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In the presence of oxygen, Fe(Ill), and an appropriate electron do-
nor (e.g. ascorbic acid, dithiothreitol), the oxidation of methionine
residues to methionine sulfoxides in small model peptides can be
induced. It is shown in this study that these oxidations can be re-
tarded by catalase in a pH-dependent manner, by some hydroxy!
radical scavengers, and by azide. In contrast, superoxide dismutase
has only a minimal effect, indicating that the superoxide radical does
not contribute significantly to the oxidation of the methionine resi-
due. The experimental results can be interpreted by invoking hy-
drogen peroxide as the major oxidizing species at pH < 7, whereas
the involvement of free hydroxyl radicals seems to be negligible.
Other reactive oxygen intermediates such as iron-bound hydroper-
oxXy, or site-specifically generated reactive oxygen species may be
actively involved in the oxidation of methionine residues at pH > 7.

KEY WORDS: methionine; methionine sulfoxide; free radicals;
ascorbate; dithiothreitol; catalase; superoxide dismutase.

INTRODUCTION

The oxidation of methionine (Met) residues is one of the
major pathways of covalent post-translational modification
of proteins (1), which may result in the loss of their biological
activities. This chemical degradation pathway of Met resi-
dues in proteins has been associated with several patholog-
ical conditions including emphysema, rheumatoid arthritis,
and cataracts, as well as aging (2,3). In addition, oxidation of
Met residues in therapeutic peptides and proteins presents a
major challenge to pharmaceutical scientists as they attempt
to develop effective and safe formulations of these drugs for
human and animal uses (4).

The rates and yields of Met sulfoxide formation in pep-
tides and proteins have been shown to be dependent on in-
ternal (e.g., primary sequence) and external (e.g., pH, metal
ions, prooxidants) factors (5,6). The oxidation of Met resi-
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dues and organic sulfides is generally initiated through the
generation of reactive oxygen species (7). Mechanistic stud-
ies concerning specifically the superoxide radical (O, ") (8),
hydroxyl radical (-OH) (6,8), peroxyl radical (ROO-) (9), hy-
drogen peroxide (H,0,) (10), and singlet oxygen (‘O,) (11)
have shown that their individual propensities for sulfoxide
formation vary considerably.

Recently, studies in our laboratory have shown that
prooxidant/transition metal systems such as ascorbic acid
(AsA)/Fe(III), and dithiothreitol (DTT)/Fe(IIl) can effec-
tively promote the oxidation of Met residues in model pep-
tides through the activation of oxygen (5,6). In the present
study, we have attempted to identify the reactive oxygen
intermediates which are generated by the AsA/Fe(II) and
DTT/Fe(IIl) systems and are ultimately responsible for the
oxidative degradation.

METHODS

Materials. His-Met (HM) and Gly-Gly-Gly-Met-Gly-
Gly-Gly (GGGMGGG) were selected as model peptides. HM
was purchased from Bachem Bioscience, Inc. (Philadelphia,
PA). GGGMGGG was synthesized by the Biochemical Ser-
vice Laboratory at the University of Kansas. Catalase (CAT)
(bovine liver, thymol-free, 199,000 U/mg), superoxide dis-
mutase (SOD) (bovine erythrocyte, 5,1000 U/mg), DTT,
D-mannitol, and sodium azide were purchased from Sigma
Chemical Company (St. Louis, MO). Sodium formate, thio-
urea, and acetonitrile (HPLC grade) were supplied by Fisher
Scientific (Pittsburgh, PA). Trifluoroacetic acid (TFA, HPLC
grade) was purchased from Pierce Chemical Company
(Rockford, IL). The water used in all studies was from a
Millipore MILLI-Q™ Water System. All the reagents were
obtained commercially as the analytical grade.

Reactions. The typical reaction mixtures contained 0.2
mM peptide, 2 mM AsA/0.02 mM FeCl, or 2 mM DTT/0.02
mM FeCl, in 10 mM phosphate buffer. The possible involve-
ment of various reactive oxygen intermediates in the oxida-
tion process was examined by the addition of CAT, SOD,
‘OH scavengers (such as methanol, formate, mannitol, and
thiourea), or a 'O, scavenger (azide) to the reaction mix-
tures.

HPLC Analysis. HPLC analysis was performed on a
system consisting of a Shimadzu SCL-10A system control-
ler, a Shimadzu LC-10AS pump, a SPD-10A UV spectro-
photometric detector, a SIL-10A autoinjector, a sample
cooler and a C-R4A chromatopac integrator. The analysis of
Met-containing peptides was performed by HPLC using a
Keystone Hypersil ODS C,; reversed-phase column (4.6 X
250 mm) with a Brownlee RP-18 Spheri-5 cartridge (4.6 X 30
mm) at ambient temperature (25°C), using an isocratic sys-
tem at a flow rate of 1 mli/min. The mobile phase was a
mixture of acetonitrile/water (10:90, v/v) containing 0.1%
TFA for HM, and 0.025% TFA for GGGMGGG. Detection of
the Met-containing peptides was achieved at 214 nm. The
Met-containing peptides and their corresponding sulfoxides
were quantified by measuring peak areas, and were stan-
dardized by using purified Met-containing peptides and the
Met sulfoxide derivatives synthesized in our laboratory by
reaction with H,0, (5,6).
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CAT Activity Assay. CAT activity was measured using
a Shimadzu UV-2100 spectrophotometer coupled to a micro-
computer. The assay procedure was based on the UV
method outlined by Aebi (12), in which CAT activity was
followed by the decomposition of H,0, at 240 nm. H,0, was
diluted into 0.05 M phosphate buffer at pH 7.0 to yield a final
concentration of 0.01 M. Fresh solutions containing CAT
alone and CAT with AsA (5 mM)/FeCl; (0.02 mM) or DTT (5
mM)/FeCl; (0.02 mM) were prepared in phosphate buffers
(pH 7.0) to yield a final concentration of 2000 U/ml CAT. In
a quartz cuvette 3 ml of a diluted H,O, solution was incu-
bated in the spectrophotometer at 25°C. An aliquot (10 pl)
was withdrawn from the CAT solution or from its reaction
mixtures and rapidly mixed into the cuvette containing H,O,
in phosphate buffer. The initial absorbance was between 0.55
and 0.60. The decreases in absorbance at 240 nm were re-
corded for 2-3 min. AA,,,/min was calculated from the ini-
tial (40 s) linear portion of the curve.

RESULTS

Oxidation of HM and GGGMGGG by AsA/Fe(Ill) and
DTT/Fe(lll) Systems

Two peptides (HM and GGGMGGGQG) of different size
and sequence were chosen for the present study in order to
confirm that the active oxygen species generated in the sys-
tem was independent of primary sequence. Both peptides
were degraded under similar reaction conditions employing
0.2 mM peptide (HM or GGGMGGG), and 2 mM AsA/0.02
mM FeCl; or 2 mM DTT/0.02 mM FeCl, in 10 mM phosphate
buffer, pH 7.0. The degradation rate of Met peptide and the
yield of Met sulfoxide were found to be dependent on the
primary sequence (e.g., on the presence of His) and the pH.
It was also shown that the kinetics of peptide degradation
were dependent on the nature of the prooxidant. Zero order
kinetics could be used to fit the HM degradation rate in the
AsA/Fe(Ill) system, whereas the degradation in the DTT/
Fe(Il) system followed approximately first-order kinetics
(see Fig. 1). Higher yields of Met sulfoxide were generally
observed in the DTT/Fe(11I) system. A mixture of other ox-
idation products was not characterized in this study.
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Fig. 1. The oxidation profile of HM to HMSO initiated by the AsA/
Fe(IIl) or the DTT/Fe(1ll) systems. The reaction mixture contained
0.2 mM HM, 2 mM AsA/0.02 mM FeCl; or 2 mM DTT/0.02 mM
FeCl, in 10 mM phosphate buffer, pH 7.0. O, HM, AsA/Fe(1ll): @,
HM, DTT/Fe(lll); ¢, HMSO, AsA/Fe(Ill); A, HMSO, DTT/
Fe(III).
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Determination of the Minimum Concentration of CAT
Needed to Inhibit the H,O,-Initiated Oxidation of HM

CAT can be used to examine the potential involvement
of H,0, in the oxidation of Met residues in peptides and
proteins since it catalyzes the decomposition of H,O, to H,O
and O, (k > 10" M~'s~ 1) (13). In preliminary studies, the
ability of CAT to inhibit the H,O,-initiated oxidation of HM
was examined at various concentrations of the enzyme. The
reaction mixture contained 0.2 mM HM, 2 mM H,0,, and
different concentrations at CAT ranging from 2 to 2000 U/ml
in 10 mM phosphate buffer, pH 7.0. In the absence of CAT,
HM was almost completely oxidized to HM sulfoxide
(HMSO) within 24 hours. However, 2.39 uM of HMSO were
produced in the presence of 2 U/ml of CAT, and 0.81 uM of
HMSO in 10 U/ml of CAT. It appeared that a minimum of 20
U/ml of CAT was necessary to completely inhibit the forma-
tion of HMSO under the experimental conditions. Theoret-
ically, 2 mM H,O, represents the maximum concentration of
H,0, expected from the oxidation of either 2 mM AsA or 2
mM DTT since two reduction equivalents are necessary for
the reduction of O, to 0,°~. With this in mind, we further
investigated the role of H,0, in the oxidation of Met pep-
tides initiated by the AsA/Fe(IIl) and the DTT/Fe(IIl) sys-
tems.

Effect of CAT on the AsA/Fe(lll) or DTT/Fe(Ill) Initiated
Oxidation of HM and GGGMGGG at pH 7.0

The potential role of H,0, in the oxidation of the Met
residues in HM and GGGMGGG was investigated by the
addition of CAT to the AsA/Fe(III) and DTT/Fe(III) reaction
mixtures. Fresh solutions of CAT were prepared and added
to the reaction mixture prior to the addition of AsA or DTT.
The pH of the reaction mixtures was adjusted to 7.0. As the
concentrations of CAT were varied from 200 to 2000 U/ml,
there were decreases in the rate of peptide degradation and
Met sulfoxide formation. In the AsA system, the addition of
CAT produced relatively low inhibition of HM oxidation (Ta-
ble 1, Fig. 2), whereas the enhancement of HM stability and
the inhibition of HMSO formation were far more significant
in the DTT/Fe(I1l) system. For example, 61.1 pM of HMSO
was produced in the DTT/Fe(Ill) solution in the absence of
CAT within 48 hours. The formation of HMSO was de-
creased to 43.3 pM, 27.7 pM and 13.3 pM with the addition
of 200 U/ml, 1000 U/ml and 2000 U/ml of CAT, respectively.
Similar effects of CAT were also observed for the oxidation
of GGGMGGG (Table II). In contrast, heat-inactivated CAT
had no effect on the oxidation of HM or GGGMGGG by the
AsA/Fe(1ll) or DTT/Fe(1ll) systems (Tables I and II). It
needs to be mentioned that the yield of Met sulfoxide for-
mation of HM was low. This is simply due to the fact that the
His residue can also be oxidized under the same condition.
However, the degradation products of His was not charac-
terized in this study.

Effect of pH on the Inhibition of Met Oxidation in HM
and GGGMGGG by CAT

Previous results with a variety of model peptides indi-
cated that the oxidation rate of Met and the yield of Met-
sulfoxide were dependent on pH, particularly in the pH
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Table 1. Effects of CAT and SOD on the Oxidation of HM by AsA/
Fe(Ill) and DTT/Fe(l1l) Systems*

HMSO
Inhibitor Hm (pM) (M) % Inhibition
added consumption formation of HMSO
AsA/Fe(Ill)
None 62.4 14.0 0
CAT*? (200 U/mL) 56.9 12.3 2
(1000 U/mL) 50.0 8.24 41
(2000 U/mL) 55.0 6.98 50
SOD* (100 U/mL) 43.2 1.5 18
SOD (100 U/mL)
+ CAT (2000 U/mL) 55.9 6.18 56
DTT/Fe(iil)
None 116 61.6 0
CAT (Boiled) 107 59.7 3
CAT (200 U/mL) 84.8 433 30
(1000 U/mL) 45.2 27.7 55
(2000 U/mL) 37.4 13.3 78
SOD (100 U/mL) 118 75.5 0
SOD (100 U/mL)
+ CAT (2000 U/mL) 39.5 10.0 84

2 Units of CAT are pmol H,0, destroyed/min and units of SOD
activity are defined by the cytochrome C assay.

* Reaction mixtures contained HM (0.2 mM), and AsA (2 mM)/
FeCl, (0.02 mM) or DTT (2 mM)/FeCl, (0.02 mM) in phosphate
buffers (10 mM) at pH 7.0. The incubations were controlled at
25°C for 48 h. All the data are the averages of duplicates. The
standard error is less than 5%.

range of 6-8 (5,6). In order to investigate the possibility that
different reactive oxygen intermediates were involved in the
oxidation process at different pH values, we examined the
oxidation of HM initiated by the DTT/Fe(IIl) system in the
presence of CAT (1000 U/ml) and the absence of CAT at pH
6.5, 7.0, 7.5 and 8.0, respectively. As shown in Fig. 3, the
addition of CAT produced almost a complete inhibition of
HM oxidation and HMSO formation at pH 6.5 and 7.0 over
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Fig. 2. Chromatograms of the oxidation of HM to HMSO recorded
at 48 h in the absence of CAT (top) and the presence of CAT (bot-
tom). (a) The AsA/Fe(Ill) system contained HM (0.2 mM), AsA (2
mM)/FeCl, (0.02 mM) and the absence or the presence of CAT (2000
U/ml) in phosphate buffer (10 mM) at pH 7.0, 25°C (b) The DTT
system contained HM (0.2 mM), DTT (2 mM)/FeCl,; (0.02 mM) and
the absence or the presence of CAT (2000 U/ml) in phosphate buffer
(10 mM) at pH 7.0, 25°C.
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atime period of 1400 min. (Fig. 3a, b). However, only partial
inhibition of the oxidation of Met was observed at pH 7.5
(Fig. 3¢) and 8.0 (Fig. 3d). Furthermore, the addition of 5
mM H,0, to these reaction mixtures after 400 and 1200 min-
utes of reaction resulted in a rapid oxidation of HM to
HMSO in the solutions lacking CAT, while no additional
HMSO formation was observed in solutions containing CAT
(Fig. 4). These results indicated that the activity of CAT was
still sufficient to scavenge all the H,0, generated in the re-
action during this time period. When the same reaction con-
ditions were applied to GGGMGGG, we observed the same
trend of pH dependency, i.e., total inhibition by CAT at pH
=< 7 and partial inhibition at pH > 7 (data not shown).

CAT Activity Assay

Since a considerably higher concentration of CAT (>200
U/ml) was needed for the inhibition of Met oxidation in the
AsA/Fe(IIl) system or DTT/Fe(Ill) system than for the
H,0,-induced oxidation, it was possible that CAT was un-
stable under the reaction conditions employed. The propen-
sity of AsA to inactivate CAT has been reported (14). Under
our experimental conditions it was observed that there was a
continuous loss of CAT activity when CAT was incubated
with either AsA or DTT in the presence of Fe(IlI) (Fig. 5). In
contrast, CAT itself was fairly stable in the absence of AsA/
Fe(III) and DTT/Fe(III) and no loss of activity was observed
during the same time period. However, based on the results
shown in Fig. 4, there must be sufficient CAT activity even
after 400 or 1200 min. of incubation to scavenge exoge-
neously added H,O,. Thus the enzyme could not have been
totally inactivated within this time period under the experi-
mental conditions.

Effects of SOD and Mixtures of SOD and CAT on the
Oxidation of Met Peptides at pH 7.0

SOD catalyzes the dismutation of O,-~ to H,0O,. The
available evidence indicates that O,-7 itself exhibits fairly
low reactivity toward organic sulfides and Met. However, it
may serve as a source for secondary reactive oxygen species
such as H,0,. Both SOD and CAT solutions were freshly
prepared and added to the same reaction mixtures prior to
the addition of electron donors (i.e. AsA or DTT). As shown
in Tables I and II, SOD alone had only a slight effect on the
oxidation of HM and GGGMGGG in the DTT/Fe(IIl) sys-
tem. Even though a slight inhibitory effect of SOD was ob-
served for the HM oxidation in the AsA/Fe(III) system, the
role of O,-~ can be considered negligible. A combination of
CAT and SOD would ensure that all the resultant H,O, from
the SOD-catalyzed dismutation of O,-~ be removed from
the reaction mixture (15). However, the protective effect of
a combination of SOD and CAT in our experiments is not
statistically more significant than that when using CAT
alone. For example, without the presence of either CAT or
SOD, the formation of HMSO amounts to 61.6 pM in the
DTT/Fe(IIl) system. Whereas 10.0 uM of HMSO was ob-
served in the combination of CAT and SOD compared to
13.3 uM of HMSO formation in the presence of CAT.

Effect of -OH Scavengers on the Oxidation of Met
Peptides at pH 7.0

Formate, mannitol, thiourea, and methanol are known
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Table 11. Effects of CAT and SOD on the Oxidation of
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GGGMGGG by AsA/Fe(lll) and DTT/Fe(11l) Systems*

GGGMGGG GGGM(0)GGG*
consumption formation % inhibition of
Inhibitor added (M) (pM) GGGM(0)GGG
AsA/Fe(I1)
None 39.5 12.1 0
CAT (200 U/mL) 45.4 11.0 9
SOD (100 U/mL) 31.1 11.7 3
SOD (100 U/mL) + CAT (200 U/mL) 42.8 10.9 10
DTT/Fe(I1l)
None 64.0 43.2 0
CAT (200 U/mL) 35.7 31.6 27
CAT (Boiled) 69.0 47.3 0
SOD (100 U/mL) 71.7 37.7 13
SOD (100 U/mL) + CAT (200 U/mL) 33.1 26.7 38

2 GGGM(0)GGG = GGGMGGG sulfoxide.

* Reaction mixtures contained GGGMGGG (0.2 mM), and AsA (2 mM)/FeCl, (0.02 mM) or DTT (2 mM)/FeCl, (0.02 mM) in phosphate
buffers (10 mM) at pH 7.0. The incubations were controlled at 25°C for 72 h. All the data are the averages of duplicates. The standard error

is less than 10%.

to be scavengers of ‘OH (16). An inspection of their respec-
tive rate constants reveals that these scavengers react with
-OH at quite similar rates (17) (shown in the second column
of Table 1II). Addition of these scavengers (2 mM) to the
AsA/Fe(1I1) or the DTT/Fe(Ill) system, however, resulted in
different inhibition of Met oxidation (Table III). Thiourea is
most effective in retarding the oxidation of Met. In the AsA/
Fe(III) system, thiourea reduces the HM consumption from
62.4 to 42.0 M and it inhibits HMSO formation by ca. 5.2
pwM. The effect of thiourea in the DTT system is more sig-
nificant; the HM consumption decreases from 116 uM to 38
M and the formation of HMSO was decreased by 39.3 uM.
In contrast to thiourea, formate produced no observable ef-
fects. Similar results were also observed for the oxidation of
GGGMGGG. Shown in Table III, the inhibitory effect of
mannitol at 2 mM was not very pronounced. A more signif-

icant protection was observed as the concentration of man-
nitol was increased to 20 mM (Fig. 6). Minimum protective
effect of methanol, however, could only be observed if the
concentration of methano! was increased to 0.2 M (Table
1V). From these inconsistent results, it seems that a free
diffusible -OH is not of major importance for Met oxidation
and sulfoxide formation by both the AsA/Fe(Ill) and DTT/
Fe(III) systems.

Effect of a 'O, Scavenger on the Oxidation of
Met Peptides

Atzide is a known scavenger of 'O,, which is a powerful
oxidant for Met (18). In the prooxidant/transition metal sys-
tems, 'O, can be generated through the bimolecular reaction
of O,-~ or other peroxyl radicals (19). If the Met oxidation is
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Fig. 3. The effect of pH on the inhibition of Met oxidation by CAT. The reactions
contained 0.2 mM HM, 2 mM DTT/0.05 mM FeCl, in 10 mM phosphate buffer, in the
presence of CAT (1000 U/ml) or the absence of CAT. (a) pH = 6.5; (b) pH = 7.0; (¢c)

pH = 7.5; (d) pH = 8.0. A, HM(+CAT
HMSO(-CATD).
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Fig. 4. Influence of H,0, on the oxidation of HM in the absence or the presence of
CAT (1000 U/ml) at different pH values. The reaction conditions were the same as
described in Fig. 3. 5 mM H,0, was added to the reaction mixtures at approximately
400 and 1200 min, respectively. (a) pH = 6.5; (b) pH = 7.0; (¢) pH = 7.5;(d) pH =

8.0. O, HM(+CAT); A, HM(-- CAT); O, HMSO(+ CAT); O, HMSO(— CAT).

not affected by the addition of azide, the participation of 'O,
can be excluded. However, even if it does inhibit, this still
does not provide unambiguous proof of the role of 'O, in the
oxidation process since azide can also react with -OH (with
an even greater rate constant) (17). Upon the addition of
azide, slight effects on the oxidation of HM and GGGMGGG
were observed in the AsA/Fe(IIl) system (Table III). In con-
trast, significant inhibitory effects of azide were observed for
the DTT/Fe(IIl) system. For example, the consumption of
HM was reduced from 116.5 to 54.8 pM and the HMSO
formation was inhibited by ca. 25.6 uM. Nevertheless, the
participation of 'O, in the reaction cannot be definitely con-
cluded due to the high reactivity of azide with -OH radicals,
as well as its tendency to complex Fe(III) (20).

DISCUSSION

The O,- ~ radical is reported to be a weak oxidizing
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Fig. 5. Inhibition of CAT by AsA/Fe(IIl) and DTT/Fe(Ill) systems.
CAT activity was measured in terms of the rate of decrease of H,0,
absorbance at 240 nm. The incubation mixtures included the addi-
tion of 10 pl of CAT solution (2000 U/ml) to 0.01 M H,0, in 0.05 M
phosphate buffer at pH 7.0 (B, CAT only); 2 mM AsA with 0.02 mM
FeCl, in phosphate buffer at pH 7.0 (@; CAT in AsA/Fe(I1l)); and 2
mM DTT with 0.02 mM FeCl, in phosphate buffer at pH 7.0 (A, CAT
in DTT/Fe(11])). Incubations were controlied at 25°C. The estimated
S.D.is + 2.9%.

radical in aqueous solution, and it does not react with free
Met at a measurable rate (the rate constant is less than 1
M~ !s~1) (21). The insignificant effects of SOD on the oxi-
dation of Met peptides and sulfoxide formation in our exper-
iments are consistent with the low reactivity of O, ~. Con-
sequently, the direct damaging role of O,-~ towards Met
residues in these model peptides does not appear to be sig-
nificant.

However, O,-~ undergoes dismutation to H,0,. In a
separate experiment (data not shown), it was confirmed that
H,O, stoichiometrically oxidizes the Met-containing pep-
tides to Met sulfoxide without the formation of other degra-
dation products. In the H,0,-induced oxidation reaction
containing only 0.2 mM HM and 2 mM H,0, in 10 mM
phosphate buffer, a concentration as low as 20 U/ml of CAT
was shown to be sufficient for complete suppression of the
formation of HMSO. Based on these results, we assume that
any free H,0, which was generated in the prooxidant/Fe(III)
reactions would be consumed by higher concentrations of
CAT (200-2000 U/ml) added to the reaction mixture, thus
protecting the peptides from the oxidation. At pH < 7.0,
almost total inhibition of Met oxidation was observed in the
presence of CAT (Fig. 3a, b). This result may indicate that at
pH =< 7.0 free H,0, is the major oxidizing species responsi-
ble for Met peptide oxidation and sulfoxide formation. In
contrast, only a partial inhibition of Met oxidation by CAT
was observed at higher pH (7.5 and 8.0) (Fig. 3¢, d). Most
importantly, it was shown that H,0, could not be the only
oxidizing species responsible for Met oxidation at pH > 7.
Consequently, other reactive oxygen intermediates must be
involved in this oxidation process. Such reactive oxygen in-
termediates might include: (i) site-specifically formed H,O,
(which is not accessible to CAT), or (ii) other reactive oxy-
gen species promoted through the binding of the transition
metal ions to the peptide, such as reactive iron-oxy or iron-
peroxy species.

The hypothesis of the site specific formation of H,O, or
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Table III. Effects of -OH Scavengers and 'O, Scavenger on the Oxidation of HM and GGGMGGG by the AsA/Fe(Ill) and DTT/
Fe(IIl) Systems*

HMSO GGGMGGG GGGM(0)GGG
Inhibitor k x 107% HM (pM) (nM) % Inhibition consumption formation % Inhibition -of
added (m~s7Y consumption formation of HMSO (pM) (M) GGGM(0)GGG
AsA/Fe(IlD)
None 62.4 14.0 0 39.5 12.1 0
Formate 3.5 68.0 13.6 3 36.8 12.1 0
Mannitol 1.7 67.3 13.4 4 329 11.8 2
Thiourea 3.9 42.0 8.84 37 24.5 7.10 41
Sodium azide 12 499 3.2 6 25.7 12.2 0
DTT/Fe(III)
None 116 61.6 0 64.0 43.2 0
Formate 3.5 85.9 57.9 6 63.8 45.2 0
Mannitol 1.7 76.3 50.5 18 50.9 38.1 12
Thiourea 3.9 38.0 22.3 64 24.6 18.4 57
Sodium azide 12 54.8 36.0 42 39.4 34.6 20

“ Rate constént of -OH with inhibitor (ref. 17).

* Reaction mixtures contained HM (0.2 mM), and AsA (2 mM)/FeCl; (0.02 mM) or DTT (2 mM)/FeCl, (0.02 mM) in phosphate buffers (10
mM) at 25°C, pH 7.0. HM reactions were incubated for 48 h; and GGGMGGG reactions were incubated for 72 h. The concentrations of
the inhibitors were all at 2 mM. All the data are the averages of duplicates. The standard error is less than 10%.

other metal-bound reactive oxygen species takes into ac-
count the fact that metal ion binding with peptides through
the N-terminal amino group, amide group and side chain
(e.g., imidazole of His) are favored by an increase in pH (22)
(at the pH range of 6-8, the C-terminal anionic carboxylic
group would always be available for complexation with
metal ions). H,O, or other reactive oxygen species formed at
specific sites of the peptides might immediately react with
Met before they are able to diffuse into the solution. Findings
consistent with the site-specific formation of reactive oxygen
species were reported for the oxidation of several proteins
and discussed in terms of a ‘‘caged’’ process (23). Despite all
the evidence for this hypothesis, the nature of the oxidizing
species as well as the detailed reaction mechanism still re-
mains to be characterized.

The effect of CAT at higher pH values in our study may
help to identify the underlying mechanisms. It has been doc-
umented that CAT reacts not only with H,O, but also other
hydroperoxides, although with lower efficiency (e.g., with
methylperoxide K = 8.5 X 10° M~ !s™!, and ethylperoxide
k = 2 x 10* M~ 's™ ") (13). The partial inhibition seen in the
presence of CAT at pH > 7 might, in fact, occur via the
decomposition of some other yet unidentified hydroperoxide

200
+20 mM Maannitol
+2 mM Mannitol

1504
+0 mM Mannitol

0 T T d
0 500 1000 1500

t(min}

Concentration of GGGMGGG (uM)

species. One hydroperoxide possibly generated from the
prooxidant/transition metal system is a reactive iron-
hydroperoxy species. The chemistry of such species formed
by the addition of H,0, to transition metal ions has been
extensively studied by Sawyer and coworkers (24). Since
free H,O, does not appear to be of importance at higher pH,
we infer that an iron-bound hydroperoxy species (eq. 1; spe-
cies 1) may be formed by the addition of O, to Fe(II). The
subsequent formation of other plausible iron-bound hydro-
peroxy species (species 2 and 3) are illustrated in equations
1-2. This type of iron-bound hydroperoxide species has also
been discussed in the connection with the iron-EDTA/H,0,
catalyzed oxidation of several organic substrates (25).

+e”
LyFe(Il) + O; + H - LyFe(ll)-O-O-H — L Fe(I)-0-O-H
1 2

+e”
—> Ly Fe(I)-O-O-H I
3
LxFe(l) + [HyO2)bouna — 3 @

The -OH is one highly reactive radical which might be
formed in the prooxidant/transition metal system. It is re-
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6’ +0 mM Mannitol
3 151

% +2 mM Mannitol
> 104

Q

Q0

-

=) 5

g +20 mM Mannitol
&

=

g 0 T 7 —

é 0 500 1000 1500

Q t(min})

Fig. 6. Effect of mannitol concentration on the oxidation of GGGMGGG at pH 7.0. The reac-
tion mixtures contained 0.2 mM GGGMGGG, 2 mM DTT/0.05 mM FeCl, in 10 mM phosphate
buffer plus 0, 2, 20 mM mannitol. (a) The remaining concentration of GGGMGGG. (b) The

formation of GGGM(O)GGG.



354

Li, Schoneich, and Borchardt

Table IV. Effects of Methanol (MeOH) on the Oxidation of HM by DTT/Fe(IIl) System*

t=24h t=48h
Inhibitor HM (M) HMSO (pM) HM (uM) HMSO (pM)
added consumption formation consumption formation
MeOH? (0 M) 65 48 102 64
©02M) 55 4 91 S5
aMm 44 34 60 45

2 Rate constant of -OH with MeOH is 1.0 x 10° M~ 's~! (ref. 17).
* Reaction mixtures contained HM (0.2 mM), DTT (2 mM) and FeCl; (0.02 mM) in
phosphate buffers (10 mM) at pH 7.0. The incubations were controlled at 25°C. All the

data are the average of duplicates. The standard error is less than 10%.

ported to be reactive toward Met-peptides with the forma-
tion of various degradation products, other than consider-
able yields of Met sulfoxides (6,8,26). The inhibitory effects
of the -OH scavengers on Met oxidation in our experiments
do not completely comply with the reported rate constants
for their reactions with -OH (Table III). Formate, which ex-
hibits a similar rate constant (3.5 x 10> M~ !s™!) for the
reaction with -OH as thiourea (3.9 X 10° M~ 's~ 1) (17), does
not show any protection on Met oxidation. The low inhibi-
tory effect of formate might be explained by secondary gen-
eration of O,-~, and the subsequent formation of H,0O, ac-
cording to equations 3—4. However, if free -OH were indeed
involved in the process, we would be able to observe a sig-
nificant effect from methanol even at a concentration of 2
mM. In spite of the fact that mannitol (1.7 x 10° M~ !s 1)
and methanol (1.0 x 10° M~ 's™!) exhibit similar rate con-
stants for their reaction with -OH, they also showed very
different effects on the oxidation of Met. Although mannitol
inhibited the oxidation of Met-peptides to a certain extent,
the concentration needed was much more than expected on
the basis of simple competition kinetics. The inhibitory ef-
fect of mannitol was further complicated by the fact that
mannitol was found to interact with iron in some manner
which affected the conversion of Fe(Il) to Fe(IlI) (27). Ob-
viously, the direct involvement of -OH in the oxidation under
such conditions could not be concluded. The detailed mech-
anisms of the mannitol effect on the metal-catalyzed oxida-
tion of peptides and proteins are currently under investiga-
tion in our laboratory.

*D /4L, Fe(III) /O,

- L,Fe(111)-0-O-
D™ + L Fe(Il) —w JFe( . )-0-O-H
0, / . .
: +/-L,Fe(IIl) |
0,1 L, Fe(11)-0-O-H
L Fe(il) +H* 2
0y |
- ||+e
[H,0,] +-L Fe(HyH* L, Fe(I)-0-O-H
3
L,Fe(ilf) m

H* + L,Fe(Il) + [0,"] ‘OH + OH + L Fe(IiI)

*D = Electron Donor
*L, = Ligand (e.g. Buffer, Prooxidant, and Peptide)

Scheme 1.

-OH + HCO,” — H,0 + -CO,"~ 3)
.CO,” + 0,—> CO, + 0,-~ @)

Although the common belief is that Fenton reagents
(i.e., L Fe(11)/H,0,) lead to the formation of free -OH (in-
cluded in Scheme 1) the evidence provided in recent studies
(28,29) suggests that free -OH is not the dominant reactant in
Fenton reactions, and that the nucleophilic addition of H,O,
to L,Fe(Il) yields the major reactive intermediate L -Fe(II)-
0-0-H (species 3) which can react directly with substrates.
As summarized in Scheme 1, such reactive intermediates
might be produced through various pathways in the prooxi-
dant/transition metal ion system and become a major oxidiz-
ing species for Met peptides. Based on this theory and our
experimental results, we have to conclude that free -OH
radicals are not a major species responsible for the formation
of Met sulfoxide in the prooxidant/Fe(IIT) systems.

Analogous mechanisms as obtained for the Met oxida-
tion in small peptides might also be expected in proteins. The
understanding of Met oxidation in small model peptides may
then help to shed some light on the complicated mechanisms
of the oxidative modification of Met and other oxidation
labile residues in proteins.
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