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Purpose. To elucidate the major degradation products of the metal-
catalyzed oxidation of (cyclo S-S) AcCys-Ala-X-Va-Gly-CysNH,
(X = His, cyclic-His peptide), which is a fragment of the protein
relaxin, and the effect of this oxidation on its solution structure.
Methods. The cyclic-His peptide and its potential oxidative degrada-
tion products, cyclic-Asp peptide (X = Asp) and cyclic-Asn peptide
(X = Asn), were prepared by using solid phase peptide synthesis
and purified by preparative HPLC. The degradation of the cyclic-His
peptide was investigated at pH 5.3 and 7.4 in an ascorbate/cupric
chloride/oxygen [ascorbate/Cu(l1)/O,] system in the absence or pres-
ence of catalase (CAT), superoxide dismutase (SOD), isopropanol, and
thiourea. The oxidation of the cyclic-His peptide was also studied in the
presence of hydrogen peroxide (H,O,). All reactionswere monitored by
reversed-phase HPLC. The main degradation product of the cyclic-
His peptide formed at pH 7.4 in the presence of ascorbate/Cu(l1)/O,
was isolated by preparative HPLC and identified by *H NMR and
electrospray mass spectrometry. The complexation of Cu(ll) with the
cyclic-Hispeptidewas determined with *H NMR. The solution structure
of the cyclic-His peptide in the presence and absence of Cu(ll) at pH
5.3 and 7.4 and the solution structure of the main degradation product
were determined using circular dichroism (CD).

Results. CAT and thiourea were effective in stabilizing the cyclic-His
peptide to oxidation by ascorbate/Cu(l1)/O,, while SOD and isopropa-
nol were ineffective. Cyclic-Asp and cyclic-Asn peptides were not
observed as degradation products of the cyclic-His peptide oxidized at
pH 5.3 and 7.4 in an ascorbate/Cu(I1)/O, system. The main degradation
product formed at pH 7.4 was the cyclic 2-oxo-His peptide (X = 2-
oxo-His). At pH 5.3, numerous degradation products were formed in
low yields, including the cyclic 2-oxo-His peptide. The cyclic 2-oxo-
His peptide appeared to have a different secondary structure than did
the cyclic-His peptide as determined by CD. *H NMR results indicate
complexation between the cyclic-His peptide and Cu(ll). CD results
indicated that the solution structure of the cyclic-His peptide in the
presence of Cu(ll) at pH 5.3 was different than the solution structure
observed at pH 7.4.

Conclusions. H,0, and superoxide anion radical (O5") were deduced
to be the intermediates involved in the ascorbate/Cu(l1)/O,-induced
oxidation of cyclic-His peptide. H,O, degradation by a Fenton-type
reaction appears to form secondary reactive-oxygen species (i.e.,
hydroxy! radical generated within complex formsor metal -bound forms
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of hydroxyl radical) that react with the peptide before they diffuseinto
the bulk solution. CD results indicate that different complexes are
formed between the cyclic-His peptide and Cu(ll) at pH 5.3 and pH
7.4. These different complexes may favor the formation of different
degradation products. The apparent structural differences between the
cyclic-Hispeptide and the cyclic 2-oxo-His peptideindicatethat confor-
mation of the cyclic-His peptide was impacted by metal-catalyzed
oxidation.

KEY WORDS: ascorbate; cupric chloride; histidine; metal-cata-
lyzed oxidation.

INTRODUCTION

Metal-catalyzed oxidation may occur when a peptide/pro-
tein is exposed to a transition metal ion [i.e., Fe(l1l), Cu(Il)],
areducing agent (i.e., ascorbate), and oxygen (1). Under these
conditions, reactive-oxygen speciessuch as O, “OH, and H,0,,
which may ultimately cause damage to peptides/proteins, are
generated (1,2). A feature of metal-catalyzed oxidations is the
site-specific nature of the reaction, i.e. specific amino acid
residues located at the metal binding sites are generally atered
(2). Theamino acid residues that are most susceptible to metal-
catalyzed oxidations are His, Arg, Lys, Pro, Met, and Cys (1,3).
A factor influencing the susceptibility of these amino acid
residues to metal-catalyzed oxidation is their ability to form
complexes with metals such as Cu(ll) or Fe(lll). It is within
these complexes that reactive-oxygen species are generated,
and oxidation of specific amino acid residues occurs in what
is referred to as a “caged” process (1,4).

Metal-catalyzed oxidation of the protein relaxin in an
ascorbate/Cu(I1)/O, system has previously been studied in our
laboratory (5). The primary amino acids that underwent oxida-
tion in relaxin under these conditions were shown to be His
and Met residues (5). Of particular interest was the observation
that oxidation under these conditions led to precipitation of
the protein in a pH-dependent manner, i.e., a pH 5 soluble
degradants were observed, whereas at pH 7.4 degradants that
precipitated were observed (5). In another study of relaxin
using H,0, as the oxidant, Nguyen et al. (6) reported only the
oxidation of Met residues and no precipitation of the oxidized
protein. Based on these observations, Li et al. (5) hypothesized
that the metal-catalyzed oxidation of His in relaxin leads to
aggregation/precipitation of the protein.

Relaxin consists of an A chain and a B chain which are
linked together by interchain disulfide bonds. Based on the X-
ray crystal structure of relaxin (Brookhaven Protein Data Bank
entry 6RLX, Eigenbrot et al.), the His A(12) exists in an
extended loop that joins two o helices (7). Billesbach and
Schwabe (8) have proposed that the structural integrity of this
extended loop region of relaxin is important for maintenance
of the overall higher-ordered structure of relaxin. Therefore,
we hypothesized that oxidation of thisHis could lead to changes
in the structure of this extended |oop region, which could then
lead to dterations in the higher-ordered structure of the two
apha helices, ultimately exposing hydrophobic regions of the
protein leading to its aggregation and precipitation.

To test this hypothesis, we synthesized a His-containing
peptide fragment of the loop region of relaxin [i.e., (cyclo S
S) AcCys-Ala-His-Val-Gly-CysNH,] in which the Cys A(11),
presentinrelaxinto link the A chain to the B chain was replaced
with an Ala. Earlier, our laboratory (9) has shown, using model
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peptides, that a cystine residue on the C-terminal side of the
His can affect the rate of oxidation of the His by the ascorbate/
Cu(l1)/O, system, but this residue does not affect the nature of
the reactive-oxygen species formed or the major His-degrada-
tion products. Experiments conducted with the cyclic-His pep-
tide in the present study were designed: 1) to elucidate the
structure(s) of major degradation product(s) generated by ascor-
bate/Cu(11)/O,-induced oxidation; 2) to elucidate the nature of
the reactive-oxygen species; 3) to determine the effect of pH
on the metal-catalyzed oxidation of the model peptide; and 4)
to determine solution conformation(s) of the degradant(s) and
the cyclic-His peptide and to compare these to the structure of
the loop region in relaxin.

MATERIALS AND METHODS

Materials

N«-9-fluorenylmethyloxycarbonyl (Fmoc)-amino acids, 2-
(1-H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium hexaflu-
orophosphate (HBTU), and DOD-resin (4-(2',4'-dimethoxy-
phenyl-Fmaoc-aminomethyl)-phenoxymethyl-polystyreneresin)
wereobtained from BACHEM Biosciencelnc. (King of Prussia,
PA). CAT (bovine liver, thymol-free, 199,000 U/mg), SOD
(bovine erythrocyte, 4,400 U/mg), ascorbic acid, CuCl,, bicin-
choninic acid (BCA), ethylenediaminetetraacetate (EDTA), and
H,0, (30% w/w solution) were purchased from SigmaChemical
Company (St. Louis, MO). All other reagents were obtained
commercially from Fisher Scientific (Pittsburgh, PA) or Acros
(Springfield, NJ). The water used in all studies was from a
Millipore MILLI-Q™ Water System.

Synthesis and Purification of Peptides

The C- and N-terminally modified linear peptides, AcCys-
AlaX-Va-Gly-CysNH,, (X = His, Asp, Asn), were synthe-
sized using Fmoc-protected amino acids attached to DOD-resin
(20). A manual protocol of peptide chain el ongation was accom-
plished with HBTU and diisopropylethylamine (DIEA) as acti-
vating agents in the coupling steps (10 min) (11). Deprotection
of the Fmoc-amino acids was accomplished with 20% piperi-
dine in dimethylformamide (10 min). N-Terminal acetylation
of the peptides was performed in the presence of acetic anhy-
dride and dimethylaminopyridine in a 2:1 v/v ratio for 1 hour.
The peptides were cleaved from the DOD-resin to obtain an
amide on the C-terminal by incubation in 90% trifluoroacetic
acid (TFA), 5% ethanedithiol, and 5% p-cresol for 2 hours at
35°C. Repetition of the cleavage process yielded additional
quantities of the peptides. The crude peptides were precipitated
by slowly adding the filtrate to cold peroxide-free diethyl ether
while stirring. The precipitated crude peptides were dissolved
in dilute acetic acid before lyophilization.

Purification of the crude peptides was achieved by prepara-
tive HPLC on a system consisting of a Beckman 420 system
controller, Beckman 112 solvent delivery modules, a Kratos
Analytical Spectroflow 783 UV spectrophotometric detector, a
Pharmacia Biotech Frac-100 fraction collector and a Fisher
Recordall Series 5000 recorder. Separation was accomplished
with a Dynamax C,g reversed-phase column (21.2 X 250 mm)
packed with silica gel (300 A pore size, 12 pm particle size)
using a gradient system (flow rate = 5 ml/min) consisting of
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mobile phases A and B containing acetonitrile, water, and TFA
mixed in the following proportions; 2/98/0.1 (v/v for mobile
phase A) and 90/10/0.1 (V/V for mobile phase B). The time
program gradient utilized was 2% B to 35% B over 60 min.
The injection volume was 5 ml. Detection was achieved at 214
nm. Collected fractions were pooled and concentrated. The
fractions containing linear peptides were identified by electro-
spray mass spectrometry and 'H NMR.

Cyclization of the linear peptides was accomplished by
bubbling air through dilute peptide solutions containing 1.5 to
2 X 10~*M peptidein al:1v/v mixtureof 2,2,2-trifluoroethanol
and phosphate buffer, 100 mM at pH 7.4. Dilute peptide solu-
tions were utilized to promote intramolecular disulfide bond
formation rather than intermolecular disulfide bond formation.
The peptide solutions were concentrated in vacuo and lyophi-
lized. Preparatory HPLC as described above was utilized for
purification. The structures of (cyclo S-S) AcCys-Ala-His-Val-
Gly-CysNH, (cyclic-His peptide), (cyclo S-S) AcCys-Ala-Asp-
Val-Gly-CysNH, (cyclic-Asp peptide), and (cyclo S-S) AcCys
Ala-Asn-Val-Gly-CysNH, (cyclic-Asn peptide) were confirmed
by electrospray mass spectrometry and *H NMR.

Oxidation Reactions

Unless otherwise specified, oxidation of the cyclic peptides
was performed under the following conditions: 250 .l solutions
contained 0.273 mM cyclic peptide, 2 mM ascorbate, 50 uM
CuCl,, and 20 mM phosphate buffer at either pH 5.3 or 7.4.
These solutions were incubated at room temperature (25°C) in
250 wl inserts in 2 ml vials. The reagents were added in the
following order: buffer, peptide, ascorbate, and CuCl,. Prior to
each reaction, fresh stock solutions of ascorbate and CuCl,
were prepared. Reagents such as CAT (2000 U/ml), SOD (200
U/ml), and OH scavengers [isopropanol (8 mM) and thiourea
(4 mM)] were used to assessthe invol vement of reactive-oxygen
intermediates in the oxidation of the cyclic-His peptide. All
reactions were monitored by reversed-phase HPLC at room
temperature (25°C).

HPLC Analysis

HPLC analysis was performed on a system consisting of
a Shimadzu SCL-6B system controller, a Shimadzu SCL-6A
pump, a Shimadzu SPD-6A UV spectrophotometric detector,
aPerkin EImer 1SS-100 autoinjector and a C-R4A Chromatopac
integrator. Separation was accomplished with a Vlydac 218TP
C,s reversed-phase column (4.6 X 250 mm) at room tempera-
ture (25°C). An isocratic system (flow rate = 1 ml/min) con-
sisting of amixture of acetonitrile/water (10/90, v/v) containing
0.1% TFA was employed. Detection of the cyclic peptides was
achieved at 214 nm and was quantified by measuring peak
areas referenced to standard curves generated with pure
cyclic peptides.

Circular Dichroism (CD) Analysis

CD experiments were conducted on an AVIV CD-60DS.
Samplescontained 0.273 mM cyclic-His peptidein the presence
or absence of 50 wM CuCl, in 20 mM phosphate buffer at pH
5.3 or 7.4. Data were collected in the range of 250 to 190 nm
(far-UV) in steps of 1 nm and appropriate buffer blanks with
or without CuCl, were subtracted as the background. A 0.1 cm
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cell was used for generation of the far-UV CD spectra. The
spectra were converted to mean residue weight ellipticities.
Estimates of the secondary structure content were made by the
convex constraint analysis method (CCA) (12).

RESULTS

Oxidation of Cyclic-His Peptide: Role of Cu(ll), Cu(l),
and Reactive-Oxygen Intermediates

The cyclic-His peptide was shown to be stable in the
presence of CuCl, alone or ascorbate alonein 20 mM phosphate
buffer at both pH 5.3 and 7.4 (Table I). In the presence of
both ascorbate and CuCl,, the cyclic-His peptide underwent
extensive degradation at both pH 5.3 and 7.4 (Table I). It was
more stable at pH 5.3 than at pH 7.4. The cyclic peptide dis-
played biphasic kinetics of degradation with arapid phase (1-2
min) followed by a slower phase of degradation, resulting in
a plateau after 10 hours where no further degradation was
observed (data not shown). The plateau phase was determined
to be due to the depletion of ascorbate during the oxidation
process (data not shown).

The involvement of Cu(ll) and Cu(l) in the oxidation of
cyclic-His peptide was investigated by using the specific metal
chelators EDTA and BCA. The inclusion of EDTA or BCA in
the standard oxidation reaction mixture at pH 7.4 resulted in
stabilization of the peptide towards oxidation (data not shown).
The involvement of the reactive-oxygen intermediates H,0,,
05, and "OH, which are generated in the ascorbate/Cu(l1)/O,
system, was investigated by observing the effects of CAT, SOD,
and "OH scavengers (i.e. thiourea, isopropanol) on the oxidation
process. Table Il summarizesthe resultsand reaction conditions.

SOD, which catalyzes the dismutation of O5~ to oxygen
and H,0O, (13), is commonly used to determine the role of
freely diffusible O5 in oxidation reactions. The addition of
SOD to the metal-catalyzed oxidation reaction mixture had no
impact on the degradation of cyclic-His peptide (TableIl). This
indicates that O3 is not directly damaging to the peptide but,
rather, may serve as a source for the generation of H,O..

CAT, which catalyzes the decomposition of H,O, to water
and O, (k > 10" M~ s7%) (14), is commonly used to determine

Tablel. Oxidation of the Cyclic-His Peptide in an Ascorbate/Cu(I1)/

O, System?
Cyclic-His Peptide
Remaining (%)
Additions pH 5.3 pH 7.4

Ascorbate (2 mM) 100 99
CuC1; (50 uM) 100 100
Ascorbate (2 mM)
CuCl,(50 uM) 48 33

2 Reaction conditions: The reaction mixtures contained 0.273 mM
peptide in 20 mM phosphate buffer at pH 5.3 or 7.4 with the additions
indicated above. The incubations were carried out at room tempera-
ture (25°C) for 20 hours. The reactions were monitored by HPLC
and % peptide remaining was determined once the reaction had
reached completion, i.e., a plateau phase had been reached. All the
data are averages of triplicates. Standard deviation is less than 4%
for al experiments.
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Tablell. Effectsof CAT, SOD, and *OH Scavengers on the Oxidation
of the Cyclic-His Peptide in an Ascorbate/Cu(I1)/O, System?

% Peptide Remaining

Additions pH 7.4
Ascorbate/CuCl, 33
Ascorbate/CuCl,/CAT 86
Ascorbate/CuCl,/Boiled CAT 36
Ascorbate/CuCl,/SOD 33
H,O, 98
Ascorbate/CuCl.,/I sopropanol 31
Ascorbate/CuCl,/Thiourea 60

@ Reaction conditions: The reaction mixtures contained 0.273 mM
peptidein 20 mM phosphate buffer at pH 7.4 and reagents asindicated
above in the following concentrations. 2 mM ascorbate, 50 wM
CuCl,, 2000 U/ml CAT, 2000 U/ml boiled CAT, 200 U/ml SOD, 2
mM H,O,, 8 mM isopropanol, and 4 mM thiourea. The incubations
were carried out at room temperature (25°C) for 20 hours. The
reactions were monitored by HPLC and % peptide remaining was
determined once the reaction had reached completion, i.e., a plateau
phase had been reached. All the data are averages of triplicates.
Standard deviation is less than 4% for all experiments.

the role of fredly diffusible H,O, in oxidation reactions. The
addition of freshly prepared CAT to the metal-catalyzed oxida-
tion reaction mixture containing cyclic-His peptide resulted in
stabilization of the peptide toward oxidation (Table I1). The
stabilization of the cyclic-His peptide toward metal-catalyzed
oxidation by CAT indicates that H,O, is an intermediate in the
oxidation process. The fact that the cyclic-His peptide does not
undergo degradation in the presence of H,O, alone (Table Il)
indicates that H,O, itself is not the damaging species. Instead,
it must degrade to form other reactive-oxygen species that are
ultimately involved in the reaction with His. H,O, is known
to degrade by the Fenton-type reaction in the presence of Cu(l)
to yield "OH.

The role of freely diffusible *OH in the metal-catalyzed
oxidation of the cyclic-His peptide was investigated using the
following scavengers that react with "OH at the indicated rates:
isopropanal, k = 1.9 X 10°°* M~! s7%; and thiourea k = 3.9 X
10° Mt st (15). Isopropanol did not have a significant
protective effect on metal-catalyzed oxidation of cyclic-His
peptide, whereas thiourea afforded some stabilization of the
cyclic-His peptide (Table I11). However, we believe that the
stabilization produced by thioureais not due to the scavenging
of freely diffusible ‘OH. Kanawaza et al. (4) have proposed
that thiourea protects papain from oxidation by trapping Cu(l1),
thus, preventing the formation of free radicals at the specific
site of inactivation. Other investigators (16,17) have aso
reported that thiourea stabilizes molecules towards oxidation,
whereas other *OH scavengers were ineffective. The results
indicate that freely diffusible ‘OH isnot damaging to the cyclic-
His peptide.

Characterization of the Main Degradation Product

When the oxidation of the cyclic-His peptide was con-
ducted at pH 7.4, one magjor degradation product was observed
(Fig. 1, chromatogram B). However, at pH 5.3, there did not
appear to be a main degradation product but, rather, numerous
degradation products wereformed in low yield (Fig. 1, chroma-
togram A). It isimportant to note that when additional ascorbate
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Cyclic 2-Oxo-His Peptide
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Fig. 1. Representative chromatograms obtained upon oxidation of
cyclic-His peptide at pH 5.3 (A), pH 7.4 (B), and pH 7.4 after addition
of 2-oxo-His cyclic peptide (C). Reaction mixtures initially contained
0.273 mM peptide, 2 mM ascorbate, 50 wuM CuCl,, and 20 mM
phosphate buffer at pH 5.3 or pH 7.4 and were incubated at room
temperature for 20 hours. HPLC analysis was performed with a Vlydac
218TP C,g reversed-phase column (4.6 X 250 mm). Anisocratic system
was utilized at aflow rate of 1 ml/min. The mobile phase was amixture
of acetonitrile/water (10/90, v/v) containing 0.1% TFA. Detection was
achieved at 214 nm.

and Cu(ll) were added to the oxidized cyclic-His peptide at
pH 5.3, to achieve the same degree of degradation of the cyclic-
His peptide observed at pH 7.4, the profile of the degradantswas
not changed (data not shown). The main degradation product
observed at pH 7.4 was isolated and purified by preparative
HPLC, and its structure was elucidated by electrospray mass
spectrometry and *H NMR. The mass of this oxidation product
was 645 amu (16 amu higher then the parent peptideion), which
is consistent with the mass of the cyclic 2-oxo-His peptide. The
IH NMR spectra of this oxidation product revealed the absence
of a resonance corresponding to the C, imidazole ring proton
observed inthe cyclic-His peptide. The C,imidazolering proton
resonance that appeared at 7.3 ppm for the cyclic-His peptide
appeared at 6.3 ppm in the major degradation product. Similar
IH NMR spectra have been reported by other investigators for
2-oxo-His (18,19). Confirmation of the structure was accom-
plished by synthesizing the cyclic 2-oxo-His peptide and dem-
onstrating that it coeluted with the major degradation product
observed when the cyclic-His peptide was oxidized at pH 7.4
in an ascorbate/Cu(l1)/O, system (Fig. 1).

Oxidation of His residues in peptides/proteins has been
reported to yield Asp and Asn residues as degradation products
(10,20). For example, Uchida et al. (21) have reported that 2-
oxo-His undergoes degradation by a ring-opening mechanism
to form Asp and Asn. To investigate if the cyclic-Asp peptide
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and/or the cyclic-Asn peptide were being formed as oxidative
degradants of the cyclic-His peptide, these peptides were syn-
thesized and their retention times compared to the degradation
products observed upon oxidation of the cyclic-His peptide at
pH 7.4. As shown in Fig. 2, the cyclic-Asp peptide and the
cyclic-Asn peptide were not produced in significant amounts
upon oxidation of the cyclic-His peptide at pH 7.4. The same
results were obtained after oxidation of the cyclic-His peptide
at pH 5.3 (data not shown). It isimportant to note that exposure
of the cyclic-Asp peptide or the cyclic-Asn peptide to the ascor-
bate/Cu(l1)/O, system did not result in significant degradation
of these peptides (data not shown).

As noted above, there were differences observed in the
degradation profile of the cyclic-His peptide upon oxidation in
an ascorbate/Cu(I1)/O, system at pH 5.3 vspH 7.4, i.e, cyclic
2-ox0-His peptide was observed as a major degradant at pH
7.4 but at pH 5.3 numerous degradation products were formed
in low yield including small amounts of the cyclic 2-oxo-His
peptide. These differences may be attributed to the formation
of different complexes between the cyclic-His peptide and
Cu(ll) at pH 5.3 vs pH 7.4. The different complexes may then
lead to the formation of different degradation product profiles.
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Fig. 2. Representative chromatograms obtained upon oxidation of
cyclic-His peptide at pH 7.4 and after addition of cyclic-Asn peptide
or cyclic-Asp peptide. Reaction mixturesinitially contained 0.273 mM
cyclic-His peptide, 2 mM ascorbate, 50 wM CuCl,, and 20 mM phos-
phate buffer at pH 7.4 and were incubated at room temperature for 20
hours. HPLC analysis was then run on the oxidized cyclic-His peptide
aone or in the presence of cyclic-Asp peptide or cyclic-Asn peptide.
HPL C analysis was performed with a Vydac 218TP C,5 reversed-phase
column (4.6 X 250 mm). An isocratic system was utilized at a flow
rate of 1 ml/min. The mobile phase was a mixture of acetonitrile/water
(20/90, v/v) containing 0.1% TFA. Detection was achieved at 214 nm.
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Effect of Presence or Absence of Cu(ll) on the Solution
Structure of the Cyclic-His Peptide at pH 5.3 and 7.4

H NMR was utilized to demonstrate the complexation of
the His of the cyclic-His peptide with Cu(ll). The resonances
corresponding to the C, and C, imidazole ring protons were
shown to selectively broaden in the presence of Cu(ll) at both
pH 5.3 and 7.4 (data not shown). This phenomenon has been
observed by other researchers (22,23). The effect of complex-
ation on the solution structure of the peptide was investigated
by determining the CD spectra of the cyclic-His peptide (0.273
mM) in the presence or absence of 50 uM CuCl, in 20 mM
phosphate buffer at pH 5.3 (Fig. 3A) and pH 7.4 (Fig. 3B). At
pH 5.3, the secondary structure of the cyclic-His peptide in the
presence or absence of Cu(l1) did not appear to be significantly
different (Fig. 3A). However, at pH 7.4 it is apparent that the
presence of Cu(ll) impacted the secondary structure of cyclic-
His peptide (Fig. 3B). The CD spectrum indicates that the
solution conformation of the cyclic-His peptide in the presence
of Cu(ll) a pH 5.3 is different from that at pH 7.4 (Fig.
3A & 3B).

Comparison of the Solution Structure of Cyclic-His
Peptide to That of Its Relaxin Counterpart

CD experiments in the far-UV range (190—250 nm) were
conducted to determine the solution structure of the cyclic-His
peptideat pH 7.4 (Fig. 3B). The CD spectral datawere processed
and deconvoluted to five components of secondary structure
elements (« helix, B sheet, and B turns), which were assigned
to component curves by comparison with those found in the
literature (12). Deconvolution of the data for the cyclic-His
peptide suggested that approximately 27% of the peptide existed
inatypel B turn with the remainder being unordered structures.
Two-dimensional (2D) NMR data on the cyclic-His peptide
supported the CD data and indicated that this peptide existed
inatype | B turn composed of the amino acids His-Va-Gly-
Cys (data not shown). The backbone dihedral angle values
corresponding to the same amino acid residues that formed a
type | B turn in the cyclic-His peptide (His-Val-Gly-Cys) were
obtained from the X-ray crystal structure of relaxin (Brookha
ven Protein Data Bank entry 6RLX, Eigenbrot et al.) (7). The
backbone dihedral angle values of these residuesin relaxin did
not correlate well with values observed in a typical type | B
turn (data not shown). However, backbone dihedral anglevalues
for the sequence Cys-Cys-His-Va found in this loop region of
relaxin (obtained from the X-ray crystal structure, Brookhaven
Protein Data Bank entry 6RLX, Eigenbrot et al.) (7) did corre-
late well with those found in a typical type | B turn (data not
shown). Based on these data, it is apparent that a common
feature of both the cyclic-His peptide and the His-containing
loop region of relaxin is a type | B turn containing the His
residue. The only differences are thelocations of the Hisresidue
intheseturns(i.e. residue 1 inthe cyclic-His peptide and residue
3 in relaxin). Therefore, while the cyclic-His peptide is not a
perfect model of the extended loop of relaxin, it exhibits similar
higher-order structural features and, therefore, could be used
to determine the impact of oxidation of the His on its solu-
tion structure.
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Fig. 3. (A) CD spectraof cyclic-His peptidein the presence or absence
of Cu(ll) at pH 5.3. Conditions: (®) 0.273 mM cyclic-His peptide and
50 wM CuCl, in 20 mM phosphate buffer at pH 5.3. ((J) 0.273 mM
cyclic-His peptide in 20 mM phosphate buffer at pH 5.3. (B) CD
spectra of cyclic-His peptide in the presence or absence of Cu(ll) at
pH 7.4. Conditions: (®) 0.273 mM cyclic-His peptide and 50 uM
CuCl, in 20 mM phosphate buffer at pH 7.4. ((J) 0.273 mM cyclic-
His peptide in 20 mM phosphate buffer at pH 7.4.
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Effect of Oxidation on the Solution Structure of the
Cyclic-His Peptide

CD experiments in the far-UV range (190—250 nm) were
conducted to compare the solution structure of the cyclic-His
peptide to that of the cyclic 2-oxo-His peptide (Fig. 4). The
CD spectrum for cyclic 2-oxo-His peptide was processed and
deconvoluted in the same manner as noted above for the cyclic-
His peptide. CD results for the cyclic 2-oxo-His peptide sug-
gested that it existed in approximately 51% type Il B turn, 9%
type | B turn, and the remainder as unordered structures. As
noted before, deconvolution of the data for the cyclic-His pep-
tide suggested that approximately 27% of the peptide existed
inatypel B turn with the remainder being unordered structures.
These results indicate that the solution structure of the cyclic-
His peptide is significantly different than that of the cyclic 2-
oxo-His peptide. It is important to note that variations in CD
spectra of the type described above may result because of
different side chains of amino acid residues, i.e., aromatic resi-
due vs nonaromatic residue (12). The differences in the CD
spectra between the cyclic-His peptide and the cyclic 2-oxo-
His peptide are probably not due to the inherent structural
differences between His and 2-oxo-His because His is not an
aromatic amino acid (24). Furthermore, the cyclic-His peptide
and the cyclic 2-oxo-His peptide displayed similar UV spectro-
photometry absorption spectra in the range of 190-350 nm
(data not shown). Therefore, the differences observed in the
amide far-UV CD spectra shown in Fig. 4 are probably due to
differences in the backbone region of the peptides.

DISCUSSION

The results obtained from the experiments designed to
characterizetherole of Cu(ll), Cu(l), and reactive-oxygen inter-
mediates (H,O,, O~) suggest that the reaction scheme proposed
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Fig. 4. CD spectraof cyclic-His peptide and 2-oxo-His cyclic peptide.
Conditions: (®) 0.273 mM 2-oxo-His cyclic peptide in 20 mM phos-
phate buffer at pH 7.4. ((J) 0.273 mM cyclic-His peptide in 20 mM
phosphate buffer at pH 7.4.
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previously by Khossravi and Borchardt (9) for the metal-cata-
lyzed oxidation of linear His-containing peptides is applicable
to this cyclic His-containing peptide. The following equations
show how Cu(l), H,O,, and O,~, which were shown in this
study to be the intermediates involved in the oxidation of the
cyclic-His peptide, are formed. In the equations shown below,
Cx represents a complex that may include water, ascorbate,
peptide, Cu(I1) and/or phosphate. The pertinent reacting species
of the complex are illustrated individually. First, Cu(l) may be
generated by reduction of Cu(l1) by ascorbate (Eq. 1). Ascorbate
and ascorbyl radical anion are denoted by AH™ and A"~

CxCu(l)AH- - CxCu(l) + A"~ Q)

The Cu(l) can then react with oxygen to ultimately form H,O,
(Egs. 2-4).

cxCu(l) + O, — CxCu(l1)(0y) @)
CxCu(I1)(037) + CxCu(l) — CxCu(I1)(Oz2)CxCu(ll) 3
CxCu(I1)(0z9)CxCu(ll) + 2H* - 2CxCu(ll) + H,0, 4

H,0, can ultimately degrade by a Fenton-type reaction, which
can generate “OH within the complex forms (Eq. 5) or a metal-
bound form of *OH (Eqg. 6) that react with the cyclic-His peptide
before diffusion into the bulk solution.

CxCu(l) + H,0, — CxCu(Il)(:OH)(HO™) (6)
CxCu(l) + H,0, — CXCu(ll)(—OH)(HO™)  (7)

It isimportant to note that, while the experimental data reported
in this manuscript strongly suggest the involvement of H,O,
and Oz~ asintermediates in the oxidation and complexed forms
of °OH as the actual oxidant, the results are not definitive.

Metal-catalyzed oxidation of peptides and proteins has
been reported to result in the conversion of His residues to
Asp, Asn, and/or 2-oxo-His residues as degradation products
(10,19,20). As shown in this study, metal-catalyzed oxidation
of the cyclic-His peptide at pH 5.3 and pH 7.4 did not result
in detectable level s of the cyclic-Asp or the cyclic-Asn peptides.
The major degradation product formed at pH 7.4 was shown
to be the cyclic 2-oxo-His peptide. At pH 5.3, numerous degra-
dants were formed in low yield, including the cyclic 2-oxo-His
peptide. The different degradant profiles observed at pHs 5.3
and 7.4 may result from different complexesor different popula-
tions of complexes at different pHs. These ideas are elaborated
on in the following discussion.

Asindicated by 'H NMR, the imidazole ring of the cyclic-
His peptide appears to be involved in the formation of com-
plexes with Cu(ll). The differences in the CD spectra of the
cyclic-His peptide in the presence of Cu(ll) a pH 5.3 vs pH
7.4 (Fig. 3A & 3B) support the hypothesis that different metal-
ligand complexes have different solution structures depending
on pH. Other researchers have observed changesin CD spectra
that have been attributed to different coordination modes of
binding for metal-ligand complexes, affecting the conformation
of the peptide (25,26). For example, bleomycin was shown to
form three different complexes with Cu(ll) depending on pH.
Each complex exhibited a different CD spectrum (27).

Since metal-catalyzed oxidation is a site-specific process,
the coordination-ligand mode of a particular metal-ligand com-
plex may dictate the profile of degradant(s) that are formed.
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At pH 7.4, the imidazole ring of the His residue in the Cu(ll)
[or Cu()]-cyclic-His peptide complex must be oriented in such
a way as to favor attack at the C, position of the imidazole
ring and the generation of the 2-oxo-His degradant. Other metal -
ligand complexes with different ligand-coordination modes of
binding probably exist and favor generation of the other degra-
dation products.

Not only can there be different metal-ligand complexes at
agiven pH, but researchers have also reported that the distribu-
tion of various complexes may vary as afunction of pH (25,26).
Therefore, we propose that the Cu(ll) [or Cu(l)]-cyclic-His
peptide complex giving rise to the 2-oxo-His degradant may
represent asmaller fraction of the total population of complexes
at pH 5.3 vs pH 7.4; thus, providing an explanation for the
formation of alarger amount of cyclic 2-oxo-His peptide at pH
74 vspH 5.3.

As noted earlier, the cyclic-His peptide was designed as
amodel of the His-containing extended loop region of relaxin.
We hoped to use this cyclic peptide to generate evidence to
support our hypothesis that oxidation of the His residue in this
loop region of relaxin leadsto changesin the secondary structure
of the protein, ultimately leading to aggregation and precipita-
tion. Unfortunately, from a structural perspective, the cyclic-
His peptide proved not to be a perfect model of the extended
loop region of relaxin. Imperfections in this model peptide
reside in the exact type of turn structures it exhibits in solution
compared to what is found in the extended loop of relaxin. Our
CD and H NMR results of the cyclic-His peptide and our
analysis of the X-ray crystal structure of relaxin suggest that
the cyclic-His peptide and the His-containing extended loop of
relaxin both exhibit type | B turns. However, the differences
reside in the exact location of His in these turns. In the model
peptide, His is in position 1 of the turn, whereas His is in
position 3 of the turn in the extended loop region of relaxin.

Despite these differences, the results forthcoming from
our studies of the oxidation of this model cyclic-His peptide
have been valuable because they have shown that modification
of the His residue can result in aterations in the secondary
structure of the peptide. Specifically, we showed by CD spec-
troscopy that the solution structures of the cyclic 2-oxo-His
peptide, one of the possible degradants formed from metal-
catalyzed oxidation, appear to be quite different from the solu-
tion structures of the cyclic-His peptide (Fig. 4). These results
suggest that other oxidation products of the His residue in this
cyclic peptide (and in the extended loop of relaxin) are likely to
produce similar changesin the molecul€'s secondary structures.

In more extensive studies of the metal-catalyzed oxidation
of relaxin, our laboratory (28) recently observed that 2-oxo-
His was present in the soluble degradants formed after ascor-
bate/Cu(l1)/O, oxidation of relaxin. In contrast, much lower
levels of 2-oxo-His were detected in precipitated degradants.
These observations would suggest that conversion of the His
residue in the extended loop region of relaxin to 2-oxo-His
does not produce sufficient (or appropriate) changes in the
protein’s higher-ordered structure to cause aggregation and pre-
cipitation of the protein. However, like the observations made
here with the cyclic-His peptide, relaxin is converted in these
metal-catalyzed reactions to a plethora of other oxidation prod-
ucts. One or more of these other oxidation products of the His
residue in the extended loop could lead to the types of changes
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in the protein’s higher-ordered structure that |ead to aggregation
and precipitation.

In summary, we have shown in these studies that a model
cyclic-His peptide exhibits solution structures similar, but not
identical to those observed in the extended loop of relaxin. It
has been shown that oxidation of this cyclic-His peptide leads
to 2-oxo-His as the major degradation product and that this
modified cyclic peptide has different structuresin solution than
the parent model peptide. However, our recent observation (28)
that 2-oxo-His containing degradants of relaxin are soluble
suggests that the formation of this specific degradant of His
does not lead to the aggregation and precipitation of the protein.
Current studies support the hypothesis that other, unidentified
oxidative degradants of the His residue in the extended loop
of relaxin are ultimately responsible for the physical instability
of this protein (28).
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