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ABSTRACT: Hypochlorous acid (HOCl) is a powerful oxidant generated from H2O2 and Cl- by the heme
enzyme myeloperoxidase, which is released from activated leukocytes. HOCl possesses potent antibacterial
properties, but excessive production can lead to host tissue damage that occurs in numerous human
pathologies. As proteins and amino acids are highly abundant in vivo and react rapidly with HOCl, they
are likely to be major targets for HOCl. In this study, two small globular proteins, lysozyme and insulin,
have been oxidized with increasing excesses of HOCl to determine whether the pattern of HOCl-mediated
amino acid consumption is consistent with reported kinetic data for isolated amino acids and model
compounds. Identical experiments have been carried out with mixtures ofN-acetyl amino acids (to prevent
reaction at theR-amino groups) that mimic the protein composition to examine the role of protein structure
on reactivity. The results indicate that tertiary structure facilitates secondary chlorine transfer reactions of
chloramines formed on His and Lys side chains. In light of these data, second-order rate constants for
reactions of Lys side chain and Gly chloramines with Trp side chains and disulfide bonds have been
determined, together with those for further oxidation of Met sulfoxide by HOCl and His side chain
chloramines. Computational kinetic models incorporating these additional rate constants closely predict
the experimentally observed amino acid consumption. These studies provide insight into the roles of
chloramine formation and three-dimensional structure on the reactions of HOCl with isolated proteins
and demonstrate that kinetic models can predict the outcome of HOCl-mediated protein oxidation.

Hypochlorous acid (HOCl)1 is a strong oxidant that has
potent antibacterial properties and is produced in vivo by
activated leukocytes as part of the mammalian immune
defense system (1, 2). Upon activation, leukocytes undergo
a respiratory burst to produce superoxide via an NADPH
oxidase enzyme system (3); the superoxide radicals rapidly
dismutate to generate H2O2. Simultaneously, activated leu-
kocytes release inflammatory mediators including cytokines
and chemokines, together with a range of enzymes that can
inactivate invading pathogens, including proteases (2) and
the heme enzyme myeloperoxidase (MPO), which utilizes
H2O2 and physiological concentrations of Cl- ions to generate
HOCl (1). While HOCl and MPO play an important
beneficial role in immune defense, they are also strongly
implicated in mediating tissue damage that has been observed
in a wide range of inflammatory diseases, including athero-
sclerosis (reviewed in refs4-6), cystic fibrosis (7, 8), kidney
disease (9), and neurodegenerative disorders (10).

Over the past few years there has been increasing interest
in understanding the reactions of HOCl with biological
substrates, primarily as a consequence of the role of HOCl
in human diseases. There are now extensive kinetic data for
the biological reactions of HOCl (11-17; reviewed in refs
18 and 19), showing that amines and sulfur-containing
compounds are major kinetic targets. These functional groups
are prevalent in amino acids, peptides, and proteins in the
form of Lys, His, Cys, and Met side chains. Proteins and
R-amino acids are major constituents of most biological
systems, including cells, tissue, and biological fluids, render-
ing them likely targets for HOCl-mediated damage (20).

The consequences of protein damage by HOCl have been
studied extensively (21-28). Typically, facile oxidation of
Met and Cys residues is observed, together with widespread
formation of chloramines (RR′N-Cl) at higher HOCl
concentrations. Modifications to the aromatic side chains are
also observed, particularly oxidation of Trp (indolic) residues
and chlorination of Tyr (phenolic) side chains. The ac-
cumulated kinetic data for these reactions have previously
been incorporated into computational kinetic models in an
effort to predict the expected HOCl-mediated modifications
of proteins of known amino acid composition (11, 12, 18,
29). In cases where these models have been compared to
the experimental data, there is gross agreement between the
data, but typically the consumption of residues such as Trp
and Tyr is underestimated, while that for His and Lys is
overestimated (4, 11, 12, 18). This is probably due to a
combination of two factors: (i) secondary reactions of the

† This work was supported by grants from the Australian Research
Council under the ARC Centers of Excellence program and from the
National Health and Medical Research Council.

* To whom correspondence should be addressed. Telephone:+61-
2-8208-8900. Fax:+61-2-9565-5584. E-mail: pattisond@hri.org.au.

1 Abbreviations: Apo A-I, apolipoprotein A-I; Apo B-100, apoli-
poprotein B-100; Cl-Tyr, 3-chlorotyrosine; HOCl, the equilibrium
mixture of hypochlorous acid and its anion, OCl-, at physiological pH
7.4; HPLC, high-performance liquid chromatography; IAACl, the
imidazole chloramine of 4-imidazoleacetic acid; LDL, low-density
lipoproteins; MetS(O), methionine sulfoxide; MPO, myeloperoxidase;
TNB, 5-thio-2-nitrobenzoic acid.

9853Biochemistry2007,46, 9853-9864

10.1021/bi7008294 CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/03/2007



initially formed chloramines and (ii) protein tertiary structure,
which may be expected to protect some residues, while
favoring damage to other sites.

It is well-established that chloramines are major products
of HOCl-mediated protein oxidation, with these known to
undergo a range of further reactions (reviewed in refs18,
28, and 30), including hydrolysis (via imines) to form
carbonyls (23, 31), one-electron reduction to form nitrogen-
centered radicals (28, 32), and chlorine transfer reactions
(33-38). Carbonyl and radical formation typically leads to
modification of the amine moiety, whereas chlorine transfer
reactions regenerate the parent amine and result in transfer
of damage to other target molecules. There is considerable
kinetic evidence available for chlorine transfer reactions of
chloramines (reviewed in ref18), with imidazole chloramines
particularly reactive (33). Chlorine transfer reactions from
chloramines are believed to be important in the formation
of the marker compound, 3-chloro-Tyr (Cl-Tyr) (39). Fur-
thermore, slow equilibration of N-Cl bonds in a mixture of
primary amines and chloramines (e.g., between Gly and
taurine sites) has been demonstrated (35), and all of these
species react readily with sulfur-containing residues (36).

It has been shown that protein structure can influence the
reactions of HOCl with proteins. Oxidation of Apo A-I with
either reagent HOCl or a more physiologically relevant MPO/
H2O2/Cl- system results in much greater chlorination of one
specific Tyr residue (Tyr-192) than the other six Tyr residues
in Apo A-I (21, 40). This has been attributed to a number of
factors, including (i) chlorine transfer from chloramines
generated on a nearby Lys residue (Lys-195) (21), (ii)
quenching of HOCl by nearby Met residues in the case of
other Tyr residues (24), or (iii) localized formation of HOCl
due to binding between MPO and Apo A-I (40). The latter
proposal cannot explain the selectivity observed by reagent
HOCl but has similarly been postulated to account for the
selective oxidation of theR-amino group in Apo B-100
following oxidation of low-density lipoproteins (LDL) by
MPO/H2O2/Cl- (41).

In the current work, the consumption of amino acid side
chains by HOCl in two small proteins [insulin (5.7 kDa) and
lysozyme (14.4 kDa)] has been investigated. Lysozyme is
one of the key enzymes released by activated neutrophils
and has been shown to be readily inactivated by HOCl (22,
42). Furthermore, these proteins do not contain any free Cys
residues and only low levels of Met and Trp (all of which
are major kinetic targets for HOCl); the absence of these
residues promotes chloramine formation, thereby allowing
the effects of chloramine transfer reactions to be studied more
readily. To assess the influence of chloramine transfer
reactions and protein structure in determining the pattern of
amino acid consumption, the data have been compared to
those for identical experiments withN-acetyl amino acid
mixtures that mimic the protein composition. The results
suggest that chloramine transfer reactions are important and,
even in relatively small proteins, tertiary structure plays a
role in determining the outcome of HOCl-mediated protein
oxidation. In the light of these data, second-order rate
constants have been determined for chloramine reactions with
Trp residues, disulfide bonds, and Met sulfoxide [MetS(O);
the primary Met oxidation product] to supplement existing
kinetic data (33, 35-37; reviewed in ref18). These data have
been used to extend previous computational models for

HOCl-mediated oxidation of proteins with known amino acid
composition (11, 12, 18, 29). The experimental amino acid
consumption observed for insulin and lysozyme is closely
predicted using these revised models.

EXPERIMENTAL PROCEDURES

Materials. All chemicals were obtained from Sigma/
Aldrich/Fluka (Castle Hill, NSW, Australia) and used as
received, with the exception of sodium hypochlorite (in 0.1
M NaOH, low in bromide; BDH Chemicals, Poole, U.K.)
andN-acetyl-Met sulfoxide (Bachem, Bubendorf, Switzer-
land). The HOCl was standardized by measuring the absor-
bance at 292 nm at pH 12 [ε292(-OCl) ) 350 M-1 cm-1 (43)].
All studies (unless otherwise stated) were performed in 0.1
M phosphate buffer (pH 7.4) which was prepared using Milli
Q treated water and treated with Chelex resin (Bio-Rad,
Hercules, CA) to remove contaminating metal ions. The pH
values of solutions were adjusted, where necessary, to pH
7.4 using 100 mM H2SO4 or 100 mM NaOH.

Kinetic Studies.Kinetic studies were undertaken using a
Perkin-Elmer Lambda 40 UV/vis spectrometer interfaced to
a PC running WinLab and KinLab software. An SFA-20
stopped-flow accessory (Hitech Scientific, Bradford on Avon,
U.K.) was utilized to obtain accurate kinetic data when the
reactions were complete within 10 min of mixing. In this
case data were acquired sequentially at single wavelengths
(from 320 to 230 nm, at 10 nm intervals) and later combined
to give time-dependent spectral data (see below for details
of analysis). For reactions occurring over longer time scales
(>10 min) the spectral region from 320 to 220 nm was
scanned (960 nm min-1) at regular intervals (between 1 and
30 min) for the duration of the reaction. The cell holder of
the UV/vis spectrometer was held at a constant temperature
(22 °C) by a Peltier block, and for stopped-flow experiments
the temperature of the solutions was also maintained at 22
°C by circulating water from a thermostated water bath. All
measurements were taken relative to a 0.1 M phosphate
buffer baseline.

Where possible, HOCl was kept as the limiting reagent
with at least a 4-fold excess of substrate. For kinetic studies
on the Trp model, the concentration of 3-indolepropionic acid
was determined spectrophotometrically using the extinction
coefficient for Trp at 280 nm (pH 6.5) ofε280 ) 5690 M-1

cm-1 (44). Data were processed both by single wavelength
analysis (Origin 7.0552; OriginLab Corp.) and global analysis
methods (Specfit, Version 3.0.36; Spectrum Software
Associates; see http://www.bio-logic.fr/rapid-kinetics/
specfit.html for further details). All reported rate constants
are averages of at least five determinations, with errors
specified as 95% confidence limits.

Determination of First-Order Rate Constants for Chloram-
ine Decay. The rates of decay of model Lys and His side
chain chloramines, orR-amino chloramines, were determined
following mixing of a 10:1 excess of substrate over HOCl
for N-R-acetyl-Lys, 6-aminocaproic acid, and Gly or a 1.1-
fold substrate excess over HOCl for 4-imidazole acetic acid
andN-R-acetyl-His. Aliquots (20µL) of the solutions were
removed at various intervals over 7 days for theN-R-acetyl-
Lys, 6-aminocaproic acid, and Gly chloramines and over 6
h for the imidazole chloramines before being assayed for
chloramine concentration with 5-thio-2-nitrobenzoic acid
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(TNB; 1 mL) (32, 45). The first-order rate constants for
chloramine decay were determined from linear plots of ln-
([chloramine]/M) versus time (s), with the gradients corre-
sponding to-k (s-1) for each chloramine studied.

Preparation of N-Acetyl Amino Acid Mixtures To Mimic
Insulin and Lysozyme.The amino acid compositions for
insulin and lysozyme were obtained from Swissprot (Primary
Accession Numbers P01317 and P00698, respectively). Stock
solutions of each individualN-acetyl amino acid were
prepared such that mixing equal volumes of each stock
solution yielded the desired amino acid composition. (N-R-
Acetyl-Cys)2, N-R-acetyl-Trp, andN-R-acetyl-Tyr were too
insoluble to prepare concentrated stock solutions and were
dissolved directly into the finalN-acetyl amino acid mixture.
The concentrations of individualN-acetyl amino acids in the
resulting mixtures deviated by<3% relative to the parent
protein composition, as assessed by weighed mass relative
to the amino acid compositions.

Preparation of Samples for Total Amino Acid Analysis by
HPLC. Insulin, lysozyme, or the correspondingN-acetyl
amino acid mixtures were incubated with varying molar
excesses of HOCl for 24 h at 22°C or 3 h at 37°C.
Following incubation the samples were freeze-dried in situ
to prevent loss of material and redissolved in 150µL of
preprepared 4 M methanesulfonic acid containing 0.2% w/v
tryptamine (from Sigma; packaged under Ar). Use of high-
purity methanesulfonic acid minimized the interconversion
between Met and MetS(O) observed under hydrolysis condi-
tions (46). The samples were then hydrolyzed overnight and
prepared for analysis by HPLC as described previously (22,
46).

HPLC Instrumentation and Methods.The amino acids
were separated by HPLC after precolumn derivatization with
o-phthaldialdehyde reagent (from Sigma; with 2-mercapto-
ethanol added) for 1 min before injection onto an Ultrasphere
ODS column (4.6 mm× 250 mm, 5µm particle size) from
Beckman-Coulter and separation on a Shimadzu HPLC
system at 30°C, 1 mL min-1, using the following gradient:
isocratic 95% solvent A and 5% solvent B for 7 min, then
to 25% B over 10 min, 50% B over a further 10 min, with
isocratic 50% B for 8 min before increasing to 100% B over
5 min, washing with 100% B for 5 min, and then reequili-
bration to 95% solvent A and 5% solvent B over 10 min.
Solvent A contained 50 mM sodium acetate (pH 5.0), 2.5%
(v/v) tetrahydrofuran, and 20% (v/v) methanol, and solvent
B contained 50 mM sodium acetate, 2.5% (v/v) tetrahydro-
furan, and 80% (v/v) methanol. Amino acid derivatives were
detected by their fluorescence (RF10A-XL; Shimadzu,
Rydalmere, NSW, Australia) at an excitation wavelength of
340 nm and an emission wavelength of 440 nm and
quantified by comparison with amino acid standards [500
µM stock solution from Sigma with MetS(O) added].

Computational Modeling.The computational modeling
studies to predict the reactions of HOCl with insulin and
lysozyme were undertaken using Specfit software and based
on previous computational models (11). The amino acid
concentrations were taken to model the experimental condi-
tions used, and reactions were simulated both over a 24 h
time scale and a time scale that resulted in full chloramine
consumption. The models were calculated using 103 or 104

time points depending on the duration of the simulated
reactions, and a log time scale was used to ensure accurate

predictions at both short (HOCl consumption) and long
(chloramine reactions) time scales.

Statistical Analysis. All statistical analyses were performed
using GraphPad Prism 4 (GraphPad Software, San Diego,
CA), with p < 0.05 taken as significant. Statistical analyses
to compare the effect of HOCl treatment to the untreated
controls were carried out using one-way ANOVA with
Dunnett’s post hoc test. Statistical analyses to compare the
extent of amino acid consumption in proteins versus the
correspondingN-acetyl amino acid mixtures were performed
using two-way ANOVA with Bonferroni post hoc testing.

RESULTS

Experimental Analysis of HOCl-Mediated Amino Acid
Consumption.The role of protein tertiary structure in
determining the pattern of HOCl-mediated protein oxidation
has been investigated by examining the extent of amino acid
oxidation/modification in insulin and lysozyme and in
mixtures of N-acetyl amino acids that mimic the protein
amino acid composition.N-Acetyl-blocked amino acid
residues were utilized to prevent reaction of HOCl with the
reactiveR-amino sites and to provide model peptide bonds
as potential targets of HOCl. Free Gly was added to the
mixtures at concentrations consistent with those for the
N-terminal amine in the protein. It was assumed that any
differences observed in the amino acid consumption for
proteins versus the protected amino acid solutions on
treatment with HOCl could be attributed to protein tertiary
structure.

(i) For Insulin and N-Acetyl Amino Acid Mixtures That
Mimic Insulin.The extent of modification of the amino acids
(with the exception of cystine) in insulin (0.5 mg mL-1, 34.7
µM) and in correspondingN-acetyl amino acid mixtures
following exposure (3 h, 37°C) to increasing molar excesses
of HOCl (0-25-fold over protein) is shown in Figure 1.

In the N-acetyl amino acid mixtures there was no
significant loss of His, Lys, or Arg residues (i.e., those that
might be expected to yield chloramines) relative to the
controls with no oxidant, although there was a trend toward
loss of Lys (Figure 1). For the insulin samples, there was
no significant loss of Lys at any molar excesses of oxidant
relative to the nonoxidant control. However, significant losses
of both His and Arg residues were observed when insulin
was treated with a 25-fold molar excess of HOCl but not at
lower oxidant concentrations. Direct comparison of the two
sets of data by two-way ANOVA (Figure 1) showed
significant increases in the consumption of His and Arg
residues in insulin compared to theN-acetyl amino acid
mixture with a 25-fold HOCl excess, but not under other
conditions. There were no significant differences in the
consumption of Lys residues between insulin and the
N-acetyl amino acid mixture.

The pattern of Tyr loss (Figure 1) was markedly different
between insulin and the correspondingN-acetyl amino acid
mixture. In both cases significant loss of Tyr was observed
with a >10-fold molar excess of HOCl. Interestingly, the
loss of Tyr was much greater in the protein samples than in
the N-acetyl amino acid mixtures, as assessed by two-way
ANOVA (Figure 1). There was also a significant difference
between the Tyr consumption in insulin and theN-acetyl
amino acid mixture at an oxidant excess of 5:1 (Figure 1),
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even though neither of these losses were significant compared
to the corresponding nonoxidant controls. It was not possible
to assess the oxidation/consumption of cystine residues,
although they may be a major target (18, 28), as these are
destroyed by acid hydrolysis.

(ii) For Lysozyme and N-Acetyl Amino Acid Mixtures That
Mimic Lysozyme.The HOCl-induced (0-25-fold molar
excess over protein) consumption of amino acid residues in
lysozyme (0.5 mg mL-1, 87.2 µM) and the corresponding
N-acetyl amino acid mixture was investigated over 24 h at
22 °C (Figure 2) and at 37°C for 3 h; there were no
significant differences between the results obtained under
these two different incubation conditions.

For the N-acetyl amino acid mixture there was no
significant loss of His, Lys, or Arg residues relative to control
at any excess of oxidant, though there was a trend toward
loss of Lys. Similarly, in lysozyme no significant loss of
Arg was observed, but significant loss of both His and Lys
residues was observed in the protein at higher oxidant
excesses (>5-fold for His and at 25-fold for Lys). Compari-
son of the protein andN-acetyl amino acid data by two-way
ANOVA showed no significant differences in Arg loss but
revealed significantly greater losses of His and Lys in
lysozyme than theN-acetyl amino acid mixture at high
excesses of HOCl (Figure 2).

In both lysozyme and theN-acetyl amino acid mixture,
significant loss of Trp was observed relative to the controls
for all HOCl excesses>5-fold. Trp was almost totally
consumed at a 25-fold molar excess of HOCl, and there were
no significant differences detected between the lysozyme and
N-acetyl amino acid mixture (Figure 2). In contrast, while
there was no significant loss of Tyr residues observed in the
N-acetyl amino acid mixture even at the highest excess of
HOCl, there was significant loss of Tyr residues in lysozyme
at g5-fold oxidant excess; at a 25-fold excess only ca. 40%
of Tyr residues remained (Figure 2). When the consumption
of Tyr in lysozyme versus theN-acetyl amino acid mixture
was compared by two-way ANOVA, there was significantly
more consumption in lysozyme at higher oxidant excesses
(Figure 2).

Significant consumption of Met was observed for both
lysozyme and theN-acetyl amino acid mixture, with only
50% remaining with equimolar HOCl and almost total
consumption of Met with a 5-fold molar excess of HOCl.
There were no significant differences between the lysozyme
andN-acetyl amino acid data (Figure 2), except at a 2-fold
excess, where there was a greater loss in the amino acid
mixture.

It is well-established that oxidation of Met results in
sulfoxide formation (22); the extent of formation of this
species was therefore quantified. In both lysozyme and the
N-acetyl amino acid mixture there were significant increases,
compared to the untreated samples, in MetS(O) levels at all
excesses of oxidant, consistent with the rapid consumption
of Met. At the higher oxidant excesses (e.g., 25-fold) MetS-
(O) was further consumed. In the case of the protein, MetS-
(O) levels returned almost to baseline, and there was a
significant difference between the MetS(O) levels in lysozyme
and theN-acetyl amino acid mixture at this excess (Figure
2).

Determination of Chloramine Concentrations in Insulin,
Lysozyme, and the Corresponding N-Acetyl Amino Acid
Mixtures.In light of the observed changes in His, Lys, and
Arg residues and the differences between the protein and
N-acetyl amino acid mixtures, the concentration of chloram-
ines/amides generated on these residues was assessed,
particularly as it has been shown that protein chloramines
are typically less stable than those of isolated amino acids
(32).

For insulin, at all excesses of HOCl investigated, there
were significantly greater levels of chloramines/amides
present (following incubation for 3 h at 37°C) in theN-acetyl
amino acid mixture than in the protein samples (Figure 3a),
with the latter being essentially baseline levels (<2% of the
added HOCl) at all molar excesses of HOCl. However, for

FIGURE 1: Amino acid analysis showing the consumption of (a)
His, (b) Lys, (c) Arg, and (d) Tyr following treatment of insulin
(0.5 mg mL-1, 87.2 µM; white bars) or correspondingN-acetyl
amino acid mixtures to mimic insulin composition (gray bars)
following incubation with a 0-25-fold molar excess of HOCl for
3 h at 37°C. The predicted consumption data for each amino acid
after 24 h at 22°C using the computational kinetic model (see Table
4 and Table S1) are also shown (b). Statistically significant
differences between the data for insulin and the corresponding
N-acetyl amino acid mixture withp < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***) as assessed by two-way ANOVA are indicated.
Data are the mean( standard error of the mean for four or more
experiments.
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the N-acetyl amino acid mixtures, 25% of the added HOCl
remained as TNB-active material, after 3 h at 37°C, with
equimolar HOCl. While the absolute chloramine/amide
concentration increased at higher HOCl excesses (Figure 3a),
the proportion of added oxidant remaining as TNB-active
material dropped to ca. 3% at a 25-fold HOCl excess.

For lysozyme and theN-acetyl amino acid samples with
low excesses of HOCl (e5:1) the absolute levels of chloram-
ines/amides detected after 3 h incubation at 37°C were close
to zero (Figure 3c). At higher oxidant excesses a buildup of
chloramines was detected for theN-acetyl amino acid mixture
but not lysozyme (Figure 3c). This is likely to be due to the
reduced stability of protein chloramines (32), as seen with
insulin, but may also be due to inefficient quantification of
lysozyme chloramines/amides due to precipitation of the
protein at high excesses of HOCl. Similar trends were
observed following a 24 h incubation at 22°C (Figure 3b),
but the absolute levels of chloramine detected in theN-acetyl

amino acid mixtures (with HOCl excessesg5) were sig-
nificantly lower than those measured following incubation
for 3 h at 37°C (Figure 3c); this is consistent with the
thermal instability of chloramines (32).

The differences in chloramine concentrations between the
proteins and theN-acetyl amino acid mixtures are consistent
with the hypothesis that secondary reactions of chloramines
play a role in determining the pattern of amino acid
consumption in proteins. The reaction kinetics for His side
chain chloramines are well-established (33), but kinetic
studies on the less reactive chloramines of the Lys side chain
and theR-amino group of Gly (18, 35, 36) are incomplete;
the studies described below address these omissions.

Kinetics of Tryptophan Side Chain Oxidation by Lys and
Gly Chloramines.The reactions ofN-R-acetyl-Lys and Gly
chloramines (25, 50, or 125µM, to ensure excess substrate)
with 3-indolepropionic acid (80-550µM) were investigated
as a model for chloramine-mediated damage to the Trp side

FIGURE 2: Amino acid analysis showing the consumption of (a) His, (b) Lys, (c) Arg, (d) Trp, (e) Tyr, (f) Met, and (g) MetS(O) [shown
as the percentage of MetS(O) relative to [Met+ MetS(O)] in the control samples] following treatment of lysozyme (0.5 mg mL-1, 34.7
µM; white bars) or correspondingN-acetyl amino acid mixtures to mimic lysozyme composition (gray bars) following incubation with a
0-25-fold molar excess of HOCl for 24 h at 22°C. The predicted consumption data for each amino acid after 24 h at 22°C using the
computational kinetic model (see Table 4 and Table S1) are also shown (b). Statistically significant differences between the data for
lysozyme and the correspondingN-acetyl amino acid mixture withp < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) as assessed by
two-way ANOVA are indicated. Data are the mean( standard error of the mean for four or more experiments.
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chain. The UV/vis absorbance changes (Figure 4a) were
monitored over time periods of up to 18 h (65000 s), or until
reaction was complete, with a time interval between con-
secutive spectra of between 1 and 3 min. Complex absor-
bance changes were observed over time at 280 nm (λmax for
the indole absorption) with an initial absorbance decay
followed by a growth. Simpler kinetics were observed at
shorter wavelengths (240-260 nm) with an increase in
absorbance at these wavelengths. These changes are con-
sistent with those observed previously for Trp oxidation by
HOCl and His side chain chloramines and were therefore
analyzed by global analysis methods using the same mech-
anism as previously (eq 1) (11, 33). As the chlorine transfer

rates are much slower for these chloramines than HOCl, the
steady-state concentration of intermediate A remains low
throughout the reaction. Thus, the first-order rate constant
for conversion of intermediate A to intermediate B was fixed
to that obtained previously (0.1 s-1) (11) to reduce the
parametrization of the fitting process. This allowed the
second-order rate constants for reaction of chloramines with
the Trp side chain to be determined accurately, as shown in
Table 1.

These rate constants were verified by an alternative
analysis, averaging thekobs values obtained by single
exponential analysis at individual wavelengths in the range
240-290 nm. Plots ofkobs against [3-indolepropionic acid]
yielded straight lines, with the gradients equal to the second-

order rate constant for the appearance of the final reaction
product. In these experiments, these derived second-order
rate constants are equivalent to that for the initial reaction
of chloramines with the Trp side chains (Figure 4b, Table
1), as the low reactant concentrations mean that the initial
oxidation process is the rate-determining step, consistent with
the global analysis fits.

Kinetics of Disulfide Bond Oxidation by Lys and Gly
Chloramines.The rates of oxidation of disulfide bonds by
N-R-acetyl-Lys and Gly chloramines (0.25, 0.5, or 1.0 mM,
to ensure excess substrate) were investigated by reaction with
3,3′-dithiodipropionic acid (1.0-4.0 mM). At zero time, a
strong absorption band was observed withλmax ) 248 nm,
which was attributed to the absorbance of 3,3′-dithiodipro-
pionic acid. Over time (from 0.5 to 2.5 h depending on the
substrate concentration) the absorbance maximum shifted to
lower wavelength (λmax, 244 nm) with simple exponential
kinetics observed either side of the absorbance maxima.
Global analysis of these data using a simple mechanism
(chloramine+ disulfidef product) yielded the second-order
rate constants given in Table 1.

The data were also analyzed by plotting the averagekobs

values obtained from single wavelength analysis against [3,3′-
dithiodipropionic acid]. At lower concentrations of 3,3′-
dithiodipropionic acid (1.0-4.0 mM) a linear relationship

FIGURE 3: Chloramine concentrations measured in protein (white
bars) or correspondingN-acetyl amino acid mixtures to mimic
protein composition (gray bars) following incubation with a 0-25-
fold molar excess of HOCl for the prescribed time and tempera-
ture: (a) insulin (0.5 mg mL-1, 87.2µM) after 3 h at 37°C; (b)
lysozyme (0.5 mg mL-1, 34.7 µM) after 24 h at 22°C; and (c)
lysozyme (0.5 mg mL-1, 34.7µM) after 3 h at 37°C.

FIGURE 4: Kinetic data for the oxidation of 3-indolepropionic acid
(a model of the Trp side chain) with the chloramines ofN-R-acetyl-
Lys and Gly. (a) Absorbance changes observed over 12 h following
mixing of 3-indolepropionic acid (500µM) with N-R-acetyl-Lys
chloramine (125µM) at 22°C and pH 7.4. The spectrum obtained
at t ) 0 h is shown as a dotted line, with subsequent spectra shown
at 1 h intervals (the arrows indicate the direction of absorbance
change). (b) Linear analysis of the observed pseudo-first-order rate
constants against [3-indolepropionic acid] forN-R-acetyl-Lys (9)
and Gly (2) chloramines. The gradients of the linear fits correspond
to the second-order rate constants given in Table 1. For each data
point, error bars represent standard deviations; where these are not
visible, the standard deviation is smaller than the symbol size.

chloramine+ Trp f
intermediate Af intermediate Bf product (1)
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was obtained, yielding the second-order rate constants shown
in Table 1 that are consistent with those obtained by global
analysis. However, at high 3,3′-dithiodipropionic acid con-
centrations (>5 mM) there was a deviation from linearity
with an increase in the observed rate constants relative to
those expected from the lower concentration data; the cause
of this phenomenon remains unclear.

Kinetics of Methionine Sulfoxide Oxidation by HOCl and
His Side Chain Chloramines.The amino acid consumption
data reported above indicate that Met is readily oxidized to
MetS(O), but further oxidation of MetS(O) also occurs at
>25-fold molar excesses of HOCl, as has been observed
previously (22). The second-order rate constant for such
secondary oxidation has been measured here due to the
potential significance of this reaction, as MetS(O) is readily
formed at low excesses of HOCl. The kinetics of oxidation
of MetS(O) by HOCl have been investigated usingN-acetyl-
Met sulfoxide and DMSO. The consumption of HOCl (250
µM) by N-acetyl-Met sulfoxide (0.65-5.8 mM) was moni-
tored from 260 to 320 nm [λmax(HOCl) ) 292 nm] and
displayed simple exponential kinetics over 30-60 s time
scales. The data were analyzed with a simple mechanism
[HOCl + MetS(O)f product] by global analysis to yield
the second-order rate constant given in Table 2. The data
were also analyzed by single wavelength analysis methods,
with good agreement between the derived second-order rate
constants (Table 2). The reaction of HOCl (250µM) with
DMSO (1.3-10 mM) could be monitored from 220 to 320
nm, as DMSO absorbs only weakly at these wavelengths,
unlike theN-acetyl group ofN-acetyl-Met sulfoxide. The
data were analyzed as described forN-acetyl-Met sulfoxide

with excellent agreement between the single wavelength and
global analysis methods (Table 2).

The reactions of the highly reactive His side chain
chloramines with MetS(O) models were also investigated.
The reaction of 4-imidazoleacetic acid chloramine (IAACl;
250µM) with DMSO (0.5-25.0 mM) occurred over longer
time scales (3-15 min) than those for the HOCl reactions
and yielded data that required analysis by a more complex
mechanism (IAACl+ DMSO f intermediatef dimethyl-
sulfone) than the HOCl data. The second-order rate constant
for the initial reaction of the chloramine with DMSO was
obtained by global analysis (Table 2). However, as the decays
are nonexponential, the second-order rate constant could not
be verified by single wavelength analysis. The identity of
the intermediate was not investigated further but might be
expected to be a chlorinated species such as CH3S(O)(Cl)-
CH3. The reactions of IAACl withN-acetyl-Met sulfoxide,
and those ofN-R-acetyl-His chloramines withN-acetyl-Met
sulfoxide and DMSO, could not be accurately assessed as
the absorbance of theN-acetyl group obscures the small
absorbance changes due to the loss of the imidazole
chloramine (230-240 nm).

Determination of Decomposition Rates for Chloramines
of Lys and His Side Chains and Gly.The first-order rate
constants for chloramine decomposition were assessed by
preparing the chloramines (ca. 450µM) of ε-amino-n-caproic
acid, N-R-acetyl-Lys (both Lys side chain models), 4-imi-
dazoleacetic acid,N-R-acetyl-His (both His side chain
models), and Gly (anR-amino group model). Those for the
Lys side chain andR-amino group were prepared with a 10-
fold molar excess of amine over HOCl to prevent the
formation of dichloramines. As it has been established that
His side chain chloramines decompose much more rapidly
when there is an excess of substrate (Summers and Hawkins,
unpublished results;47), His side chain chloramine solutions
were prepared with a 1.1-fold molar excess of imidazole over
HOCl. The solutions were maintained at 22°C for 7 days
for the Lys and Gly chloramines and for 24 h for the His
side chain chloramines. At appropriate time intervals (be-
tween 30 min and 24 h depending on the chloramine
investigated) the chloramine concentration was determined
by removing aliquots of the solutions and assaying with TNB.
The data were plotted as ln[chloramine] against time, yielding
linear plots with gradients corresponding to-k, wherek is
the first-order rate constant for decomposition under these
conditions (see Figure 5 and Table 3).

Computational Modeling Predictions for the Reactions of
HOCl with Insulin and Lysozyme.The kinetic data accrued
previously (11, 18, 33, 35, 36), together with the rate

Table 1: Second-Order Rate Constants (with 95% Confidence Limits) at 22°C and pH 7.4 (in 0.1 M Phosphate Buffer) for Reactions of
N-R-Acetyl-Lys and Gly Chloramines with Disulfide Bonds and a Trp Side Chain Model

substrate structure k2 (N-R-acetyl-LysCl)/M-1 s-1 k2 (GlyCl)/M-1 s-1

3-indolepropionic acid 0.4( 0.1a

0.33( 0.02b
0.23( 0.04a

0.25( 0.01b

3,3′-dithiodipropionic acid HOOCCH2CH2S-SCH2CH2COOH 0.10( 0.02a 0.7( 0. 1a

0.14( 0.01b 0.68( 0.01b

a Determined by global analysis.b Determined by single wavelength analysis.

Table 2: Second-Order Rate Constants (with 95% Confidence
Limits) at 22°C and pH 7.4 (in 0.1 M Phosphate Buffer) for
Reactions of HOCl and 4-Imidazoleacetic Acid Chloramine (IAACl;
a His Side Chain Model) with Models of Methionine Sulfoxide

substrate structure
k2 (HOCl)/

M-1 s-1
k2 (IAACl)/

M-1 s-1

N-acetyl Met
sulfoxide

170( 10a

180( 10b
nd

dimethyl
sulfoxide

135( 5a

134( 4b
3.6( 1.2a

a Determined by global analysis.b Determined by single wavelength
analysis; nd, not determined.
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constants determined here, allow the development of a simple
computational model to predict the expected fate of HOCl
on reaction with proteins. A previous model utilized the rate
constants for reactions of HOCl with protein components to
predict the initial sites of HOCl damage on proteins (11)
but did not consider the secondary reactions of chloramines
(reviewed in refs18 and28). The reactions and the kinetic
parameters incorporated into the latest model are given in
the Supporting Information (Table S1). The kinetic param-
eters for the initial HOCl reactions are identical to those used
for the original computational model (11). The second-order
rate constants used for the secondary reactions of His
(imidazole) chloramines are taken from a previous study (33).
The rate constants for the chlorination of the Tyr side chain
by Lys andR-amino chloramines are very slow and have

been estimated using the yields of chlorinatedN-acetyl-Tyr
following full decomposition of the chloramines (33) and
comparing this to the decomposition rates determined here.
Other rate constants for chloramine transfer reactions have
been taken from the studies of Peskin et al. (35, 36), with
the rate constants for chlorine transfer between Lys side chain
andR-amino sites estimated from data for interconversion
of Tau, histamine, and Gly chloramines (35).

The computational models were completed by combining
the kinetic data with the amino acid composition data (Table
4) for insulin (Swissprot Primary Accession Number P01317)
and lysozyme (Swissprot Primary Accession Number P00698)
to investigate how protein composition affects the pattern
of HOCl-mediated damage to proteins.

The model predictions for amino acid consumption in
insulin and lysozyme with increasing molar excesses (0-
25-fold molar excess over protein) of HOCl are shown
overlaid as solid black lines on the experimental consumption
data (Figures 1 and 2) for the proteins and corresponding
N-acetyl amino acid mixtures. For each amino acid residue
the proportion of parent residue predicted to remain after
24 h at 22°C is shown.

The extent of oxidation of sulfur-containing residues,
namely, Met and disulfide bonds, has been predicted in both
proteins. Insulin does not contain any Met residues, but the
two Met residues in lysozyme are predicted to be almost
totally converted (3% remaining) to MetS(O) with only a
2-fold molar excess of HOCl over lysozyme (Figure 2).
However, the kinetic studies indicate that MetS(O) can be
oxidized further by HOCl to Met sulfone. The modeling data
predict that appreciable Met sulfone formation only occurs
with a 25-fold molar excess of oxidant over lysozyme (Figure
2), with ca. 30% of Met converted to Met sulfone and the
remainder present as MetS(O). The predicted behavior for
the oxidation of disulfide bonds in the two proteins is quite
different (data not shown). In insulin, it is predicted that only
67% of disulfides remain with equimolar HOCl and insulin,
dropping to 35% at a 2-fold excess of HOCl, and are totally
consumed by a 5-fold oxidant excess. In contrast, for
lysozyme, only minimal disulfide oxidation is predicted at
a 2:1 ratio, dropping to only ca. 40% of disulfides remaining

FIGURE 5: Analysis of chloramine stability at pH 7.4 and 22°C
showing linear plots of ln([chloramine]) vs time with the resulting
gradients equivalent to-k (as given in Table 3). (a) Models of
Lys side chain chloramines [ε-amino-n-caproic acid (CANH;b),
N-R-acetyl-Lys (9)] andR-amino groups [Gly (2)] were prepared
with a 10-fold molar excess of HOCl over amine and were assayed
over 7 days. (b) Models of His side chain chloramines [4-imida-
zoleacetic acid (IAA,O), N-R-acetyl-His (0)] were prepared with
a 1.1-fold molar excess of HOCl over imidazole and monitored
for 23 h. For each data point, error bars represent standard
deviations; where these are not visible, the standard deviation is
smaller than the symbol size.

Table 3: First-Order Rate Constants (with 95% Confidence Limits)
at 22°C and pH 7.4 (in 0.1 M Phosphate Buffer) for
Decomposition of Model Chloramines of Lys (ε-Amino-n-caproic
Acid, N-R-Acetyl-Lys) and His (4-Imidazoleacetic Acid,
N-R-Acetyl-His) Side Chains andR-Amino Groups (Gly)

chloramine k/s-1

ε-amino-n-caproic acid (1.4( 0.1)× 10-6

N-R-acetyl-Lys (1.2( 0.1)× 10-6

4-imidazoleacetic acid (1.7( 0.1)× 10-5

N-R-acetyl-His (6.4( 0.6)× 10-5

Gly (4.3( 0.1)× 10-6

Table 4: Protein Composition Data Used for Computational Kinetic
Model for Reaction of Insulin (0.5 mg mL-1, 87.2µM) and
Lysozyme (0.5 mg mL-1, 34.7µM) with HOCl (0-25 Molar
Excess over Protein)a

insulinb lysozyme

amino acid
no. per

molecule
[residue]/

µM
no. per

molecule
[residue]/

µM

His 2 174.4 1 34.7
Lys 1 87.2 6 208.2
Arg 1 87.2 11 381.7
Asn 3 261.6 14 485.8
Gln 3 261.6 3 104.1
Cys 0 0 0 0
Met 0 0 2 69.4
cystine 3 261.6 4 138.8
Tyr 4 348.8 3 104.1
Trp 0 0 6 208.2
terminal amine 2 174.4 1 34.7
backbone amide 51 4447.2 129 4476.3

a See Supporting Information for reactions and kinetic parameters
incorporated into the model (Table S1).b Insulin exists as a disulfide-
linked dimer of the A and B chains.
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at 5:1 and totally consumed by 10:1. This difference in
predicted reactivity is consistent with rapid consumption of
HOCl by Met, thereby “protecting” other residues from
oxidation until the Met residues are fully consumed.

The side chains of His, Lys, and Arg, the N-terminal
amines and peptide bonds, are predicted to be targeted to
varying degrees in the two proteins, with these reactions
resulting in chloramine formation. In both insulin and
lysozyme, no consumption of His residues is predicted after
24 h (Figures 1 and 2), consistent with the rapid chlorine
transfer reactions that occur with His chloramines (33) and
with previous experimental observations (22). In both
proteins minimal irreversible loss (<10%) of Lys residues
(to form carbonyls) is predicted after 24 h with a 25-fold
oxidant excess (Figures 1 and 2). However, after 24 h
reasonable levels of Lys chloramines are predicted to remain,
consistent with the experimental data for theN-acetyl amino
acid mixtures. When the computational modeling was
repeated over longer time scales that allowed complete
chloramine decomposition, only ca. 5% of unmodifed Lys
residues were predicted to remain in both proteins. Similar
patterns of irreversible consumption are predicted for the
N-terminal amines (data not shown), with ca. 70% of
R-amino groups (or the corresponding chloramine) remaining
after 24 h and almost total consumption (presumably to form
carbonyl species) once all chloramines have decayed. Low
levels of Arg consumption are predicted for lysozyme (Figure
2) and insulin at low molar excesses of HOCl, but substantial
Arg loss (ca. 50%) is predicted in insulin with a 25-fold
excess of HOCl (Figure 1). These predictions are not altered
over longer time scales as transfer reactions to Arg from
Lys andR-amino chloramines were not included in the model
as they are likely to be slow. Appreciable chlorination of
the protein backbone (up to 30% at a 25-fold excess of
HOCl) is predicted for insulin, but for lysozyme only low
levels (<5%) of backbone chlorination are predicted (data
not shown).

The modeling data for the aromatic Tyr and Trp residues
in the two proteins show slightly different behavior. For Tyr
side chains, it is predicted that, in insulin, only low levels
of Tyr chlorination occur up to a 5-fold excess of HOCl,
but with a 25-fold oxidant excess ca. 75% of Tyr residues
are chlorinated after 24 h (Figure 1); this increases slightly
after full decomposition of the chloramines (data not shown).
In lysozyme, the predicted extent of Tyr chlorination is much
lower (Figure 2), with minimal Cl-Tyr formation predicted
with <10-fold HOCl excesses and ca. 15% at a 25-fold
excess of HOCl after 24 h. Increasing consumption of Trp
in lysozyme is predicted to occur once the oxidant exceeds
a 2-fold excess over lysozyme, with almost total consumption
predicted at a 25-fold excess (Figure 2).

DISCUSSION

Insulin (51 residues, 5.7 kDa) and lysozyme (129 residues,
14.4 kDa) were chosen as model proteins for these studies,
primarily because neither protein contains free thiols (which
are major kinetic targets for HOCl) while, in addition, insulin
does not contain highly reactive Met or Trp residues. The
low content of free Cys, Met, and Trp residues in these
proteins enhanced the generation of chloramines, thereby
allowing the effects of their subsequent transfer reactions,

for example, to form chlorinated Tyr residues, to be studied
more readily.

The extents of amino acid consumption predicted by the
computational kinetic models for insulin and lysozyme are
in excellent agreement with the experimental data, both for
the proteins and for the freeN-acetyl amino acid mixtures.
In some cases deviations from the models are observed, but
these can be explained in terms of differing accessibility of
residues in proteins and/or chlorine transfer processes fol-
lowing formation of protein-bound Lys and His chloramines.
While it is possible that this agreement between experimental
and predicted data is a fortuitous coincidence, with the
decrease in accessibility of some residues (such as Met and
Trp) compensated for by increased rate constants once the
residues are incorporated into a protein backbone, it is felt
that this scenario is unlikely. Any such increase in rate
constants would be expected to occur for all amino acid side
chains and would therefore result in greater discrepancies
between the model and experimental data than is observed.

It should also be noted that many of the reactions of HOCl
are pH dependent, particularly around physiological pH as
HOCl has a pKa of 7.6 (43). Thus, factors such as the
effective pH in a protein differing to the bulk solution, or
the pKa values for sensitive residues such as Cys and His
depending on the local protein environment, may affect their
reactivity compared to free amino acids. These factors cannot
be readily incorporated into the computational models, but
nevertheless there is close agreement between the compu-
tational predictions and experimentally observed consump-
tion of the various amino acids.

The enhanced loss of Tyr residues in the proteins versus
theN-acetyl amino acid mixtures is consistent with previous
reports (21, 39) showing that chloramine formation, and
subsequent intramolecular chlorine transfer, is a major
mechanism of Tyr chlorination in proteins; this confirms
previous data for free Tyr (39), small peptides, and proteins
(21). Chlorination of the ring ofN-R-acetyl-Tyr by isolated
chloramines only occurs to a significant extent over a period
of several days (21, 33). In contrast, when chloramines were
generated on smallN-acetyl-blocked peptides containing Lys
and Tyr residues separated by between 0 and 4 amino acid
residues, up to 20% incorporation of chlorine from HOCl
into Cl-Tyr occurred within 30 min incubation at 37°C (21).
The yield was maximal when the Lys and Tyr residues were
separated by two amino acids; this has been attributed to
theR-helical structure of the peptides placing the donor and
acceptor amino acids in close proximity, thereby facilitating
chlorine transfer (21). Similar effects would be expected in
helices within proteins and also between Lys and Tyr residues
that are held in a favorable spatial conformation through
tertiary structure.

While Tyr consumption was enhanced in both insulin and
lysozyme when compared to the correspondingN-acetyl
amino acid mixtures, there were no major differences in Trp
or Met consumption between lysozyme and the correspond-
ing N-acetyl amino acid mixture. Likewise, there was little
effect on the extent of MetS(O) formation between the two
sets of samples, although there was enhanced consumption
of MetS(O) in the protein compared to the free amino acid
mixture at high oxidant concentrations.

These observations are somewhat surprising as inspection
of the crystal structure of lysozyme shows that the Met
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residues are buried within the protein core, where it might
be expected that they would be protected, at least to some
degree, from oxidation by the water-soluble HOCl. It is
possible that protein unfolding occurs following addition of
HOCl, thereby exposing Met residues to the solvent, but
previous studies have shown that Met oxidation precedes
significant protein unfolding (22, 48). The computational
models predict that the Met residues are consumed by direct
HOCl-mediated oxidation, consistent with the hypothesis that
HOCl can readily penetrate into hydrophobic regions of
proteins. This has also been confirmed experimentally (22),
as there was no time-dependent loss of Met in lysozyme
consistent with chloramine transfer reactions. In contrast,
overoxidation of Met to Met sulfone is seen more extensively
in lysozyme than the corresponding amino acid mixtures,
suggesting that chloramine transfer reactions play a role in
the oxidation of MetS(O). The computational modeling
results support the hypothesis that further oxidation of MetS-
(O) is primarily mediated by chloramine reactions.

In contrast to the situation of Met, the crystal structure of
lysozyme shows that half of the Trp residues are buried in
the hydrophobic core, while the other three residues are
relatively solvent-accessible in the active site of the enzyme.
It might be expected that these solvent-accessible Trp
residues are more readily oxidized than those in the
hydrophobic core, but there is no evidence for any biphasic
Trp consumption or for any differences between the lysozyme
and freeN-acetyl amino acid samples. Previous studies have
shown that treatment of lysozyme with a 5-fold excess of
HOCl causes significant protein unfolding (22), and this may
account for the lack of protection of the protein Trp residues
relative to the freely diffusingN-acetyl amino acids mixtures.
The kinetic modeling calculations predict that chloramine
transfer reactions are important in mediating Trp oxidation
in lysozyme, and correlations between chloramine decay and
Trp loss have been observed (22). However, the lack of
enhanced Trp oxidation in the protein samples relative to
the free amino acid samples suggests that, while chlorine
transfer reactions from His or Lys chloramines are occurring,
there are no favorable interactions that promote these transfer
processes as seen with Tyr. This is probably due to the
increased reactivity of Trp side chains when compared to
Tyr side chains.

The levels of His consumption observed in insulin and
lysozyme are greater than those observed in their corre-
sponding amino acid mixtures or predicted by the compu-
tational models, indicating that there are further His chloram-
ine decomposition pathways that are favored in proteins.
These may include the formation of protein cross-links via
His residues; this possibility is currently under investigation.
Alternatively, the increased His loss in proteins may be due
to the formation of chloramines at sites where chlorine
transfer cannot occur rapidly, and hence the His chloramines
decompose by other pathways, possibly to yield aldehydic
products. Similar reactions may account for the increased
Lys and Arg consumption observed in the proteins versus
the amino acid mixtures or predicted by the computational
model. However, reversion of chloramines to the parent
amino acids during the hydrolysis procedure cannot be
discounted, particularly in theN-acetyl amino acid mixtures
where significant chloramine concentrations remain after the
incubation period. This is more likely to apply to the stable

Lys and Arg chloramines but is unlikely for His chloramines
as they are relatively short-lived (33) and would not be
expected to be present after the incubation times used. In
the protein samples only low levels of chloramines remain,
and therefore reversion to the parent amino acid during
hydrolysis must be negligible. Although acid hydrolysis has
previously been shown to cause artifactual chlorination of
Tyr and Phe residues when chloramines are present [due to
Cl2 formation in the presence of HCl (30, 49)], this does
not occur with methanesulfonic acid hydrolysis (30) and is
unlikely to be a factor here.

The stability of chloramines is known to be structure
dependent (31, 50). The first-order decomposition rate
constants determined here are consistent with previous data
showing that Lys side chain chloramines have a longer half-
life than R-amino chloramines (31). The latter decompose
via decarboxylation to an imine intermediate that subse-
quently hydrolyzes to aldehydes; such reactions are less
favored with Lys side chain chloramines due to the absence
of the neighboring carboxyl group (23, 31). Chloramine
decomposition has been shown to follow first-order kinetics
(51, 52), but most data have been obtained at basic pH. The
first-order rate constants for decomposition of Leu and
2-aminobutan-1-ol chloramines have been determined at
neutral pH and 25°C as ca. 3 × 10-4 s-1 and 1× 10-6 s-1,
respectively (51, 52). The rate constant for 2-aminobutan-
1-ol is consistent with that determined here for the Lys side
chain, but that for Leu is faster than that determined here
for Gly; this may be due to destabilization of the chloramine
by the large aliphatic side chain in Leu. The corresponding
decomposition reactions of His (imidazole) chloramines have
not been identified, although 2-oxo-His is a likely product
(reviewed in refs18 and28). The reasons for the enhanced
rate of decomposition of imidazole chloramines in the
presence of excess imidazole are unclear, but are currently
under further investigation.

While first-order rate constants for chloramine decomposi-
tion have been assessed for isolated species such asN-R-
acetyl-Lys, it is known that the lifetimes of protein chloram-
ines are greatly diminished relative to those for free amino
acids (32, 50); the data presented here clearly illustrate this
effect. This may reflect the presence of other protein targets
which are constrained by the three-dimensional structure in
close proximity to the chloramine, thereby promoting
chlorine transfer reactions; this is consistent with the low
protein carbonyl yields detected on HOCl-modified proteins
(22, 32, 53). These data suggest that tertiary protein structures
promote intramolecular reactions of chloramines, when
compared to theintermolecular transfer reactions of isolated
substrates.

Previous kinetic studies of aliphatic chloramines with thiols
and Met have yielded rate constants that are typically ca. 5
orders of magnitude slower than those for the corresponding
reactions of HOCl (reviewed in ref18). The second-order
rate constants determined in these studies for the reactions
of Lys side chain andR-amino chloramines with Trp side
chains and disulfide bonds are consistent with this decrease
in reactivity, and also with studies (54, 55) that show the
formation of moderately stable chloramines on cystine and
GSSG, despite the presence of disulfide bonds. It is interest-
ing to note, however, thatN-R-acetyl-Lys chloramines
oxidize 3-indolepropionic acid more rapidly than Gly
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chloramines (Table 1). Gly chloramines are ca. four times
more reactive with Met than Lys side chain chloramines (18,
36), whereas for Cys and GSH the two chloramines have
similar second-order rate constants. In contrast, the reaction
of N-R-acetyl-Lys chloramine with ascorbate is approxi-
mately twice that of Gly chloramines (18, 36). These changes
in the relative reactivities of these two chloramines may be
due to the delocalized nature of the electron density on
ascorbate and the Trp side chain compared with the nucleo-
philic side chains of the sulfur-containing substrates.

Interestingly, the plots ofkobs against substrate concentra-
tion obtained for the reactions of chloramines with the
disulfide bonds of 3,3′-dithiodipropionic acid show deviations
from linearity at high concentrations of substrate, withkobs

becoming larger. This kinetic behavior could not be fitted
by exponential or quadratic fits but suggests that, following
initial reaction of chloramines with the disulfide bond, there
are secondary reactions of the intermediate with further
disulfide bonds, which are favored at high disulfide concen-
trations. This deviation from linearity was only observed with
disulfide concentrations much higher than are typically
encountered in proteins. Thus only data falling in the linear
range (<4.0 mM) have been used to calculate the second-
order rate constants listed in Table 1. It is unlikely that the
concentrations of disulfide bonds required to observe these
nonlinear effects would be achieved in biological fluids or
even in localized domains within proteins; thus the mecha-
nism behind this phenomenon has not been investigated
further.

The amino acid analysis data show that appreciable
concentrations of MetS(O) are generated at low molar
excesses of HOCl. The kinetic studies show that further
oxidation of this compound by HOCl and imidazole chloram-
ines is slow compared with parent Met. Importantly,
however, they are still sufficiently reactive to provide an
alternative substrate, for example, to Tyr side chains
[k2(HOCl) ) 44 M-1 s-1 (11)]. Previous competitive kinetic
studies indicated that the concentration of DMSO must be 2
× 105 times higher than that required for Cys to cause
identical inhibition of monochlorodimedon chlorination (14).
This yields k2(HOCl + DMSO) ∼ 160 M-1 s-1 when
comparing to the second-order rate constant estimated for
Cys (11), which is in excellent agreement with the absolute
rate constant determined here.

In summary, these studies show that chlorine transfer
reactions of chloramines are important in HOCl-mediated
protein oxidation and that protein tertiary structure plays a
role in determining the pattern of oxidative damage to the
protein, even in small proteins such as insulin and lysozyme.
The experimental amino acid consumption can be accurately
modeled in isolated proteins (providing their composition is
known) using kinetic parameters for direct HOCl reactions
and secondary reactions mediated by chloramines. These
studies pertain to relatively low molecular mass species in
dilute solutions (0.5 mg mL-1). The protein concentration
in biological fluids such as plasma is considerably higher
[ca. 70 mg mL-1 (56)]; this would be expected to favor
chloramine transfer reactions between proteins, thereby
reducing the formation of chloramine decomposition products
such as 2-oxo-His and other carbonyls.
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