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Purpose. Site-specific protein oxidation induced by prooxidant/metal/
oxygen has been recognized as one of the major degradation pathways
of protein pharmaceuticals. Polyaminocarboxylate (PAC) metal chela-
tors are commonly employed to prevent metal-catalyzed oxidation, for
they sequester metals. However, studies have indicated that iron che-
lates may still be catalytically active due to their specific coordination
geometry. The purpose of this study was to investigate how PAC
chelators affect prooxidant/metal/oxygen-catalyzed oxidation of pep-
tides containing histidine (His) and methionine (Met).

Methods. PACs were applied to a model oxidizing system,
dithiothreitol/iron/oxygen, which was shown to promote the oxidation
of Met to Met sulfoxide in the two model peptides, GGGMGGG
and GHGMGGG.

Results. PAC chelators did not suppress the peptide oxidation but
significantly changed the product pattern. In particular, the yield of
Met sulfoxide dropped significantly, while a number of other products
emerged, including oxidation products from the N-terminus and His
(if present). Overall, the oxidation became rather non-selective in the
presence of PACs. The oxidation kinetics were significantly accelerated
by nitrilotriacetate (NTA), ethylenediaminediacetate (EDDA), and eth-
ylenediaminetetraacetate (EDTA), but they were slowed down by ethyl-
encbis(oxyethylenenitrilo)tetraacetate (EGTA) and diethylenetri-
aminepentaacetate (DTPA). Meanwhile the PAC chelators were also
observed to undergo degradation. Scavengers of hydrogen peroxide or
hydroxyl radicals exerted only partial inhibition on the peptide
oxidation.

Conclusions. The results of this study are rationalized by the abilities
of PAC chelators (i) to extract iron from potential binding sites of
the peptides to impair site-specific oxidation, and (ii) to promote the
formation of ROS different from the species formed at the peptide
metal-binding sites.

KEY WORDS: iron; chelator; oxidation; methionine/histidine.

INTRODUCTION

Proteins and peptides are susceptible towards transition
metal-catalyzed oxidation (1-3). With the advent of biotechno-
logical production of therapeutic proteins, such metal-catalyzed
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oxidation becomes one major concern to the pharmaceutical
industry due to the unknown biological activities and half-
lives of the oxidized proteins (4). Metals can be present as
contamination and/or as intentional additives for some specific
manufacturing processes, such as oxidative protein refolding
by Cu?* and metal-affinity chromatography. Histidine (His) and
methionine (Met) are two of the most susceptible residues (3,5)
and have been shown to suffer oxidation in various protein
pharmaceuticals such as recombinant relaxin (6) and human
growth hormone (hGH) (7,8). Under normal storage conditions,
oxidation of hGH occurs predominantly at Met14 (8), which
is located close to a metal-binding site composed of His18,
His21, and Glul174 (9). One potential rationale would be that
the nearby metal-binding site would catalyze Met oxidation
through locally formed reactive oxygen species (ROS). Such
a possibility is supported by the test of several model peptides
that contained neighboring Met and His residues (10).

Metal chelators, such as polyaminocarboxylates (PACs),
are commonly perceived as inhibitors of metal-catalyzed oxida-
tion. However, this view has been challenged by the emergence
of a number of reports on the catalytic role played by EDTA
and similar PACs. For example, EDTA promoted the oxidation
of amino acids by the classical Fenton system (H,O,/Fe?*) at
[EDTA] = [Fe?*] (1). Yet the overall literature is non-specific
with little rationale behind the results. It seems that the effects
of chelators on metal-catalyzed oxidation depend strongly on
the nature of the metals, the substrates, and the oxidation mecha-
nisms involved.

The present work investigates the effects of PACs on DTT/
Fe**/0,-induced oxidation of two model peptides, GGGMGGG
and GHGMGGG. Both peptides contain a central oxidation-
labile residue, Met. In addition, GHGMGGG has a metal-bind-
ing and oxidation-labile residue, His. Our objective here is to
demonstrate that PACs will not necessarily protect peptides
from oxidation but rather induce significant changes in the
oxidation mechanisms, yielding different patterns of peptide
oxidation.

Experimental

Materials

The heptapeptides, GGGMGGG and GHGMGGG, were
synthesized by standard solid-phase techniques (11) using the
Fmoc-protected amino acids obtained from Bachem Bioscience,
Inc. The respective sulfoxides were synthesized as described
(10). Other chemicals were obtained as follows: dithiothreitol
(DTT), FeCl; - 6H,0, trifluoroacetic acid (TFA), catalase,
superoxide dismutase, NTA, EDDA, EDTA, EGTA, and DTPA
from Sigma; sodium phosphate (monobasic and dibasic), H,0,
(30% in H,0), methanol, acetonitrile (ACN), acetone, and iso-
propanol (i-PrOH) from Fisher Scientific; tetrabutylammonium
dihydrogen phosphate (1.0 M in H,O) from Aldrich; 2,4-dinitro-
phenylhydrazine (2,4-DNPH) from Eastman Kodak Company.

Reaction Conditions

All reactions were performed at room temperature in 500
il of aqueous solutions containing 0.4 mM peptide, 2.0 mM
DTT, 100 pM FeCly, 0-200 pM PAC (EDDA, NTA, EGTA,
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EDTA, or DTPA), 20 mM sodium phosphate, pH 7.4. DTT and
FeClj; stock solutions were freshly prepared; chelators and FeCl;
solutions were pre-mixed (designated as chelator-Fe*) unless
specified otherwise. Due to its low solubility in the absence of
PACs, Fe3* is not present in solution as its free hydrated form,
Fe**,;, but as complexes with the buffer, the peptide, and/or
DTT (as discussed in detail in ref. 10). In the presence of
chelators, it is important to note that the sequence of addition
of the chelators and iron salt significantly affects the nature of
the iron complexes formed in the reaction mixture. Despite the
thermodynamically favored binding between the PAC chelators
and Fe*, formation of the complexes could be kinetically slow
when Fe’* has been complexed with the phosphate buffer of
the reaction solution prior to the addition of PAC (as shown in
Results). Intermediary species were proposed to form in which
the accessibility of the Fe* centers was hindered (12). DTT
was always added last to initiate the reactions. ROS scavengers,
if applied, were added before DTT.

HPLC Analysis

The reactions were monitored by RP-HPLC analysis on
a Shimadzu 10A HPLC system. Peptides and their oxidation
products were separated on an SGE C,g column (Nucleosil, 4.6
X 250 mm) and were monitored by UV detection at 214 nm.
A linear gradient mobile phase system ran from 95% water,
5% ACN, and 0.023% TFA to 70% water, 30% ACN, and
0.025% TFA over 30 minutes with a flow rate of 1 ml/min.
Calibration curves of peptide standard solutions were obtained
to calculate the extinction coefficients. The assay was sensitive
and reproducible to monitor as low as 1 pM peptide. Oxidation
products, including Met sulfoxide, 2-oxo-His, and an N-termi-
nal adduct, were purified by HPLC and characterized by positive
FAB-MS and 'H-NMR (see below). The concentrations of these
products were calculated using the extinction coefficient of the
native peptide since the chromophores monitored were mainly
the peptide bond and the imidazole system of His. Final yields
were measured at the end of the reactions, i.e. after DTT was
completely converted into DTT,,. Chelator-Fe3* complexes and
their oxidation products were resolved by ion-pairing RP chro-
matography according to a slightly modified procedure of Dea-
con et al. (13). A Poros C, perfusion column (4.6 X 150 mm)
was used with an isocratic mobile phase of 50 mM tetrabutylam-
monium phosphate at pH 7.5, and the chelator-Fe** complexes
were monitored by UV detection at 340 nm. In our reactions,
chelator-Fe** is repeatedly reduced to chelator-Fe** by DTT
and oxidized back by O,. Since the oxidation step proceeds
much faster than the reduction step, the calculated steady state
concentration of chelator-Fe?* was less than 1% of the total
concentration of chelator-Fe** (see Results). Therefore, it is
valid to assume that the chromatographic peak area during the
reaction is directly proportional to the chelator-Fe3*
concentration.

Analysis of Ammonia
Upon the completion of the reactions, the yield of ammonia

was measured by an ammonia-sensitive electrode (Fisher Scien-
tific) coupled to a voltmeter (Orion 420A).
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Quantification of Acetone

Acetone formation from isopropanol oxidation was quanti-
fied through derivatization with 2,4-DNPH followed by RP-
HPLC analysis. An aliquot of 100 pl of 0.1 M 2,4-DNPH (in
1 M HCI) was added to 200 pl reaction mixture, and the reaction
was stirred at room temperature for 10 minutes. The hydrazone
derivative was then extracted with 50 pl hexane and analyzed
by RP-HPLC with UV detection at 345 nm. An SGE Cg column
(nucleosil; 4.6 X 250 mm) was employed, and the mobile phase
was a 1:1 (v/v) mixture of ACN and H,O. Standards made
from HPLC grade acetone were derivatized and analyzed in
the same fashion. The detection limit was 1 pM.

RESULTS
Effect of EDTA on the Peptide Oxidation by DTT/Fe’*/O,
Product Formation

The oxidation of GGGMGGG and GHGMGGG by DTT/
Fe?*/0, alone at pH 7.4 yielded predominantly Met sulfoxide
(see Table I). This is representatively shown for the oxidation
of GHGMGGG in Figure 1. The sulfoxides were identified
and quantified by comparison with the authentic standards.
Furthermore, their identities were confirmed by FAB-MS and
'H-NMR. For both sulfoxides, the mass spectra indicated a
gain of 16 amu as compared to the starting peptides. 'H-NMR
then confirmed that oxygen was introduced at the methionine
residue, showing a singlet at 2.75 ppm for the e-methyl group.
In addition, there were significant yields for a peptide adduct
la and its oxidized form 1b (as shown in Figure 1). Mass
spectrometric analysis of 1a suggests that it represents a Schiff
base formed via the reaction of the peptide N-terminus with
CH;C(=0)CH(OH)CH,SH, a Potential oxidation product of
DTT (14). 500MHz 'H-NMR spectra of 1a displays essentially
all the same amino acid resonances of GHGMGGG, indicating
that no amino acid side chain had been modified. The product
1b could be directly obtained by oxidation of 1a with H,O,.
Since 1a and 1b do not represent products from the direct
oxidation of amino acid side chains of the native peptide, we
did not further study their mechanisms of formation except that
we had to monitor them to account for the loss of starting
peptides.

Upon the addition of 20-200 @M EDTA to the DTT/Fe3*/
O, system (designated as DTT/EDTA-Fe**/0,), the peptides
still underwent significant oxidation. However, Met sulfoxide
was no longer the major product at [EDTA] = [Fe**], accounting
for no more than 30% of the peptide loss (Table I). The oxidation
of the His-containing peptide GHGMGGG to 2-oxo-His
increased significantly (for all PACs except EGTA and DTPA),
displaying yields that are comparable to the Met sulfoxide yields
(Figure 1, Table II). 2-oxo-His refers to the peptide product in
which the imidazole side chain of His is oxidized to 2-oxo-
imidazole (Figure 2). The characterization of 2-oxo-His was
achieved by positive FAB-MS/MS and 500MHz 'H-NMR. Posi-
tive FAB-MS revealed a molecular ion of [M + H]* = 588,
which is 16 amu higher than the parent peptide ion. In order
to gain higher mass spectrometric sensitivity, the HPLC fraction
of 2-oxo-His was lyophilized and derivatized to a C-terminal
hexyl ester with C¢H;30H. The expected molecular ion of [M
+ HJ* = 672 for GH(O)GMGGG(CO,C¢H,;) was then
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Table I. The Effect of EDTA on DTT/Fe**/O, Induced Peptide Oxidation and Sulfoxide Yield®
—EDTA? +EDTA“ EDTA inhibition
sulfoxide —peptide? sulfoxide/ sulfoxide —peptide? sulfoxide/
Peptide uM wM —peptide uM uM —peptide sulfoxide —peptide?
GGGMGGG 124 £ 7 179 = 13 69.3% 24 £ 1 95 2 25.3% 81% 47%
GHGMGGG 122 = 12 183 £ 10 66.7% 17%3 151 £ 12 11.3% 86% 17%

4 Sulfoxide yields and peptide consumptions were measured after completion of the reactions, i.e. when DTT was completely consumed.
& Reaction conditions: 0.4 mM peptide, 2 mM DTT, 100 uM Fe**, 20 mM sodium phosphate buffer, pH 7.4.

¢ Reaction conditions: same as (b) plus 100 puM EDTA.
4 Values represent the consumption of the peptide.
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Fig. 1. Representative chromatograms obtained upon the completion
of GHGMGGG oxidation reactions in the presence or absence of
EDTA, respectively. Initial reaction conditions: 0.4 mM GHGMGGG,
2 mM DTT, 100 uM EDTA-FeCl; or FeCls;, 20 mM sodium phosphate
buffer at pH 7.4. Analytes were separated on an SGE C,3 column and
monitored by UV detection at 214 nm. Linear gradient program: 5%
ACN, 0.023% TFA to 30% ACN, 0.025% TFA over 30 minutes; flow
rate: 1.0 mV/min.
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observed by positive FAB-MS. MS/MS experiments of this
molecular ion led to the identification of the characteristic
fragments B,(m/e = 211) and Bs(m/e = 268), which are indica-
tive for the incorporation of oxygen into the His residue. The
'H-NMR spectrum of the 2-oxo-His fraction is displayed in
Figure 2. The clean singlet at 2.1 ppm (proton c¢) together with
the absence of signals at 2.5-2.7 ppm (region b) indicate an
unoxidized Met residue. On the other hand, the resonance at
6.35 ppm (proton a; singlet) most likely corresponds to the 2-
oxo-imidazole C4-H of 2-oxo-His, in analogy to the signal at
6.0 ppm obtained earlier by Kawakishi and Uchida for N-
benzoyl-2-oxo-His (15). The two less intense resonance
recorded at 7.3 ppm (singlet) and 8.65 ppm (singlet) may corre-
spond to His imidazole protons, possibly introduced through a
contamination of our 2-oxo-His HPLC fraction by the closely
eluting sulfoxide product.

Often His oxidation has been reported to yield Asn and
Asp (16,17). Subsequent to the oxidation of GHGMGGG, we
could not reveal any significant (=1 pM) formation of
GNGMGGG(t, = 11.9 min.) or GDGMGGG (t, = 12.8 min.).

Ammonia, which can form through the oxidation and sub-
sequent N-dealkylation of a peptide N-terminus, was detected.
The final yields of ammonia for GGGMGGG and GHGMGGG
oxidation by DTT/EDTA-Fe**/0O, were 8 = 0.1 pM and 15 *
0.1 pM, respectively.

From Table II, we derive that in the presence of PACs the
final yields of identified products only account for ca. 43-55%

Table II. The Effects of the PACs on the DTT/Fe**/O, Induced Oxidation of GHGMGGG*®

logK logK 2-0x0- sulfoxide ammonia —GHGMGGG* Products/
Chelator (Fe*)? (Fe?t? His pM uM uM ta pM wM —GHGMGGG
No Chelator — — 6+2 122 = 12 0 351 183 = 10 89.1%
NTA 16 8 19 =1 17 =1 n.d.c 231 138 = 10 42.8%
EDDA 17 10 18 = 1 17 £1 n.d. 21 =1 130 x 2 43.1%
EGTA 21 12 7x1 69 * 6 n.d. 203 191 =9 55.0%
EDTA 25 14 19 = 1 173 151 17 =2 151 £ 12 35.1%
DTPA 28 16 12 +1 54 £ 2 n.d. 37x1 188 £ 1 54.8%

4 Reaction conditions: 0.4 mM GHGMGGG, 2 mM DTT, 100 pM chelator-Fe**, 20 mM sodium phosphate buffer, pH 7.4. All yields were

measured after complete oxidation of DTT.

®K represents the stability constant for 1:1 chelator:iron complex (Ref. 24).

¢ Values represent the consumption of peptides.
4 Products include only the total yield of 2-oxo-His, 1a, and sulfoxide.
¢ “n.d.” stands for “not determined.”
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Fig. 2. 'H-NMR spectrum (500MHz) of the HPLC fraction denoted as 2-oxo-His in Figure 1.

of the lost peptide, in contrast to ca. 89% obtained in the reaction
without any chelators. This implies a rather non-selective nature
of the ROS generated in the chelator-containing systems and
bears important mechanistic implications. It should be stated
that owing to the potential HO®-like nature of our oxidizing
intermediate, a significant fraction of products may originate
from hydrogen abstraction from C,-H bonds along the peptide
chain (18). This route will result in a manifold of potential
elimination and fragmentation processes which may account
for the poor material balance in the chelator-containing systems.

By employing ion-pairing RP chromatography, EDTA
itself was observed to undergo degradation in the reactions
driven by DTT/EDTA-Fe**/0,, consistent with earlier observa-
tions that EDTA degraded during metal-catalyzed oxidation
involving EDTA-Fe3* (19).

Kinetics

Figures 3a and 3b compare the oxidation kinetics of DTT
and GHGMGGG by three oxidizing systems, namely DTT/
Fe**/0,, DTT/EDTA-Fe**/0, (EDTA and FeCl; pre-mixed),
and DTT/EDTA/Fe**/0, (EDTA and FeCl; added separately).

In the absence of chelators, the oxidation of DTT and
peptide followed approximately first order kinetics after a short
induction period (see ref. 10 for a rationale of the induction
period). In the presence of pre-mixed EDTA-Fe®*, the oxidation
of both DTT and peptide accelerated and followed apparent
zero-order kinetics. When FeCl; and EDTA were added sepa-
rately to the reaction solution, there was a significant lag period
before the oxidation of DTT and peptide accelerated to a rate
comparable to the pre-mixed EDTA-Fe**-catalyzed process.

Nevertheless, the final product yields and peptide consumption
showed no statistically significant differences regardless
whether the reaction was performed with EDTA-Fe** or EDTA/
Fe3*. This observation implies the existence of a kinetic barrier
in the DTT/EDTA/Fe**/O, system, possibly caused by the steri-
cally hindered accessibility of Fe** within an intermediary ter-
nary complex [EDTA-Fe**-phosphate] (12).

Figure 3c indicates that during DTT/EDTA-Fe?**/Q,-cata-
lyzed oxidation reaction, the degradation of the EDTA-Fe**
complex, measured over one half-life, also followed zero-
order kinetics.

Effects of ROS Scavengers on GHGMGGG Oxidation
by DTT/EDTA-Fe**/0,

To elucidate the nature of the ROS involved in EDTA-
Fe**-catalyzed oxidation of the peptides, selective ROS scaven-
gers were applied to the oxidation reactions of GHGMGGG
(0.4 mM GHGMGGG, 2 mM DTT, 100 pM EDTA-Fe*, 20
mM sodium phosphate, pH 7.4).

Effect of Superoxide Dismutase

The addition of superoxide dismutase up to 840 U/ml did
not affect the oxidation of GHGMGGG by DTT/EDTA-Fe**/
0,. We conclude that freely diffusable superoxide anion radicals
do not directly oxidize the peptide.

Effect of Isopropanol

Isopropanol (i-PrOH) efficiently scavenges HO® (20) and
HO"-like ROS (21). Figure 4a shows the effect of increasing
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Fig. 3. Oxidation kinetics of (a) DTT and (b) GHGMGGG catalyzed
by the following systems: Fe** (no EDTA), EDTA/Fe** (Fe** and
EDTA sequentially added), and EDTA-Fe3* (Fe** and EDTA premixed).
Reaction conditions: 0.4 mM GHGMGGG, 2 mM DTT, 100 pM of
either FeCl;, EDTA/FeCls, or EDTA-FeCl;, 20 mM phosphate buffer,
pH 7.4. (¢) Oxidation of EDTA-Fe** in a reaction of 0.4 mM
GHGMGGG, 2 mM DTT, 100 pM EDTA-FeCl;, 20 mM phosphate
buffer at pH 7.4.

i-PrOH concentration on the oxidation of GHGMGGG. The
presence of 0.2 M i-PrOH successfully inhibited 89% of the
2-oxo-His formation but only 41% of the sulfoxide formation.
This may suggest that HO® (or a HO-like ROS) is responsible
for the 2-oxo-His formation. The sulfoxide formation was not
further suppressed by the addition of up to 2.0 M i-PrOH. The
overall peptide consumption was protected maximally to an
extent of 90% but never 100%, as [i-PrOH] was increased from
0.1t020M.

The reaction of i-PrOH and HO® in oxygen-containing
solution yields acetone as a characteristic product. In order to
demonstrate that the observed inhibitory effect of i-PrOH was
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not due to any physical solvent effect but rather the scavenging
of HO® type ROS, we determined the formation of acetone in
the same reaction. A continuous linear formation of acetone
was observed as a function of time. Due to the as yet unknown
nature of the ROS, the yield of acetone should not be taken as
the absolute ROS concentration.

Isopropanol reacts with HO® with k = 1.9 X 10° M~!s™!
(20). Theoretically, if HO® would be responsible for the peptide
oxidation by DTT/EDTA-Fe3*/0,, competition Kinetics predict
that 1 M i-PrOH should be adequate to completely suppress
the peptide oxidation, considering all possible competing path-
ways in the reaction, i.e. the reactions of HO® with DTT (k =
1.5 X 10 M~'s™"), EDTA-Fe** (k = 1.1 X 10° M~Is7!),
EDTA-Fe?* (k = 7.5 X 10° M~'s7"), Met (k = 83 X 10°
M~!s™!), and His (k = 5 X 10° M~!s™1), (all rate constants
from ref. 20). An upper limit of the steady state concentration
of EDTA-Fe?*, [EDTA-Fe?*),,, was estimated to be 5 X 107%
M based on the following equations:

_d[EDTA — Fe*)
dt

~ Fe?][0,] (k, = 10* M~ 's™!; ref. 22)

= k[DTT][EDTA — Fe**] — k,[EDTA

k[DTT][EDTA — Fe**] =~

DTy 0

(calculated from Figure 3a)

The fact that even 2 M i-PrOH failed to completely protect
the peptide, especially the Met sulfoxide formation, implicates
that Met sulfoxide formation was not caused solely by HO®
present in the bulk solution. The observed suppression of 2-
oxo-His formation by i-PrOH at concentrations smaller than
0.5 M could well be rationalized by the participation of free
HO’ in the oxidation process but also leaves room for the
contribution of HO®-like species such as Fe!V=0 or FeV=0.

Effect of Catalase

If H,O, would be responsible for the peptide oxidation,
then 200 U/ml catalase should display a complete inhibition of
the peptide oxidation, based on the reaction rates of H,O, with
the competing substrates at maximum concentrations: DTT (k
= 7 M~s7!; ref. 23a), Met (k = 1072 M~!s™!; ref. 23b),
catalase (k = 1.5 X 10° M~s; ref. 23c), EDTA-Fe?* (k =
1.4 X 10* M~ !s™1; ref. 21). Again, [EDTA-Fe?**],, is estimated
to be 5 X 107® M (see above). As shown in Figure 4b, the
addition of 200 U/ml catalase to the reaction systems only
negligibly inhibited the oxidation of GHGMGGG by DTT/
EDTA-Fe**/0,. For each experiment, the catalase activity at
the end of the reaction was confirmed as described before (10).
Heat-denatured catalase had no effect on the oxidation reactions,
indicating that the protein skeleton per se is not a competing
substrate for ROS. Importantly, the yields of both sulfoxide
and 2-oxo-His were equally sensitive to catalase (Figure 4b).
In contrast, the yield of 2-oxo-His was more sensitive to the
inhibition by i-PrOH than the yield of sulfoxide (Figure 4a).

Effects of i-PrOH and Catalase on the Oxidation Kinetics

Based on the finding that both i-PrOH and catalase can
inhibit the peptide oxidation, we conclude that there are more
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Fig. 4. Effects of (a) 0.1-2.0 M i-PrOH and (b) 550-3980 U/ml catalase on the final yields of GHGMGGG oxidation by DTT/
EDTA-Fe*t/0, (0.4 mM GHGMGGG, 2 mM DTT, 100 pM EDTA-Fe*, 20 mM phosphate buffer at pH 7.4). (8) GHGMGGG
consumption; (®) 2-oxo-His yield; (0) sulfoxide yield. The dotted lines indicate the theoretical concentrations at which catalase
or i-PrOH should exhibit 100% inhibition of the peptide oxidation. Effects of i-PrOH (0.1 M) and catalase (1990 U/ml) on the

oxidation kinetics of (¢) DTT and (d) GHGMGGG.

than one ROS directly involved in the peptide oxidation by
the DTT/EDTA-Fe*/O, system. Additional information on the
relationship among the ROS can be extracted from the effects
of i-PrOH and catalase on the oxidation kinetics of DTT and
peptide. Figures 4c and 4d compare the oxidation kinetics repre-
sentatively for GHGMGGG in the presence of either 0.1 M i-
PrOH or 1990 U/ml catalase. In the presence of i-PrOH, the
oxidation of both DTT and peptide followed first-order kinetics
similar to the reaction driven by DTT/Fe**/O, in the absence
of EDTA. Apparently, i-PrOH affects a process that is responsi-
ble for the observed zero-order kinetics in the DTT/EDTA-
Fe?*/0, system. Potentially this may relate to the decomposition
of the chelator which results in the formation of new chelating
species in the course of the oxidation reaction. The presence
of catalase slowed down the oxidation of both DTT and peptide,
but it did not significantly change the overall rate law of
oxidation.

Effects of Other Chelators on the Oxidation of
GHGMGGG by DTT/Fe*+/0,

The oxidation of GHGMGGG by DTT/Fe**/0, was repre-
sentatively investigated in the presence of EDDA, NTA, EGTA,

and DTPA, selected to cover a wide range of binding affinities
for Fe?* and Fe’* (see values in Table II) (24). None of the
chelators was able to inhibit the oxidation of GHGMGGG.
Again, all chelators were observed to suffer degradation. As
shown in Table II, EDDA and NTA exerted similar effects
as EDTA. Moreover, they promoted the apparent zero-order
oxidation of DTT and peptide to even higher rates as compared
to EDTA (data not shown). On the other hand, the presence of
EGTA or DTPA slowed down the oxidation, rendering first-
order kinetics. These slower kinetics were paralleled by higher
consumption of the peptide and a more selective product distri-
bution consisting of a larger fraction of Met sulfoxide.

DISCUSSION

In the absence of PAC chelators, the DTT/Fe**/O, system
promotes the oxidation of Met in peptides in a site-specific
manner (10). Such site-specific processes are impaired through
the complexation of Fe** by PAC chelators. Nevertheless, the
presence of PACs results in an accelerated peptide oxidation.
The crystal structure of EDTA-Fe** displays seven coordination
sites of the central Fe**, six of them coordinating with EDTA and
one with a H,O molecule (25). This water ligand is substitution-
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labile and should easily be replaced by other ligands such as
the mercapto groups of DTT. Thus, redox active molecules can
have access to the Fe** center which serves as a basis to rational-
ize the catalytic activity of EDTA-Fe** and other PAC-Fe*
complexes with six- or less dentate chelators. However, the
catalytic activities of DTPA-Fe** and EGTA-Fe** cannot be
rationalized that easily and their mechanisms may be different
as compared to the other employed chelators (indicated also
by the significant different product stoichiometry of the DTPA-
or EGTA-containing system).

From the product distribution and the differential effects
of the ROS scavengers, we conclude that more than one specific
species are involved in the peptide oxidation. For example,
neither catalase nor i-PrOH were able to completely inhibit
peptide oxidation at concentrations theoretically sufficient
based on the hypothetical assumption that either solely HO® or
solely H,O, was involved in peptide oxidation. Clearly, the
species yielding Met sulfoxide cannot be HO® alone as we have
shown that the reaction of HO® with organic sulfides does not
efficiently yield sulfoxide in air-saturated reaction systems (26).
This becomes evident also from the fact that the HO® scavenger
i-PrOH neither completely inhibits sulfoxide formation nor pro-
motes stoichiometric sulfoxide formation (for a more detailed
consideration of expected sulfoxide yields and stoichiometries
in the presence of alcohols, see ref. 10). On the other hand,
the low steady-state concentrations of EDTA-Fe?* in our system
can react with H;O, to yield [EDTA-Fe"-H,0,]*>~ (21) which
can eliminate H,O or OH™ to yield {(EDTA-Fe!¥ = O*~ or
[EDTA-Fe'-OH] ", respectively (27). The reaction of the latter
species with Met-containing peptides produces significant
yields of Met sulfoxide even in the presence of a large excess
of i-PrOH (28). Besides that, the direct reaction of H,O, with
Met yields Met sulfoxide stoichiometrically.

The oxidation of His to 2-oxo-His appears to be carried
out by a species of HO®-like reactivity. This can be free HO®,
generated by decomposition of [EDTA-Fe'-H,0,]*” into
[EDTA-Fe™-OH]~ and HO®, as we have shown that [EDTA-
Fe''-H,0,]?>~ generates a species which reacts with Met-con-
taining peptides in a HO®-like manner (28). Further evidence
for the involvement of HO® or an alike species is pertinent
through the decomposition of the PACs during the oxidation
process (29) and the formation of ammonia. On the other hand,
we may also expect that either [EDTA-Fe!¥ = O]?~ or [EDTA-
Fe'Y-OH]~ can directly react with His. These latter possibilities
will be examined further in the future.

CONCLUSIONS

Site-specific oxidation of Met by DTT/Fe**/O, was
observed in the absence of metal chelators. The addition of
polyaminocarboxylate chelators resulted in multiple reactive
oxygen species in the bulk solution, leading to the oxidation
of various target sites in peptides, including His, Met and the
N-terminus. Polyaminocarboxylate chelators should, therefore,
be used with caution in protein formulations as they may have
adverse rather than protective effects.
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