamic acid
Glutamine
Glycine
Isoleucine
Leucine
Lysine
N(α)-Acetyllysine
N(ε)-Acetyllysine
Serine
Threonine
Valine
Proline

λmax/nm

251
252
253
249
254
248
255
252
252
250
250
250
249
252
251
260

t₂
₁/min

>60
38.2
8.9

>60
24.5
47.6

>60
>60

28.4
53.0

>60
>60

24.4
53.1
55.0
2.2

excess to ensure complete consumption of HOCl, to prevent
formation of multiple chlorinated species (e.g. dichloramines,
RNCl2) which would complicate analysis, and to minimise dir-
ect reaction of HOCl with the spin trap; the latter is of particu-
lar importance with DMPO due to the rapid formation of
chloroimines.27 It was generally found that radical concentra-
tions were significantly increased on addition of Fe21 (0.25 m)
to the reaction mixture, though in many cases identical
behaviour was observed with no additions. In some experiments
weak signals from spin trap degradation products such as the
SO3~2 adduct to DBNBS [a(N) 1.27, a(2H) 0.07 mT], and
DMPO]OH? from DMPO [a(N) 1.49, a(H) 1.49 mT] were
observed. The low concentration of the latter adduct, and its
observation in only a few cases even with very high trap concen-
trations, strongly suggest that HO? is not generated in these
reactions (e.g. via pseudo-Fenton reactions with HOCl); this is
in accord with some previous observations,28,29 but not others.30

The radicals detected are summarised in Table 2. Assignment
of the observed signals was made on the basis of the observed
splitting patterns and comparison of the hyperfine coupling
constants with previous data from other reaction systems.
Assignments were confirmed by computer simulation and
correlation coefficients between experimental data and simula-
tion were usually greater than 0.95. In cases where unequivocal
assignment was initially not possible, isotopically labelled (2H
or 13C) substrates were employed to provide additional
information.

With all the free amino acids examined the radicals observed
can be accounted for via the initial generation of a chloramine
species at a free amino group (Scheme 1, reaction 1), decom-

position of this species to nitrogen-centred radicals (reaction 2),
and subsequent rapid reaction of these species via a variety of
structure-dependent pathways including: i) inter-molecular
hydrogen atom abstraction (reaction 3), ii) intra-molecular
hydrogen atom abstraction (reactions 4 and 5), iii) decarboxyl-
ation, and iv) β-scission with loss of the side-chain (reaction 6).
Evidence for the occurrence of each of these processes is
summarised below.

Formation of nitrogen-centred radicals.—In a small number
of cases direct evidence for the formation of nitrogen-centred
radicals has been obtained. Thus lysine (as previously 25), orni-
thine, asparagine and tyrosine gave EPR signals with distinctive
small 1 :1 :1 triplet splittings (in addition to the large 1 :1 :1
nitrogen coupling from the nitroxide nitrogen) when high con-
centrations of DMPO (typically 150–200 m, though concen-
trations down to 10 m could be used with lysine) were
employed (Fig. 1). The high trap concentrations required to
observe these signals in most cases implies that these nitrogen-
centred species can undergo rapid alternative reactions. The
source of the nitrogen-centred radical observed with lysine has
been identified as the side-chain amino group by use of
15N-labelling.25 In the case of lysine (and N-acetyl-Lys, see
Table 3) the dependence of the observed signals on the pH of
the reaction mixture was investigated. No changes in the
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Table 2 Parameters of the radicals observed on reaction of HOCl with amino acids in the presence of the spin traps DBNBS and DMPO

Hyperfine coupling constants/mT a

Substrate

Alanine

Spin trap

DBNBS

a(N)

1.34

a(H)

0.89 (2H)

a(other) Assignment

Side chain at C(3) 
DMPO 1.58

1.56
2.23 (1H)
1.88 (1H)

Carbon-centred
CO2~2 adduct 

Valine DBNBS
DMPO

1.39
1.58
1.56

2.44 (1H)
1.88 (1H)

C(2) or side chain at C(3)
Carbon-centred
CO2~2 adduct 

Nor-valine DBNBS 1.42
1.35

1.19 (2H)
0.63 (1H)

Side chain at C(5) b

Side chain at C(3) or C(4) 
Leucine DBNBS 1.42

1.42
1.31

1.18 (2H)
0.48 (1H)
0.53 (1H)

0.18 (1N)
Side chain Me group b

Decarboxylation at C(2)
Side chain at C(3) 

DMPO 1.63 2.29 (1H) Carbon-centred 
Isoleucine DBNBS 1.42

1.42
1.18 (2H) Side chain Me group b

C(2) or side chain at C(3) 
DMPO 1.60 2.33 (1H) Carbon-centred 

Lysine, [4,4,5,5- 2H4]-
lysine, [6-13C]lysine

DBNBS

DMPO

1.36
1.31
1.49
1.56
1.56

0.92 (1H)
0.35 (1H)
1.82 (1H)
2.35 (1H)
1.88 (1H)

0.29 (1N)

Side chain at C(3)
Decarboxylation at C(2)
Nitrogen-centred (side chain) c,d

Carbon-centred
CO2~2 adduct 

[3-13C]Lysine DBNBS 1.36
1.31

0.92 (1H)
0.35 (1H)

0.88 (13C)
0.88 (13C)

Side chain at C(3)
Decarboxylation at C(2) 

[1-13C]Lysine DMPO 1.56
1.56

2.35 (1H)
1.88 (1H) 1.21 (13C)

Carbon-centred
13CO2~2 adduct 

Lysine-OMe DBNBS 1.35 0.83 (1H) Side chain at C(3) 
Ornithine DBNBS

DMPO
1.33
1.46
1.56
1.56

0.38 (1H)
1.80 (1H)
2.35 (1H)
1.85 (1H)

0.30 (1N)
Side chain at C(3) or decarboxylation at C(2)
Nitrogen-centred (side chain) b,c

Carbon-centred
CO2~2 adduct 

Histidine DBNBS

DMPO e

1.42
1.33
1.56
1.56

0.72 (1H)
0.50 (1H)
2.33 (1H)
1.88 (1H)

Side chain at C(3)
Decarboxylation at C(2)
Carbon-centred
CO2~2 adduct 

1-Methylhistidine DBNBS

DMPO

1.42
1.33
1.44
1.56
1.56

0.72 (1H)
0.50 (1H)
1.03 (2H)
2.33 (1H)
1.88 (1H)

Side chain at C(3)
Decarboxylation at C(2)
Methyl group
Carbon-centred
CO2~2 adduct 

Arginine DBNBS

DMPO

1.38
1.35
1.57
1.56

0.92 (1H)
0.33 (1H)
2.34 (1H)
1.88 (1H)

Side chain CH2 group
Decarboxylation at C(2)
Carbon-centred
CO2~2 adduct 

Glutamine DBNBS
DMPO

1.33
1.57
1.56

0.43 (1H)
2.29 (1H)
1.88 (1H)

Side chain CH2 group or decarboxylation at C(2)
Carbon-centred
CO2~2 adduct 

Asparagine DMPO 1.54
1.56

1.79 (1H)
2.23 (1H)

0.25 (1N) Nitrogen-centred
Carbon-centred 

Aspartic acid DBNBS 1.31
1.31

0.68 (1H)
0.89 (2H)

Side chain at C(3)
Decarboxylation at C(3) 

[3-13C]Aspartic acid DBNBS 1.31
1.31

0.68 (1H)
0.89 (2H)

0.64 (13C)
0.64 (13C)

Side chain at C(3)
Decarboxylation at C(3) 

Glutamic acid,
[2,4,4-2H3]glutamic acid

DBNBS 1.31
1.35

0.33 (1H)
0.61 (1H)

Side chain at C(3)
Secondary species seen at long time points 

Tyrosine DBNBS

DMPO e

1.47
1.42
1.46
1.56
1.56

1.19 (2H)
0.88 (1H)
1.79 (1H)
2.33 (1H)
1.92 (1H)

0.07 (2H) f

0.29 (1N)

β-scission at C(3)
Side chain at C(3)
Nitrogen-centred c

Carbon-centred
Carbon-centred 

[3,3-2H2]Tyrosine DBNBS 1.47

1.42 g

0.18 (2D)
0.07 (2H) f

β-scission at C(3)

Side chain at C(3) 
Phenylalanine DBNBS

DMPO

1.47
1.42
1.56
1.56

1.19 (2H)
0.88 (1H)
2.38 (1H)
1.88 (1H)

β-scission at C(3)
Side chain at C(3)
Carbon-centred
CO2~2 adduct 

Proline DBNBS
DMPO

1.36
1.58
1.56

0.39 (1H)
2.32 (1H)
1.88 (1H)

Side chain at C(3)/C(5)
Carbon-centred
CO2~2 adduct 

[4,4-2H2]Proline DBNBS 1.36 0.39 (1H) Side chain at C(3)/C(5) 
Hydroxyproline DBNBS 1.35 0.37 (1H) Side chain at C(3)/C(5) 
Proline-OMe DBNBS

DMPO
1.36
1.52

0.39 (1H)
2.23 (1H)

Side chain at C(3)/C(5)
Carbon-centred 

Threonine DBNBS
DMPO

1.35
1.63
1.56

0.92 (2H)
2.27 (1H)
1.88 (1H)

Side chain at C(4)
Carbon-centred
CO2~2 adduct

a ±0.02 mT. b Radical short-lived. c Only observed in the absence of Fe21. d Parameters for radical adduct detected at pH values between 7.4 and 6. At
pH 4 an alternative species with parameters a(N) 1.40, a(H) 1.84, a(N) 0.31 mT is detected; for further details see text. e DMPO]OH? also observed.
f Splitting due to the hydrogens at positions 2 and 6 on the aromatic ring of DBNBS. g Further unresolved fine structure observed.
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spectra were detected at pH 6, but on lowering the reaction pH
to ca. 5, a broadening of the signals from the nitrogen-centred
radical adduct was observed; further decreases in the pH (to ca.
4) allowed a second signal to be discerned. This second signal
has also been assigned to a nitrogen-centred radical adduct
species, with somewhat different hyperfine coupling constants
[a(N) 1.40, a(H) 1.84, a(N) 0.31 mT]. These results are inter-
preted in terms of the presence of the neutral aminyl radical
adduct (i.e. trapped RNH?) at pH 7.4 and the aminyl radical-
cation adduct (trapped RNH2~1) at pH values < ca. 5.

Inter-molecular hydrogen abstraction.—EPR signals which
can be assigned to carbon-centred, side-chain-derived, species
were detected with most amino acids (see Table 2). For example
alanine in the presence of DBNBS gave a signal [a(N) 1.34,
a(2H) 0.89 mT] which increases in intensity over 60 min, and on
the addition of Fe21 (Fig. 2). These signals were not observed in
the absence of the trap, the substrate, or HOCl. These signals
are attributed to the trapped side-chain radical ?CH2CH-
(NH3

1)COO2; this species is also believed to be trapped with
DMPO [a(N) 1.58, a(H) 2.23 mT]. This radical is postulated to
arise via inter-molecular hydrogen atom abstraction from an
undetected nitrogen-centred (aminyl) radical present on
another alanine molecule; this process may involve either the
neutral (RNH?) or protonated (RNH2~1) form of this species
(see below). Similar side-chain-derived radicals are observed
with the majority of other amino acids (see Table 2). In
some cases this reaction appears to be particularly favourable,
for example with tyrosine, histidine and phenylalanine, where
stabilised C(3)-derived (benzyl) radicals are formed.

Fig. 1 (a) EPR spectrum observed on reaction of tyrosine (saturated
solution) with HOCl (6.25 m) in the presence of DMPO (167 m) at
pH 7.4. Signals assigned to a nitrogen-centred radical adduct formed
from the tyrosine amino group, and DMPO]OH? (lines marked [*]). (b)
Computer simulation of the spectrum in (a) using the parameters in
Table 2.

Fig. 2 EPR spectrum observed on reaction of alanine (50 m) with
HOCl (6.25 m) and Fe21 (0.25 m) in the presence of DBNBS (2.5
m) at pH 7.4. Signal assigned to the adduct of ?CH2CH(NH3

1)COO2.

Intra-molecular hydrogen shifts.—The reaction of HOCl with
lysine exhibits a complex pH and time dependence with two
radical adducts detected with DBNBS [radical (1): a(N) 1.36,
a(H) 0.92 mT; radical (2): a(N) 1.31, a(H) 0.35 mT] which
increased in intensity over 60 min [Fig. 3(a)]. The ratio of these
signals was pH dependent, with signal 2 becoming dominant at
pH values below 6. The latter species is believed to be a
C(2)-derived radical arising via decarboxylation (see below).
The former species, which dominates at pH 7.4, is assigned to a
carbon-centred radical. Experiments with [4,4,5,5-2H4]lysine
and [6-13C]lysine have provided evidence that this species is not
centred at C(4), C(5) or C(6) as no changes were observed in
the EPR spectra obtained from these substrates. Experiments
with [2-13C]lysine gave additional (doublet) 13C couplings
[0.88 mT; see Fig. 3(b)] for both radical adducts, confirm-
ing that these are C(2)- and C(3)-derived with the additional
doublet splitting in the latter case being a β-13C splitting
(cf. α- and β-13C couplings of 0.54 mT and 0.48 mT for di-tert-
butyl aminoxyl 31). These carbon-centred radicals are believed
to be the source of the carbon-centred adduct(s) observed
with DMPO.

The selective formation of the C(3) hydrogen atom abstrac-
tion radical from lysine at pH 7.4 would be unexpected if inter-
molecular hydrogen atom abstraction is the major reaction, as
the initial nitrogen-centred species would be expected to show
similar selectivity to (electrophilic) oxygen-centred radicals
such as HO?, which preferentially reacts at C(4) and C(5) (i.e. at
sites remote from the de-stabilising protonated amino
groups).32 This selectivity is therefore proposed to be due to an
intra-molecular 1,5-hydrogen atom shift reaction of the side-
chain aminyl radical (via a 6-membered ring transition state)
which results in the selective formation of the C(3) radical. This
is in accord with previous studies which have shown that
nitrogen-centred radical-cations can mediate selective intra-
molecular hydrogen atom abstraction reactions via 6-membered
ring transition states (the Hofmann–Loeffler reaction 33,34). In
experiments with the shorter side-chain analogue ornithine,
selective hydrogen atom abstraction by the initial nitrogen-
centred radical (detected with DMPO) was also detected with
only a single carbon-centred radical detected with DBNBS. The
parameters of this adduct [a(N) 1.33, a(H) 0.38 mT] are differ-
ent to the two adducts detected on reaction with authentic HO?

Fig. 3 EPR spectra observed on reaction of (a) lysine and (b) [2-
13C]lysine (both 50 m) with HOCl (6.25 m) and Fe21 (0.25 m) in the
presence of DBNBS (2.5 m) at pH 7.4. Signals marked [d] assigned to
a carbon-centred radical adduct formed at C(3). Features marked [s]
are attributed to a carbon-centred radical adduct generated at C(2) as a
result of decarboxylation.
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Table 3 Parameters of the radicals observed on reaction of HOCl with N-acetyl amino acids and peptides in the presence of the spin traps DBNBS
and DMPO

Hyperfine coupling constants/mT a

Substrate

N-Acetylglycine

Spin trap

DBNBS

a(N)

1.39
1.38

a(H)

0.63 (1H)
0.82 (2H)

a(other)

0.21 (N)
0.23 (1N)
0.07 (2H) b

Assignment

H-abstraction at C(2)
Decarboxylation at C(2)
 

Gly-Gly DBNBS
DMPO

1.36
1.54

0.83 (2H)
2.00 (1H)

0.25 (1N) Decarboxylation at C-terminal C(2)
Carbon-centred 

N-Ac-Gly-Gly DBNBS 1.39 0.79 (2H) 0.25 (1N) Decarboxylation at C-terminal C(2) 
Glyn (n = 3–5) DBNBS 1.39 0.83 (2H) 0.25 (1N) Decarboxylation at C-terminal C(2) 
Gly-Gly-Gly DMPO 1.54 2.00 (1H) Carbon-centred 
N-Acetylalanine, Gly-Ala DBNBS 1.39

1.39 0.69 (1H) 0.25 (1N)
H-abstraction at C(2) c

Decarboxylation at C-terminal C(2) d 
Ala-Gly DBNBS 1.39 0.93 (2H) 0.22 (1N) Decarboxylation at C-terminal C(2) 
N-Acetylvaline DBNBS 1.39 H-abstraction at C(2) 
N-Acetylleucine DBNBS 1.42 H-abstraction at C(2) 
N(α)-Acetyllysine DBNBS

DMPO

1.33
1.38
1.49
1.56

0.73 (1H)
1.80 (1H)
2.35 (1H)

0.28 (1N)

H-abstraction at C(2)
Side chain [not C(3)]
Nitrogen-centred on side chain e

Carbon-centred 
N(ε)-Acetyllysine DBNBS

DMPO
1.35
1.60
1.56

0.67 (1H)
2.54 (1H)
2.19 (1H)

Side chain
Carbon-centred
Carbon-centred 

N(α),N(ε)-Diacetyllysine DBNBS 1.33
1.38 0.75 (1H)

H-abstraction at C(2)
Side chain [not C(3)] 

Gly-Lys, Gly-Gly-Lys DBNBS

DMPO

1.33
1.38
1.49
1.56

0.73 (1H)
1.82 (1H)
2.35 (1H)

0.29 (1N)

H-abstraction at C-terminal C(2)
Lys side chain [not C(3)]
Nitrogen-centred on Lys side chain
Carbon-centred 

Lys-Gly DBNBS 1.36 0.92 (1H) Lys side chain at C(3) 
N-Acetylhistidine DBNBS 1.33 H-abstraction at C(2)
Gly-His DBNBS

DMPO

1.33
1.36
1.52

0.72 (1H)
1.98 (1H)

H-abstraction at C-terminal C(2)
His side chain at C(3)
Carbon-centred 

N-Acetylaspartic acid DBNBS 1.33 H-abstraction at C(2) 
N-Acetylglutamic acid DBNBS 1.32 H-abstraction at C(2) 
N-Acetyltyrosine DBNBS 1.33 H-abstraction at C(2) 
Gly-Tyr DBNBS 1.36 H-abstraction at C-terminal C(2) 
Tyr-Gly DBNBS 1.33 H-abstraction at N-terminal C(2) 
Tyr-Tyr DBNBS 1.49

1.33
1.19 (2H) 0.07 (2H) b β-scission

H-abstraction at C(2) 
N-Acetylphenylalanine DBNBS 1.33

1.44
1.36

0.72 (1H)
0.61 (1H) 0.25 (1N)

H-abstraction at C(2)
Side chain C(3)
Decarboxylation at C(2) d 

N-Acetylphenylalanine-OMe DBNBS 1.44
1.33

0.72 (1H) Side chain C(3)
H-abstraction at C(2) 

N-Acetylproline,
N-Acetylhydroxyproline

DBNBS 0.97 Acyl type radical [?CO(R)]  

Gly-Pro DBNBS 1.33
1.39 1.19 (1H)

H-abstraction at C-terminal C(2)
Pro side chain 

Gly-Hyp DBNBS 1.33 H-abstraction at C-terminal C(2) 
Pro-Gly DBNBS 1.39 0.37 (1H) Pro side chain [not C(4)]

a ±0.02 mT. b Splitting due to the hydrogens at positions 2 and 6 on the aromatic ring of DBNBS. c Only observed at pH > 7.d Only observed at
pH < 6. e Parameters for radical adduct detected at pH values >5. At pH 4 an alternative species with parameters a(N) 1.42, a(H) 1.84, a(N) 0.32 mT
is observed. This second signal is assigned to the protonated aminyl radical.

[generated using an Fe21–EDTA/H2O2 redox couple; a(N) 1.36,
a(H) 0.69 mT and a(N) 1.36, a(H) 0.50 mT]. The exact identity
of the former adduct has not been established; it is tentatively
assigned to the C(3) radical formed by a 1,4-hydrogen atom
shift reaction, but an alternative assignment to a C(2) radical
formed by decarboxylation (see below) cannot be excluded. The
formation of a tertiary radical at C(2) via a 1,5-shift is probably
not favoured in this case due to the de-stabilising influence of
the protonated amino group on radicals formed at this site in
the free amino acid.35,36

Further evidence for intra-molecular 1,5-hydrogen atom shift
reactions of aminyl radicals arises from the results obtained
with leucine and isoleucine. These amino acids, in contrast to
valine where a tertiary radical [presumed to be the C(3) species
formed via inter-molecular abstraction] is detected, give high
yields of adducts from radicals with the partial structure
?CH2R [cf. Figs. 4(a),(b)]. These are thought to arise from

hydrogen abstraction at the side-chain methyl groups. Similarly
nor-valine (2-aminopentanoic acid) gives rise, at short reaction
times, to spectra consistent with the trapping of a primary rad-
ical [presumed to be via hydrogen atom abstraction at C(5)]
rather than a secondary radical. At longer reaction times a
second signal from a (more stable) secondary radical domin-
ates. The preferential attack at these primary sites compared to
tertiary or secondary positions, is ascribed to the occurrence of
a favourable intra-molecular 1,5-hydrogen-atom abstraction
reaction by the aminyl radical with leucine, isoleucine and
nor-valine.

No definitive evidence has been obtained for the occurrence
of rapid 1,2-hydrogen atom abstraction reactions (cf. data for
alkoxyl radicals in aqueous solution 37,38), though it is possible
that such reactions are occurring and that the species generated
by this process rapidly undergo further reaction (e.g. decarboxyl-
ation, see below). Such 1,2 shifts might however not be expected
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to be favoured with the free amino acids due to the formation
of an α-carbon [C(2)] radical [or C(6) in the case of the lysine
side-chain] with a neighbouring protonated amino group. The
situation with amide groups (e.g. with N-acetyl derivatives and
peptides) where this deactivating influence is removed is differ-
ent (see below).

Decarboxylation.—Evidence has been obtained for the
occurrence of two different processes which give rise to decarb-
oxylation of free amino acids; in one case CO2~2 is formed, in
the other CO2 is lost.

The first mode of decarboxylation involves the formation of
CO2~2 from the carboxyl function. This process has been
observed with a number of the amino acids using DMPO as the
spin trap, and the identity of this species has been confirmed for
lysine using [1-13C]lysine [Figs. 5(a),(b)]. The formation of this
species is oxygen dependent, suggesting that this is a secondary
radical. One possible mechanism of formation of this species
involves the initial generation of an α-carbon [C(2)]-centred
radical and subsequent reaction with oxygen, formation of an
alkoxyl radical at this site (via dimerisation of the peroxyl
radical and decomposition of the corresponding tetroxide),
and subsequent β-scission (Scheme 2). The latter reactions in

this scheme have been previously demonstrated to occur when
α-carbon alkoxyl radicals are generated from the corresponding
hydroperoxide.39 The initial α-carbon radical required for such
a process may arise via a rapid 1,2-hydrogen atom shift of the
initial aminyl radical; the corresponding process with alkoxyl
radicals in aqueous solution is fast (k ca. 107 s21).37,38

Fig. 4 EPR spectra observed during the early stages of reaction of (a)
valine (50 m) and (b) leucine (50 m) with HOCl (6.25 m) and Fe21

(0.25 m) in the presence of DBNBS (2.5 m) at pH 7.4. Signal in (a)
assigned to a carbon-centred radical produced on hydrogen abstraction
at either C(2) or C(3). Signal in (b) assigned to a carbon-centred radical
adduct formed by hydrogen abstraction from a side chain methyl group.
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The second decarboxylation process occurs primarily at
lower pH (<6) and results in the formation of α-aminoalkyl
radicals which can be readily identified in some cases by the
presence of distinctive additional nitrogen couplings from their
adducts with DBNBS (cf. data for leucine in Table 2). In other
cases (e.g. lysine, histidine, arginine) the additional nitrogen
coupling from the amino group is not observed; this is in accord
with previous studies on such radicals using this trap and has
been ascribed to steric factors affecting the radical conform-
ation.35 The identity of the radicals has been confirmed in some
cases by 13C-labelling. This process does not occur with the
corresponding methyl esters (e.g. lysine methyl ester). This
decarboxylation may arise via direct reaction of HOCl with the
carboxyl group (cf. previous reports 40) or via initial formation
of a neutral or protonated aminyl radical. The latter are known
to induce decarboxylation of α-carboxyl functions (Scheme
3).41 The pH dependence of this reaction may therefore be due

either to a requirement for a protonated aminyl radical (see
data above on the pH-induced changes with lysine, and a previ-
ous report that the pKa of protonated dialkylaminyl radicals is
ca. 6.5–7.3 42), or for high concentrations of HOCl (rather than
2OCl) for the direct decarboxylation process.

Remote decarboxylation at a side-chain carboxyl group has
been detected with aspartic acid, with the identity of the
carbon-centred radical formed confirmed using [3-13C]aspartic
acid. This behaviour was not observed with glutamic acid, sug-
gesting that (at least in this case) decarboxylation is not due to
direct reaction of HOCl with the carboxylic acid group but is

Fig. 5 EPR spectra observed on reaction of (a) lysine and (b) [1-13C]-
lysine (both 50 m) with HOCl (6.25 m) and Fe21 (0.25 m) in the
presence of DMPO (167 m) at pH 7.4. Signals marked [d] assigned to
a lysine-derived side-chain carbon-centred radical adduct. Features
marked [s] assigned to the CO2~2 adduct in (a) and the 13CO2~2

adduct in (b). Signals marked [*] are due to DMPO]OH?.

Scheme 3
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instead a result of a particularly favourable intra-molecular
electron transfer to the initial aminyl radical formed from a
chloramine species at the free amino group. This hypothesis
is supported by the data obtained with N-acetylaspartic acid
(see below) where no decarboxylation is observed.

β-Scission.—Reaction of HOCl with tyrosine or phenyl-
alanine in the presence of DBNBS resulted in the detection of
short-lived signals [a(N) 1.47, a(2H) 1.19, a(2H) 0.07 mT] which
decayed rapidly over ca. 10 min [Fig. 6(a)]. A further triplet
of doublets signal [a(N) 1.42, a(H) 0.88 mT] was observed at
longer reaction times. The former signal suggests the presence
of a radical with partial structure ?CH2R with the further small
1 :2 :1 triplet attributed to coupling to the C(2) and C(6) hydro-
gens on the aromatic ring of DBNBS. This type of radical
could arise from cleavage of the amino acid side-chain on either
side of C(3) with cleavage of the C(2)]C(3) bond more likely on
thermodynamic groups (see Scheme 4). This mode of cleavage

has been confirmed, in the case of tyrosine, using [3,3-
2H2]tyrosine which results in collapse of the large 1 :2 :1 triplet
(from the -CH2- hydrogens) to a small quintet (1 :2 :3 :2 :1)
(from -C[2H]2-) [Fig. 6(b)]. The second signal [triplet of doub-
lets, Fig. 6(a)] has likewise been confirmed as arising from
hydrogen atom abstraction at C(3) to give the stabilised (substi-
tuted) benzyl radical. The latter is probably formed via an
inter-molecular hydrogen atom abstraction process, though
deprotonation at this site after initial oxidation of the aromatic
ring to the radical-cation cannot be ruled out.

The cleavage of the C(2)]C(3) bond observed with these two
substrates is believed to arise via β-scission of the initial
nitrogen-centred radical (which has been trapped with tyrosine,
see above) in a manner analogous to tertiary alkoxyl radicals.43

This process would be expected to be particularly favourable
with these substrates, compared to other modes of reaction,
as it results in the generation of stabilised benzyl radicals.

Fig. 6 EPR spectra observed during the early stages of reaction of (a)
tyrosine and (b) [3,3-2H2]tyrosine (both saturated solutions) with HOCl
(6.25 m) and Fe21 (0.25 m) in the presence of DBNBS (2.5 m) at
pH 7.4. Features in (a) assigned to two different carbon-centred radical
adducts formed at C(3) as a result of β-scission [d] and hydrogen
abstraction [s] respectively. Signals in (b) assigned to the adduct of the
carbon-centred radical at C(3) formed as a result of β-scission of the
deuterated substrate.

Scheme 4
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β-Scission reactions of nitrogen-centred species have been
proposed in a previous product study.44

N-Acetyl amino acids and peptides. Reaction of HOCl with
N-acetyl derivatives and small peptides at pH 7.4 in the pres-
ence of DBNBS resulted, in the majority of cases, in the detec-
tion of radicals resulting from loss of a hydrogen atom from the
α-carbon [C(2)] (see Table 3). Different behaviour was observed
at lower pH values (see below). Nitrogen splittings from the
N-terminal amino group of such C(2) radicals were not
observed (cf. previous data 35). In some cases no signals were
observed when DMPO was employed as the spin trap; in those
cases where carbon-centred species were observed these are
thought to be due to the species also detected with DBNBS.

The predominant formation of α-carbon [C(2)] radicals with
N-acetylamino acids is believed to occur via the formation of
short-lived chloramide species which decompose rapidly to give
(undetected) amidyl radicals which subsequently undergo 1,2-
hydrogen atom shift reactions and/or inter-molecular hydrogen
atom abstraction to give carbon-centred radicals at side-chain
sites. The former process appears to predominate in most
cases, presumably as a result of the stability of α-carbon rad-
icals (via the capto-dative effect) which do not have a neigh-
bouring protonated amine function.36 Previous studies have
shown that there is little delocalisation of the unpaired elec-
tron onto the carbonyl group of amidyl radicals,45 and that
these species react primarily through the nitrogen atom rather
than oxygen.46,47

In the case of the N-acetylamino acids there is only one pos-
sible α-carbon [C(2)] site. However with the di- (and higher)
peptides this species could theoretically be formed at either the
N-terminal α-carbon [C(2)] or at mid-chain/C-terminal posi-
tions depending on whether initial reaction with HOCl occurs
at the N-terminal amino group or at amide groups down the
chain. Given the higher rate of reaction at the free amino group
compared to amide positions, the former is likely to predomin-
ate. This hypothesis is supported by the data from Tyr-Gly,
where the α-carbon [C(2)] radical formed at the two possible
positions would give different spectra—only a radical formed at
the Tyr position, presumably as a result of a 1,2-shift of an
initial nitrogen-centred species formed at the N-terminal amino
group, was observed. With increasing peptide chain lengths,
and higher HOCl concentrations, reaction at mid-chain sites
will presumably become more important (cf. the detection of
backbone fragmentation with proteins 25).

Significant yields of side-chain derived radicals were only
observed with lysine-containing peptides, where radicals appear
to be generated as a result of reaction at both the side-chain
amino group (as observed with the free amino acid) and also at
the amide or free amino groups on the backbone, and with
derivatives and peptides with aromatic side-chains where
hydrogen atom abstraction at C(3) occurs readily presumably
due to the stability of these species. The detection of a radical
with partial structure ?CH2R from the dipeptide Tyr-Tyr
suggests that β-scission processes can also occur with aminyl
radicals formed at N-terminal amine groups (cf. data with the
free amino acid above). The corresponding amidyl radical does
not appear to behave in a similar manner {cf. the α-carbon
[C(2)] radicals detected with N-Ac-Tyr and Gly-Tyr}.

In some cases further species were detected at longer reaction
times; these species were more prominent and dominant at
lower pH (<6). These additional species are ascribed to rad-
icals formed by decarboxylation at the C-terminus. Thus (Gly)n

peptides gave signals from radical adducts with partial structure
?CH2NR (Fig. 7). The mechanism of this decarboxylation pro-
cess is not fully understood, but may be similar to that observed
with the free amino acids at pH values <6. In these cases ami-
dyl radicals may be involved due to the remote nature of the
free amine function from the free carboxyl group in some of the
longer peptide chains, or the decarboxylation may involve a
direct reaction between the carboxyl function and HOCl.
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Conclusions
This study demonstrates that the reaction of HOCl with free
amino acids gives rise to chloramines at free amino groups
which can be detected by their characteristic UV absorption
bands. The formation of these species is rapid; their decom-
position is slower and structure dependent. The decomposition
of these intermediates occurs over a similar time scale as radical
formation as detected by EPR spin trapping. The radical con-
centrations in the latter experiments are increased by the
presence of Fe21, which is known to catalyse the decomposition
of chloramines to radicals.48,49 Chloramides were not detected
with N-acetylamino acids or peptides with no free amino group
(cf. the detection of analogous species in organic solvents 50).
Rapid reaction with these compounds does however occur as
evidenced by the loss of the 2OCl absorption band; these species
presumably decay rapidly under the conditions employed in the
present study and this is in accord with studies on simple
amides in aqueous solution.29

With some substrates the initial nitrogen-centred (aminyl)
radicals have been trapped. pH studies with free lysine and N-
Ac-Lys suggest that, at least in these cases, the radical adducts
are the neutral RNH?-derived species at pH 7.4, rather than the
protonated (RNH2~1-derived) adducts; the latter have been
detected at lower pH values (5 and below). The pKa values for
these species are therefore somewhere between these values; a
previous study has reported pKa values for protonated
dialkylaminyl radicals of ca. 6.5–7.3;42 the (apparently) lower
values obtained in this study may reflect the less substituted
(mono-alkyl) nature of these radicals. It is therefore unclear
which is the major reactive species in most of the reactions
under study, though both the pH profiles observed with lysine
and N-Ac-Lys, and the occurrence of additional reaction
pathways at pH values < ca. 6 suggest that the neutral aminyl
radical may be the major reactive species present at pH 7.4.

The high concentrations of DMPO required (0.1–0.2  for
ornithine) for the detection of these nitrogen-centred radicals
suggest that alternative reactions of these radicals are fast. If it
is assumed that these nitrogen-centred radicals react with
DMPO at rates similar to those for alkoxyl and thiyl radicals
(i.e. 107–108 dm3 mol21 s21 51) then the rate constants for alterna-
tive (unimolecular) reactions must be > 107 s21 in the case of
ornithine. The nitrogen-centred species from lysine can however
still be detected, though at much lower concentrations, with 10
m DMPO, which suggests that the rate of rearrangement/
fragmentation of this species is of the order of 106 s21. These
values are of the same order of magnitude as the corresponding
alkoxyl radical reactions.37,38,43 In many cases only carbon-
centred radicals arising from the rapid subsequent reaction of
these radicals are observed. Evidence has been obtained for the
formation of inter- and intra-molecular (1,5-, 1,2- and possibly
1,4-) hydrogen atom abstractions by these species. Previous
studies with other amidyl radicals in organic solvents have
also obtained evidence for intra-molecular 1,5- and 1,4-shift
reactions, with the latter being much less favoured.48,50,52 Little

Fig. 7 EPR spectrum observed after 60 min of reaction of Gly-Gly
(50 m) with HOCl (6.25 m) and Fe21 (0.25 m) in the presence of
DBNBS (2.5 m) at pH 7.4. Signal assigned to the adduct of a carbon-
centred radical formed at C(2) at the C-terminus via decarboxylation of
the peptide.

previous evidence has been obtained for the occurrence of
1,2-shift reactions with amidyl radicals; this process, like the
corresponding alkoxyl radical reactions, may only occur to
a significant extent in aqueous or alcoholic solvents due to the
requirement for a water (or alcohol) molecule in the transition
state.53 The quantitative importance of these different reaction
pathways is impossible to ascertain from the current data, due
to the paucity of data on the kinetics of trapping of these types
of radicals.

Decarboxylation appears to occur readily when there is a
neighbouring carboxyl substituent. This process occurs via an
oxygen-dependent pathway at pH 7.4, which is postulated to
involve a 1,2-shift to give an α-carbon [C(2)] radical, and an
alkoxyl radical which undergoes a β-scission process releasing
CO2~2 (cf. reactions of hydroperoxide-derived radicals 39). An
alternative decarboxylation reaction predominates at lower pH
values and gives rise to α-aminoalkyl radicals; the mechanism
of this latter process is less clear, though some evidence has
been obtained to suggest that it does not occur via a direct
reaction of HOCl with the carboxyl function (though such
reactions are known to occur in other situations, e.g. with carbo-
hydrates 54), and may involve a protonated aminyl species. The
products that would be expected from such a radical-mediated
process are in accord with those that are observed experi-
mentally.17,22,55 Direct β-scission of the initial aminyl radical has
been observed with some amino acids; this process only com-
petes effectively with other processes when the radical formed
via cleavage of the C(2)]C(3) bond generates a particularly
stable radical—in this case benzyl (or substituted benzyl)
species. Previous studies have suggested that β-scission only
occurs under particularly favourable circumstances.44,50

Reaction of HOCl with N-acetylamino acids or small peptides
gives radicals predominantly at α-carbon sites via reaction at
N-terminal free amine groups or amide (peptide) bonds. It is
proposed that these carbon-centred radicals are produced as a
result of the rearrangement of initial nitrogen-centred radicals
formed on cleavage of the N]Cl bond of the chloramine/
chloramide species by a 1,2 shift reaction. Reaction at the free
amine groups appears to be preferred, and is in accord with
previous studies which have shown that N-terminal, or lysine
side-chain, amino groups are favoured over amide groups at
least when low concentrations of HOCl are employed.20,25

Reaction at amide sites when either all free amino groups are
blocked, or when high concentrations of HOCl are employed,
with subsequent formation of α-carbon radicals may be of con-
siderable biological significance as α-carbon radicals are
known, in the presence of oxygen, to give rise to backbone
fragmentation via the formation of peroxyl and/or alkoxyl
radicals.56 This data provides a rationale for the observation
that significant levels of protein fragmentation are only
detected above particular, protein-dependent, threshold con-
centrations of HOCl which correspond (approximately) to the
number of HOCl-reactive side-chains in the protein, and that
decreasing the number of such sites (e.g. by chemical block-
ing) results in an increased extent of protein backbone
fragmentation.25

Experimental
Solutions were made up in high-purity, de-ionised water; metal-
ion solutions were degassed before, and during, experiments
using oxygen-free nitrogen. pH control was achieved by use of
50 m phosphate buffer for experiments at pH 7.4; sulfuric acid
was employed to achieve lower pH values in other experiments.
All amino acids and derivatives were from Sigma or Bachem
and used as supplied. Isotopically-labelled derivatives were
obtained from Cambridge Isotope Laboratories or C/D/N
isotopes. DMPO was purified before use by treatment with
activated charcoal. DBNBS was synthesised as described previ-
ously.57 Solutions of NaOCl were prepared daily by dilution of
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a concentrated stock solution (BDH; approx. 1  in 0.1 
NaOH) into 50 m pH 7.4 phosphate buffer. The concentration
of HOCl/2OCl was determined by measuring the absorbance
of the chloramine adduct generated on addition of HOCl to a
solution containing taurine (0.1 ) at 252 nm, based on an
extinction coefficient of 429 dm3 mol21 cm21.26

EPR spectra were recorded at room temperature using
Bruker EMX [with either a standard rectangular (ER 4102ST)
or cylindrical (ER 4103TM) cavity] or Jeol RE-1X X-band
spectrometers with 100 KHz modulation. Hyperfine couplings
were measured directly from the field scan after calibration.
Samples were contained in a standard, flattened, aqueous sam-
ple cell, and the recording of spectra was usually initiated with-
in 120 s of the start of the reaction. Sequential spectra were
recorded for up to 60 min after initiation of the reaction. Con-
centrations of reagents (after mixing) were as stated in the text
and figure legends. The hyperfine couplings were confirmed, in
the majority of cases, by spectral simulation using the program
WINSIM.58 The accuracy of each simulation was assessed by
direct comparison with experimental data, with the correlation
coefficient usually > 0.95. Typical EPR spectrometer settings
were as follows; Bruker EMX spectrometer: gain 1 × 106,
modulation amplitude 0.05 mT, time constant 81.92 ms, con-
version time 40.96 ms, scan time 41.94 s, centre field 348 mT,
field scan 10 mT, power 25 mW, frequency 9.76 GHz, resolution
1024 points, average of 8 scans; JEOL RE-1X spectrometer:
gain 2 × 103, modulation amplitude 0.1 mT, time constant 0.3 s,
scan time 480 s, centre field 334.5 mT, field scan 10 mT, power
10 mW, frequency 9.38 GHz.

The UV–VIS spectra were recorded on either Hitachi U-3210
or Perkin-Elmer Lambda 40 spectrophotometers.
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