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Chemical Pathways of Peptide Degradation. V. Ascorbic Acid
Promotes Rather than Inhibits the Oxidation of Methionine to
Methionine Sulfoxide in Small Model Peptides
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The effect of primary structure and external conditions on the oxidation of methionine to methionine
sulfoxide by the ascorbate/Fe** system was studied in small model peptides. Degradation kinetics and
yield of sulfoxide formation were dependent on the concentration of ascorbate and H*, with a max-
imum rate observed at pH 6-7. Phosphate buffer significantly accelerated the peptide degradation
compared to Tris, HEPES, and MOPS buffers; however, the formation of sulfoxide was low. The
oxidation could not be inhibited by the addition of EDTA. Other side products besides sulfoxide were
observed, indicating the existence of various other pathways. The influence of methionine location at
the C terminus, at the N terminus, and in the middle of the sequence was investigated. The presence
of histidine in the sequence markedly increased the degradation rate as well as the sulfoxide produc-
tion. The histidine catalysis of methionine oxidation occurred intramolecularly with a maximum en-
hancement of the oxidation rate and sulfoxide production when one residue was placed between the
histidine and the methionine residue.
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INTRODUCTION

The therapeutic use of proteins has resulted in an in-
creased need for understanding of protein stability at the
molecular level (1). The stability of methionine (Met) toward
oxidation to Met sulfoxide has been a particular problem in
the pharmaceutical industry. Sulfoxide formation can occur
during isolation, synthesis, formulation, and storage of pro-
teins. Oxidation of Met residues to their corresponding
sulfoxides is associated with loss of biological activity and
structure alteration for many peptide hormones, nonhor-
monal peptides, and proteins. Within a given protein, the
reactivity of Met residues toward oxidation may differ de-
pending upon their positions. For example, in human growth
hormone (hGH), Met-170 was found to be completely resis-
tant to oxidation by hydrogen peroxide (2). Solid-state stud-
ies on recombinant human growth hormone (rhGH) indicate
that Met-14 is the most labile methionine (3). However, ox-
idation by hydrogen peroxide (2) results in preferred oxida-
tion of Met-125. Consequently, hydrogen peroxide might not
always be an appropriate oxidation test for stability studies.

In biological systems, oxidation of Met is observed dur-
ing inflammation, conditions of oxidative stress and ageing
processes (4,5). Several pathological conditions may involve
the oxidation of Met in proteins and concurrent loss of bio-
logical activity, including emphysema, rheumatoid arthritis,
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and cataract. Under oxidative stress, biological systems are
exposed to a variety of reactive oxygen species such as hy-
droxyl radicals (-OH), peroxyl radicals (ROO"), oxyl radicals
(RO-), hydrogen peroxide (H,0,), and singlet oxygen ('O,)
(6-8). It is likely that pharmaceutical proteins under various
different conditions of processing (synthesis, formulation,
and isolation) undergo oxidation via pathways resembling
protein oxidation in vivo under conditions of oxidative
stress.

Thus, it is of great interest to understand the underlying
mechanisms and the effects of external factors as well as the
influence of neighboring groups on Met oxidation. The ex-
ternal factors which might influence the oxidation are the
temperature, pH, nature of the buffer, nature and type of
catalyst (e.g., traces of metal ions), and oxygen tension. In
order to obtain basic information on Met oxidation, small
model peptides of defined sequence were used in our study
to elucidate the influence of the primary sequence as well as
the influence of external factors on Met oxidation in peptides
and proteins.

Ascorbate is a powerful electron donor and can act as
both an efficient antioxidant and a prooxidant in vivo and in
vitro. The general view is that ascorbate acts mainly as an
antioxidant. It will become evident from this study that the
prooxidant, and therefore the damaging role of ascorbate in
the presence of iron, leads to effective oxidation of Met to
Met sulfoxide in small model peptides. The evidence for the
chemical oxidation of aromatic thioethers through the ascor-
bate/iron system has already been reported in the literature

.
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MATERIALS AND METHODS

His-Met (HM), His-Gly-Met (HGM), His-Gly-Gly-Met
(HGGM), His-Gly-Gly-Gly-Met (HGGGM), His-Gly-Gly-
Gly-Gly-Met (HGGGGM), His-Pro-Met (HPM), His-Pro-
Pro-Met (HPPM), Gly-Met (GM), Gly-Gly-Met (GGM), Gly-
Gly-Gly-Met (GGGM), Pro-Met (PM), Gly-Met-Gly (GMG),
Met-Gly-Gly (MGG), and Met-His (MH) were selected as
model peptides for our studies.

HM, GM, GGM, GMG, PM, and MH were directly pur-
chased from Bachem, Bioscience Inc., Philadelphia, PA.
Other peptides were synthesized by standard techniques us-
ing Fmoc derivatives (10). The starting materials Fmoc-
His(Trt), Fmoc-Gly, Fmoc-Pro, and Fmoc-Met were also
purchased from Bachem and the products were purified by
HPLC using a Keystone Hypersil ODS C,; reversed-phase
column (250 x 10 mm).

All other chemicals, including ascorbic acid (from Al-
drich Chemical Company, Inc., Milwaukee, WI), buffers,
and ferric chloride (from Sigma Chemical Co., St. Louis,
MO) were analytical grade and were used as received from
the commercial suppliers. Trifluoroacetic acid (TFA; HPLC
grade) was purchased from Pierce Chemicals (Rockford, IL).
HPLC-grade acetonitrile was supplied by Fisher Chemical
(Fair Lawn, NJ). The water used in all studies was from a
Millipore MILLI-Q water system.

The standard Met sulfoxide derivatives of each peptide
were synthesized by the following general procedure. A so-
lution of the peptide (20 mM) in water was adjusted to pH 3.7
with concentrated HCI. Excess H,0, (3%) was added and
the solution was stored at room temperature for 1 day. The
peptide sulfoxides were purified by HPLC using a Keystone
Hypersil ODS C,; reversed-phase column (250 X 10 mm)
and lyophilized. 'H NMR (QE-300) and FAB mass spectrom-
etry (VG ZAB-HS mass spectrometer interfaced with a 11/
250 data system) were used for the characterization of the
Met sulfoxide peptide. In general, Met sulfoxide-containing
peptides were 16 U higher in mass than the Met-containing
peptide. "TH NMR analysis confirmed sulfoxide formation
through the shift of the e-methyl resonance at ca. & = 2.2
ppm (s) for Met to 8 = 2.7 ppm (s) for Met sulfoxide.

HPLC Analysis

High-performance liquid chromatography (HPLC) was
used with a system consisting of a Shimadzu SCL-10A sys-
tem controller, a Shimadzu LC-10AS pump, an SPD-10A
UV spectrophotometric detector, an SIL-10A autoinjector, a
sample cooler, and a C-R4A chromatopac integrator. The
analysis of the oxidation of Met-containing peptides in ascor-
bic acid was performed by HPLC using an Alltech Econo-
sphere C,4 reversed-phase column (250 X 4.6 mm) at ambi-
ent temperature (25°C), using an isocratic system at a flow
rate of 1 mL/min. The solvent systems used in the analysis
varied from 17 to 25% of acetonitrile/water and 0.02-0.033%
trifluoroacetic acid, depending on the peptide. Detection of
the Met-containing peptides was done at 214 nm. The Met-
containing peptides and their corresponding sulfoxides were
quantified by measuring peak areas and were standardized
using purified Met-containing peptides and Met sulfoxide de-
rivatives. The standard Met sulfoxide derivatives were com-
pared chromatographically with the products that arose from
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the degradation of the peptides in ascorbic acid solutions.
The retention time of the chemically synthesized sulfoxide
was indistinguishable from that of the component, which
arose at much slower rates from peptide oxidation by the
ascorbic acid/FeCl; system. The initial rates of peptide deg-
radation and Met sulfoxide formation were calculated by
fitting the data according to zero-order kinetics. The peptide
remaining and sulfoxide formation were measured after the
reactions reached a plateau and were unchanged over 5
days.

RESULTS

Oxidation of GGM, GMG, and MGG

To demonstrate the role of ascorbate in Met oxidation,
solutions with and without ascorbate were compared for
their propensity to oxidize GGM, GMG, and MGG. The
oxidation reaction was followed in solutions containing 0.2
mM peptide, 5 mM Tris - HCI, and 0.02 mM FeCl, in the
absence and presence of 2 mM ascorbic acid, respectively, at
pH 7.4. Figure 1a shows that sulfoxide formation and peptide
degradation were pronounced in the solutions with ascorbate
present, while no peptide degradation was observed in the
solutions in the absence of ascorbate within the same time
period. It is evident that ascorbate functions at least partially
as a prooxidant in the process of Met oxidation. All reactions
reached a plateau after ca. 4 to 5 days. Sulfoxide formation
from GGM, GMG, and MGG amounted to 15.6, 13.0, and
19.7 uM, respectively. The consumption of peptide was 39.8
pM for GGM, 24.4 pM for GMG, and 20.0 pM for MGG.
This product distribution indicates that the major oxidation
product in ascorbate solution is indeed Met sulfoxide (see
also Table I).

Effect of Histidine (His) on Met Oxidation

If HM is oxidized under the same conditions as GGM,
GMG, and MGG, sulfoxide formation amounts to 63.2 pM,
while the consumption of HM is 102.4 pM after the same
period of time, giving an efficiency of sulfoxide formation of
61.7%. A comparison with the data for GGM, GMG, and
MGG shows that both Met sulfoxide formation and peptide
loss are much more significant in HM. Apparently, His in a
neighboring position to Met catalyzes Met oxidation. The
following experiments were done to examine the oxidation
of HM in more detail.

Effect of pH. Solutions of 0.2 mM HM, 2 mM ascorbic
acid, 5 mM Tris - HCI, and 0.02 mM FeCl; were prepared at
pH 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. The pH
values were measured using a POPE Model 1501 pH/ion
meter. The solutions were kept at 25°C in autosampler vials
and the progress of the oxidation reactions was monitored by
HPLC. Figure 1b gives a typical time course for the oxida-
tion of HM to HM(O) at pH 7.4. Although an excess amount
of ascorbate (2 mM ascorbate over 0.2 mM peptide) was
applied, HM did not completely oxidize in the course of the
reaction. This is due simply to the two opposing functions of
ascorbate in the solution. As an electron donor, ascorbate
acts as a prooxidant to form reactive oxygen species through
metal-catalyzed reaction with oxygen. The formation of su-
peroxide radicals, hydroxyl radicals, and hydrogen peroxide
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Fig. 1. Typical time course of degradation of GGM (0.2 mM) (a) and
HM (0.2 mM) (b} with and without ascorbic acid (AsA) 2 mM) in
FeCl, (0.02 mM) and Tris - HCI (5 mM) buffer solution at pH 7.4,
25°C.

in the metal-catalyzed oxidation of ascorbic acid was re-
ported previously (11-15). However, in its well-known func-
tion as an antioxidant, ascorbate would also be able to scav-
enge the generated reactive oxygen species (see Ref. 16).
Thus, only a certain fraction of the generated reactive oxy-
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gen species can oxidize Met. The extent of Met oxidation
then depends on the individual rate constants of the oxidiz-
ing species with both ascorbate and Met. A quantitative
evaluation of those rate constants would, however, require
the characterization of the oxidizing species; this was not
attempted in this study.

The initial rate of HM oxidation can be derived from
zero-order kinetics of both HM degradation and HM(O) for-
mation. The effect of pH on the observed rate constants is
shown in Fig. 2a. The maximum degradation rate, k4, was
observed around pH 6.5. In Fig. 2b the formation of sulfox-
ide and HM degradation are plotted as a function of pH.
Maximum sulfoxide formation and peptide degradation were
seen between pH 7.0 and pH 8.0.

Nature of the Buffers. Oxidation of HM was performed
in various buffers including Tris - HCl, phosphate, MOPS,
and HEPES (all at S mM concentration) at pH 7.4. The so-
lutions contained 0.2 mM HM, 2 mM ascorbic acid, and 0.02
mM FeCl;. Kinetic data obtained as function of the buffer
are presented in Table II. It evolves that the oxidation rate
decreases in the order phosphate> Tris - HCl> MOPS>
HEPES. Phosphate buffer significantly increased both the
absolute yield and the rate of degradation of HM. However,
the phosphate system yields the lowest sulfoxide formation.

Effect of Temperature. Solutions containing 0.2 mM
HM, 2 mM ascorbic acid, S mM Tris - HCI and 0.02 mM
FeCl, at pH 7.4 were kept at four temperatures (4, 25, 37,
and 50°C). The Arrhenius plot of the HM degradation rate in
ascorbic acid/FeCl; solution (data not shown) suggests that
the complex oxidation process has an apparent overall acti-
vation energy (E,) of 23.94 = 1.99 kJ/mol. It remains to be
investigated, after characterization of the oxidizing species,
if this activation energy corresponds to the formation of the
oxidizing species through metal-catalyzed ascorbate oxida-
tion, the actual process of Met oxidation, or both.

Effect of Ascorbic Acid Concentration. The effect of
ascorbic acid concentration was studied in solutions contain-
ing 0.2 mM HM, S mM Tris - HCI, and 0.02 mM FeCl, at pH
7.4 containing 0.5, 0.75, 1.0, 2.0, and 5.0 mM ascorbic acid,
respectively. The rate of HM degradation increased with in-
creasing ascorbate concentration, whereas the apparent rate
of sulfoxide formation remained about constant (see Fig. 3).
The consumption of HM also increases with increasing
ascorbate concentration. The yield of sulfoxide amounts to
20, 43, 53, 60, and 30 pM in 0.5, 0.75, 1.0, 2.0, and 5.0 mM

Table I. Effect of Met Location and Neighboring Amino Acid on the Oxidation Rate and Product Distribution in Small Model Peptides (0.2
mM), Ascorbic Acid (2 mM), FeCl, (0.02 mM), and Tris Buffer (5 mM) Solutions at pH 7.4, 25°C¢

ky x 108 ky, % 108 Peptide Sulfoxide Efficiency of sulfoxide
Peptide (M/min)® (M/min)° consumption (uM) formation (nM) formation (%)?
HM 2.86 = 0.38 0.92 = 0.01 102.4 + 4.2 63.2 = 0.1 61.7
MH 1.98 = 0.51 1.11 = 0.33 47.6 = 9.6 30.8 £0.3 64.7
MGG 0.96 = 0.29 0.70 = 0.08 20.0 = 0.2 19.7 £ 0.85 98.5
GMG 0.74 = 0.21 0.27 = 0.48 244 = 0.4 13.0 = 0.40 53.3
GGM 0.98 = 0.10 0.57 = 0.16 398 +7.2 15.6 = 0.44 39.2

4 Values are means + SE based on data from two experiments.
b k,, initial rate constant for peptide degradation.

¢ k,,, initial rate constant for sulfoxide formation.

4 Related to consumed peptide.
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Fig. 2. Effect of pH on the degradation rate k; (a) and product
distribution (b) of HM (0.2 mM) oxidation in an ascorbic acid (2
mM)/FeCl; (0.02 mM) and Tris - HCI buffer (5 mM) system at 25°C.
Mean = SE based on data from two experiments.

ascorbate solutions, respectively. The efficiency of sulfoxide
formation was calculated to be 62.5% for 0.5 mM, 62.3% for
0.75 pM, 61.6% for 1 mM, 60% for 2 mM, and 21.4% for §
mM initial ascorbate concentrations. This change in effi-
ciency indicates that other oxidation pathways and/or sub-
sequent degradation of the sulfoxides become increasingly
important with the increase of ascorbate concentrations. In a
separate experiment (data not shown), it was demonstrated
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that, indeed, further degradation of sulfoxide occurred at
high ascorbate concentrations.

Effect of Concentration of FeCl;. Figure 4a shows the
concentration vs time profiles for systems containing 0.2
mM HM and 2 mM ascorbic acid in 5 mM Tris - HC1 at pH
7.4 in the absence of added FeCl; and the presence of added
0.02 mM FeCl,. It can be seen that the kinetics in the system
containing 0.02 mM FeCl, are faster than in the absence of
the added FeCl,. However, the fact that the oxidation still
occurred in the absence of added iron reflects the potential
contamination of the buffer as well as the peptide with trace
amounts of iron or other transition metals which are suffi-
cient to drive the oxidation process.

Effect of EDTA. Figure 4b shows that the addition of
the chelator EDTA (0.02 mM) to the solution containing 0.2
mM HM, 2 mM ascorbic acid, 5 mM Tris - HCI, and 0.02
mM FeCl, at pH 7.4 accelerated rather than inhibited the
degradation of the Met-containing peptide. However, Met
sulfoxide formation was suppressed.

Detection of Oxygen Uptake. In order to elucidate the
relationship between sulfoxide formation and ascorbate ox-
idation, oxygen uptake was measured in the reaction mix-
tures. The uptake of oxygen was measured with a polaro-
graphic oxygen sensor and an LC-4B amperometric detector
controlled with an applied potential of —0.6 V. The oxygen
sensor was immersed in 10 mL of a reaction mixture con-
taining 0.2 mM HM, 2 mM ascorbic acid, S mM Tris - HCI,
0.02 mM FeCl,, and 10 mM KCl at pH 7.4 in a closed vial.
Oxygen uptake as well as Met oxidation was observed only
in the presence of ascorbic acid (see Fig. 5). This result
shows that the oxidation of HM is initiated by the metal-
catalyzed oxidation of ascorbate. Taking an initial oxygen
content of 0.258 umol/mL O, in air-saturated aqueous solu-
tion, the current dropped to a plateau value of ca. 260 nA,
i.e., by ca. 32.5% with respect to the initial value of 385 nA.
This corresponds to an uptake of 0.084 pM/mL O, at 25°C
within about 100 min of reaction time in the present system.

Effect of Location of His and Met in the Primary Sequence
on the Rate of Met Oxidation

In order to elucidate the catalytic effect of His on Met
oxidation as a function of primary sequence, some spacing
amino acid residues were placed between His and Met. As
shown in Table III, the presence of His in the Met-containing
peptide catalyzes the sulfoxide formation in every His- and

Table II. Effect of Buffer Species on the Rate and Product Distribution of HM Oxidation in an Ascorbic Acid/FeCl; Buffer Solution at pH

7.4, 25°C?
ky x 10° k,, X 108 HM HM(O) Efficiency of sulfoxide
Buffer (M/min)® (M/min)© consumption (wM) formation (nM) formation (%)“
Tris-HC1 2.86 = 0.38 0.917 = 0.012 102.4 = 4.2 63.2 0.2 61.7
Phosphate 3.08 = 0.08 0.611 = 0.021 164.4 = 4.0 17.3 2.2 10.5
MOPS 2.26 = 0.07 0.767 = 0.081 121.6 = 7.8 54.8 = 4.6 45.1
HEPES 1.79 = 0.53 0.707 = 0.092 89.2 + 4.4 38.4 1.2 43.0

4 Conditions are the same as for Table I. Values are means *+ SE based on data from two experiments.

b k,, initial rate constant for HM degradation.
¢k, initial rate constant for HM(O) formation.
4 Related to consumed peptide.
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Fig. 3. Effect of ascorbic acid (AsA) concentration on the product
distribution and degradation rate k,, sulfoxide formation rate k,
[inset: x axis is AsA concentration (mM), y axis is k X 10® (M/min)]
in the reaction of HM (0.2 mM) oxidation in ascorbic acid/FeCl,
(0.02 mM) and Tris - HCI buffer (5 mM) solution at pH 7.4, 25°C.
Mean + SE based on data from two experiments for the concentra-
tion of 0.5, 2.0, and 5.0 mM AsA solutions. The 0.75 and 1.0 mM
AsA solutions are single experiments.

Met-containing peptide. Catalysis occurs even if His and
Met are separated by up to four Gly residues or by two Pro
residues. Both the peptide consumption and the sulfoxide
formation are much higher with His in the sequence. No
catalytic effect was observed for the oxidation of GGM in the
presence of added His or imidazole under the same experi-
mental conditions (see Table IV), indicating that catalysis by
His may be intramolecular. The maximum oxidation rate is
observed for HGM and HPM. Obviously, the chemical sus-
ceptibility of the residue between His and Met can also in-
fluence the kinetics and product distribution. Other side
products besides sulfoxide were observed for Pro-containing
peptides, which have not yet been characterized in our sys-

(')H 1 HR
0O ¢n 4 R-C-NH-CH-
—( CH,0H ¢,
HO  "OH o,
S
]
CH,
0
Fe (1) / O QH SN
= e O c:H 4 RCNH-CH-R (1)
g OCHZOH CH,
C
CH,
0=8
CH,

tems. Several reports in the literature, however, indicate the
likelihood of Pro undergoing metal-catalyzed oxidation (17).

The effect of Met being located at the N terminus, at the
C terminus, or in the middle of the sequence on the kinetics
and product distribution was small (see Table I). However,
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C-terminal Met is slightly more labile than Met at the other
locations. Similar findings were observed for the oxidation of
Met by a comparable oxidizing system constituting of
DTT,.4 (reduced dithiothreitol)/FeCl, (18). If HM is com-
pared with MH, it appears that Met in the sequence MH (N
terminal) is more stable than HM (C terminal).

DISCUSSION

The results indicate that the major degradation pathway
for the oxidation of Met-containing peptides through the
ascorbic acid/FeCl, system is the formation of Met sulfoxide
as described in Eq. (1).

The mechanisms of oxidation of ascorbate (A) to dehy-
droascorbate (DHA) may involve the generation of reactive
oxygen species according to reactions (2)~(6) (6,12-14).

A + 2 Fe*™ —» DHA + 2 Fe?* )
Fe?* + 0, — O, + Fe3* 3)
20" +2 H" - H,0, + 0, G))

3 200
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Fig. 4. Effect of FeCl; concentration (a) and EDTA (b) on HM (0.2
mM) oxidation in an ascorbic acid (2 mM)/Tris - HCI buffer (5 mM)
solution at pH 7.4, 25°C.
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The reactivity of these different active oxygen species
toward Met differs with regard to the kinetics and the effi-
ciency of sulfoxide formation (18). For example, hydrogen
peroxide oxidizes Met to Met sulfoxide with 100% stoichio-
metric conversion without the formation of other side prod-
ucts. A peroxide species is therefore a likely candidate for
the oxidant leading to sulfoxide formation. Hydroxyl radi-
cals can also induce the formation of Met sulfoxide. How-
ever, in the reaction of hydroxyl radicals with Met peptides,
only about 20% of Met sulfoxides were observed and various
other products were more dominant (18). Nevertheless, their
reactions with Met might still be considered for the peptide
degradation. The reaction of superoxide radicals with or-
ganic sulfides has not been proven to yield sulfoxide with
appreciable yields (C. Schéneich, unpublished results),
whereas peroxyl radicals on reaction with organic sulfides
do quite efficiently lead to formation of sulfoxide (19). Thus,
the likely candidates for Met sulfoxide formation in our sys-
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tem appear to be hydrogen peroxide or the peroxyl radical.
The hydroxyl radical, if formed, would not result in high
yield of sulfoxide formation even though it rapidly reacts
with Met.

The effect of pH on HM oxidation (Fig. 2) by ascorbate
can be rationalized by simply invoking ionization of ascorbic
acid. Deprotonation of ascorbic acid will facilitate electron
donation to Fe(IIl) and, therefore, promote a faster rate of
peptide consumption. However, ascorbate also increasingly
functions as an antioxidant at higher pH and in turn scav-
enges the generated oxidizing species. On this basis, the
maximum rate at pH 6.5 and maximum oxidation yields be-
tween pH 7.0 and pH 8.0 might be explained. It should be
mentioned that Levine observed a similar maximum rate
upon oxidative inactivation of glutamine synthetase by the
ascorbate/Fe(III) system around pH 7.0, which does not dif-
fer remarkably from our results (20). It is important to note
that the pH of the maximum initial rate for peptide consump-
tion (Fig. 2a) does not correspond to the maximum yield of
sulfoxide formation (Fig. 2b). The initial rate is only a mea-
sure for the overall degradation process. The deviation of the
maxima in Figs. 2a and b is most likely caused by the fact
that the stoichiometry of the conversion from Met to Met
sulfoxide is not 1:1 in this reaction.

The nature of the buffer plays an important role in both
the kinetics and the efficiency of sulfoxide formation. The
observed differences with various buffers are probably
caused by their different affinity to metal ions and different
ability to scavenge free radicals. Phosphate buffer strongly
binds Fe(III) (21), while the binding of Tris or HEPES with
metal ions is relatively weak (22,23). According to reaction
(2), ascorbic acid reduces Fe(III) to Fe(II). The subsequent
reduction of molecular oxygen by Fe(II) leads to the gener-
ation of the reactive oxygen species. Since it is known that
phosphate buffer promotes the electron transfer of Fe(II) to
oxygen (21), the overall radical initiation process is en-
hanced as the activation of oxygen is faster in phosphate
buffer. This might be part of the reason that we observed the
maximum degradation rate of peptide in phosphate buffer. It
also appears that the efficiency of sulfoxide formation (the
ratio of the sulfoxide formation vs the peptide degradation) is

Table III. Effect of Met Location in the Primary Sequence on Peptide Degradation by the Ascorbic Acid/FeCl; System at pH 7.4, 25°C*

kg % 108 ko, x 108 Peptide Sulfoxide Efficiency of sulfoxide
Peptide (M/min)® (M/min)° consumption (M) formation (uM) formation (%)?
HM 2.86 = 0.38 0.92 = 0.01 102.4 = 42 63.2 £ 0.2 61.7
HGM 9.63 = (.68 5.59 + 0.58 107.4 = 9.8 63.4 £ 48 59.0
HGGM 5.28 + 0.44 2.24 = 0.02 1106 = S.6 67.4 + 4.6 60.9
HGGGM 2.50 = 0.23 1.38 = 0.18 90.4 = 5.6 53.6 +34 59.3
HGGGGM 5.74 £ 0.34 2.51 = 0.48 119.4 = 15.6 51414 43.0
GM 1.01 = 0.26 0.47 = 0.03 — — —
GGM 0.98 = 0.13 0.57 £ 0.16 398+ 7.2 15.6 = 0.8 39.2
GGGM 097 £ 0.14 092 +0.18 404 =114 16.6 = 3.8 41.1
PM 2.01 = 0.93 0.18 = 0.02 314 14 8.6 + 1.8 27.4
HPM 12.2 = 0.07 8.15 £ 0.96 151.0 = 1.6 704 =04 46.6
HPPM 4,88 + 1.44 1.27 £ 0.15 974+ 26 21,0 £ 1.2 21.6

¢ Conditions are the same as for Table I. Values are means = SE based on data from two experiments.

b kg4, initial rate constant for HM degradation.
¢ k,, initial rate constant for HM(O) formation.
¢ Related to consumed peptide.
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Table IV. Effect of His on the Oxidation Rate and Product Distribution of Met-Containing Peptides by the Ascorbic Acid/FeCl; System”

ky x 108 ko, % 10° Peptide Sulfoxide Efficiency of sulfoxide
Peptide (M/min)? (M/min)© consumption (uM) formation (p.M) formation (%)?
HGGM 5.28 = 0.44 2.24 = 0.02 110.6 = 5.6 67.4 * 8.6 60.9
GGM 0.98 = 0.10 0.57 = 0.16 398 7.2 15.6 =08 39.2
GGM(+ His) 1.42 = 0.10 0.39 = 0.13 378 =34 9.48 = 1.00 25.1
GGM(+ Imd)* 1.24 = 0.05 0.42 = 0.14 352 7.5 142 * 14 40.3

4 Conditions are the same as for Table 1. Values are means * SE based on data from two experiments.

b k,, initial rate constant for HM degradation.

¢ k., initial rate constant for HM(O) formation.
9 Related to consumed peptide.

¢ Imidazole.

very low in phosphate buffer. Thus it is likely that the hy-
droxyl radical rather than peroxyl radical or hydrogen per-
oxide might be the dominant active species formed in the
phosphate buffer solution. On the other hand, Tris and
HEPES are efficient scavengers of hydroxyl radicals (24).
By this function they might intercept hydroxyl radical in-
duced peptide degradation. Therefore, a much lower hy-
droxyl radical-induced consumption of HM would be ob-
served in Tris and HEPES buffers. Since neither Tris nor
HEPES readily interacts with the other reactive oxygen spe-
cies (e.g., peroxyl radical and hydrogen peroxide), the sulf-
oxide formation constitutes the major pathway.

EDTA does not simply inhibit the oxidation process by
acting as a chelating agent. In the presence of transition
metal ions such as iron, HO- radicals can be generated via a
metal-catalyzed Haber—Weiss reaction, which is depicted
for Fe-EDTA in reactions (7)—-(9) (25).

Fe3* — EDTA + Oy~ — Fe?* — EDTA + O, )
FeX* — EDTA + H,0, — Fe** — EDTA + HO- + HO~
®

_ Fe(Ill) - EDTA
Sum: O,-~ + H,0, 0, + HO- + HO™ ©)

On the other hand, hydroxyl radicals react (diffusion-
controlled) with Met-containing peptides (26), while, on the
other hand, they do not efficiently yield sulfoxide (18). The
involvement of reactions (7)—(9) might explain the observed
peptide degradation with lack of sulfoxide formation in the
presence of EDTA.

The catalytic effect of His on Met oxidation is obvious
by comparing the overall product distribution and efficiency
of sulfoxide formation for GGM (39.2%) and HM (61.7%) or
HGM (59.0%) (Table III). In addition, a number of other
small peaks have been observed in the HPLC analysis during
the reaction, which might be due to the degradation of His
(27,28). The characterization of these minor products is cur-
rently under study. The catalysis by His may be due to the
strong binding of transition metal ions by the imidazole ring
(29). The complexation of iron with the peptide (including
also C-terminal and N-terminal binding) and the formation of
an oxidizing species at the metal ion would eventually bring
the oxidizing species close to the substrate Met, thus pro-
moting the oxidation process (30). The optimum spatial ar-
rangement is apparently created when one residue (Gly or

Pro) is located between His and Met, yielding the highest
oxidation rate.

CONCLUSIONS

The ascorbate/Fe(III) system in the presence of oxygen
induces the oxidation of Met to Met sulfoxide in small model
peptides. Thus, although ascorbate is an efficient antioxi-
dant, the data presented here demonstrate the potential of
ascorbate for promoting the generation of reactive oxygen
species and subsequent degradation of the peptides.

The present results will have important implications for
the further investigation of Met oxidation in proteins and the
creation of oxidation-resistant formulations of protein phar-
maceuticals. The simple addition of an antioxidant does not
necessarily result in a complete inhibition of oxidation but
might promote this process.
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