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Purpose. To establish the sensitivity of Zn?* insulin (Zn**-INS) to
metal-catalyzed oxidation (MCO) and to use tandem mass spectrom-
etry/mass spectroscopy (MS/MS) for the identification and quantifi-
cation of 2-oxo-histidine at *Hisy and '°Hisy upon the MCO of INS.
Methods. Zn**-INS was exposed to Cu?*/ascorbate-induced MCO.
Products were analyzed by reverse-phase high-performance liquid
chromatography, electrospray ionization mass spectrometry (ESI-
MS) and MS/MS, sodium dodecylsulfate polyacrylamide gel electro-
photesis (SDS-PAGE), and CD spectroscopy.

Results. A maximal loss of 40% INS was achieved when 20 pM
INS/8.8uM Zn>* were exposed to 8 uM Cu?" and 50 uM ascorbate.
MCO was completely inhibited by ethylenediaminetetraacetic acid or
native catalase but not with a 1000-fold molar excess of Zn** over
Cu?*. MCO did not alter the aggregation state of INS. High-
performance liquid chromatography-fractionated products contained
portions of oxidized and native INS monomers. Oxidation selectively
targeted the B chain of INS, where MS/MS sequencing revealed
2-oxo-His formation at both His residues at a relative ratio of '°Hisg_
ox/°Hisg_ox = 2.8 + 1.3 (SD).

Conclusions. At a Zn>*/INS molar ratio comparable to that in regular
INS preparations, Zn**-INS was susceptible to MCO. Both His resi-
dues of INS were converted partially to 2-oxo-His, with °Hisy pos-
sessing ca. three times greater susceptibility to MCO than *Hisg.

KEY WORDS: insulin; zinc-insulin; metal-catalyzed oxidation;
2-oxo-histidine.

INTRODUCTION

Transition metals are present in most buffers and may
affect the processing and/or storage of biologic pharmaceuti-
cals. Therefore, metal-catalyzed oxidation (MCO) (1,2) poses
a serious threat to the stability of recombinant proteins. The
metal-binding amino acids are particularly sensitive to MCO.
For example, His is converted to 2-oxo-histidine (2-oxo-His)
in the presence of Cu?* and ascorbate (3,4). Scheme 1 (5,6)
presents a mechanism for the formation of 2-oxo-His by re-
action of His with the hydroxyl radical, HOe. Here, HO® is
generated at the metal-binding site via one-electron reduction
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of a redox active transition metal and subsequent one-
electron reduction of freely diffusable H,O,. H,O, results
from a series of redox reactions between liganded reduced
transition metals, e.g., L -Cu'*(5) and L_-Fe®* (7), and mo-
lecular oxygen. Identification of 2-oxo-His by traditional
methods, i.e., amino acid analysis, has proven to be difficult,
but has been achieved by high-performance liquid chroma-
tography (HPLC) with electrochemical detection (4), modi-
fied amino acid analysis (8), and by MS/MS (9), which is also
the method of detection used in the present work. The Cu?*/
ascorbate-induced formation of 2-oxo-His has been reported
for the following protein pharmaceuticals: human growth hor-
mone (hGH) (5), bovine growth hormone (bGH) (9), human
relaxin (10,11), and brain-derived neurotrophic factor (12).
Furthermore, 2-oxo-His has been detected during metal-
catalyzed photodegradation of human growth hormone (13).
However, all of these studies were performed in aqueous
model systems, which are limited in relevance to typical pro-
tein formulations. To study MCO under formulation-like con-
ditions, the present report details the MCO of insulin (INS),
one of the most well-studied and applicable of the protein
pharmaceuticals (14-16), at INS/Zn** molar ratios similar to
those found in regular INS preparations (15).

The B chain of the INS monomer contains two His resi-
dues, “Hisg and '°Hisg. In the presence of Zn>*, three INS
dimers aggregate into a torus-shaped hexamer with two Zn**
binding sites. Each binding site is comprised of three '°Hisy
imidazole ligands (17), with the corresponding *Hisy, residues
in close proximity (Fig. 1). Two previous studies (18,19) have
exposed INS to Cu?* and/or ascorbate, but both were am-
biguous as to the Zn*" content of the protein and none of
them identified the oxidation products of His. Although
Cheng and Kawakishi (19) detected a greater loss of '°Hisg
than *Hisg in oxidized products, the differential susceptibility
of “Hisy and '°His, to MCO has yet to be quantitated.

In this report, the MCO of INS was performed at INS/
Zn”* molar ratios of ca. 2/1, which is similar to the INS/Zn**
molar ratio of INS formulations. Regular INS preparations
contain 0.60 mM (3.5 mg/mL) INS and 0.27 mM (20 pg/mL)
Zn?* (15), resulting in a molar ratio of ca. 2 INS/1 Zn*.
Typical INS formulations also contain helix-stabilizing agents,
such as phenol (15); however, such components were not
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top view

side view

INS hexamer complexed with Zn?+

Fig. 1. Structure of the INS monomer (adapted from PDB file 4INS)
and hexamer (PDB file IWAV), where *Hisy is in gray and °Hisy, is
in black.

added in this study. An electron paramagnetic resonance
(EPR) study of Cu*"-INS revealed that Cu®*" binds to the
same binding sites as Zn** in the hexamer (20). Zn**, a redox
inert metal, should compete with Cu®* for the metal-binding
sites in the INS hexamer and, in large excess, may competi-
tively inhibit MCO. However, the following study will dem-
onstrate that even in the presence of a large molar excess of
Zn** over Cu®*, INS is sensitive to MCO. Tandem mass spec-
troscopy (MS/MS) experiments were used to identify 2-oxo-
His formation at both His residues of INS, and to establish the
differential sensitivity of *Hisg and '°His towards oxidation.
In this way, the potential for MCO as a degradation pathway
for INS under formulation conditions will be ascertained.

EXPERIMENTAL

Materials

Recombinant human INS, with a content of Zn?* that is
~0.5% of the weight of amorphous dry INS, was purchased
from ICN Biomedicals, Inc. (Costa Mesa, CA), and the B
chain of INS, in which both Cys have been oxidized to cysteic
acid, was purchased from Sigma-Aldrich (St. Louis, MO). Un-
less otherwise stated, all reagents were of the highest grade
commercially available. To ensure adequate solubility, stock
solutions of INS, the B chain of INS, and ZnCl, were pre-
pared in 0.1 N HCI. Concentrations of INS and the B chain
were determined spectrophotometrically [£,75,, = 5988 M~
and &,76,, = 3100 M~!, respectively (21)]. Stock solutions of
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INS, ascorbate, CuCl,, ZnCl,, and catalase were prepared
immediately before experimentation.

Reaction Conditions

Reactions were performed at room temperature and con-
sisted of 500-pnL solutions containing 20 pM INS, 8.8 uM
Zn**, 0.8 or 8 uM Cu?*, and 50 pM ascorbate in 20 mM
sodium phosphate buffer (pH 7.4). The order of reactant ad-
dition was as follows: Zn>*-INS, water, buffer, Cu>*, and fi-
nally, after a 10-min lag phase to promote the binding of
metal to INS, ascorbate. In some experiments, exogenously
added ZnCl,, ethylenediaminetetraacetic acid (EDTA), or
catalase was added prior to the lag phase. To ensure an ad-
equate supply of oxygen throughout the course of reaction,
reagents were placed in clear 1.5-mL dram vials capped with
teflon-lined lids (Kimble Glass, Inc.; Vineland, NJ). Experi-
mental controls were performed in the absence of ascorbate.

For characterization of the oxidation products, INS was
reduced and alkylated. The disulfide bonds of INS were re-
duced by 3 mM DTT at 37°C for 30 min in the presence of 6
M guanidine hydrochloride, 200 mM trishydroxymethylami-
nomethane (pH 8.3), and 2 mM EDTA. Free thiols were
alkylated with 5 mM iodoacetic acid in the dark for 30 m at
37°C. Finally, excess iodoacetic acid was reacted with 0.14 M
(i.e., 1% v/v) B-mercaptoethanol.

HPLC Analysis

Reaction mixtures were separated by reverse-phase
(RP)-HPLC on a Vydac C4 column (250 x 4.6 mm id; Vydac;
Hesperia, CA) using a linear acetonitrile/trifluoroacetic acid
gradient with UV detection at 214 nm and a flow rate of 1
mL/min. The mobile phase ratio started with 100% mobile
phase A [A = 25% (v/v) acetonitrile/0.1% (v/v) trifluoroace-
tic acid] at 0 min and was increased linearly to 100% B [B =
50% (v/v) acetonitrile/0.1% (v/v) trifluoroacetic acid] within
12.5 min. The HPLC system consisted of two Shimadzu LC-
10AS pumps and a Shimadzu SPD-10AV UV/vis detector
(Shimadzu; Columbia, MD). Data are reported as the ratio of
the average peak area of the analyte at time x to the average
peak area of INS at time 0 [equation 1].

Fraction of INS = <peak area>_ /<INS area>_, (1)

ESI-Q-TOF MS and MS/MS

Before mass spectral analysis, lyophilized samples were
desalted by dissolution in 50% acetic acid, followed by dilu-
tion to 1% acetic acid and injection onto a C18 guard column
(1 x 20 mm (Upchurch Scientific model C.128, Oak Harbor,
WA) that was dry-packed with Zorbax C18 resin (SBCI18,
5uM, 300A, Rockland Technologies, Newport, DE) for trap-
ping. Desalted samples were either directly analyzed by elu-
tion off the C18 column with 90% methanol/1% formic acid
into the ESI source for MS, or were collected and pooled for
minute-long infusions for MS/MS. ESI-MS spectra were ac-
quired on a Q-TOF-2 (Micromass Ltd., Manchester UK) hy-
brid mass spectrometer operated in the MS mode with data
acquisition by the time of flight (TOF) analyzer. The instru-
ment was operated at isotopic resolution. The cone voltage
was 30 eV and the cell was operated at 10 eV (maximum
transmission).
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Collision induced dissociation (CID) spectra were ac-
quired by setting the MS1 quadrupole to transmit a precursor
mass window of +1.5 a.m.u. centered on the most abundant
isotopomer of the MH,** ion. The collision energy was varied
from 20 to 35 eV over 5 min of acquisition time.

Spectra were manipulated for data analysis in the follow-
ing ways. Multiple-charged spectra were converted to singly
charged spectra with the MaxEnt 3 software (Micromass Ltd.;
Manchester, UK). This simplified the interpretation of MS/
MS data since CID spectra from the multiply charged precur-
sor ion (+4) result in a suite of multiply charged product ions
with z = +2 and +3. The ions in each CID spectra were
normalized to the signal at m/z 226.13, an abundant ion for all
spectra representing the internal fragment **ProLys. The nor-
malized a, b, and y ions, where a, b, and y are defined by
Roepstorff’s nomenclature (22), were compared between
CID spectra to ascertain the extent of oxidation at each po-
sition (see Results for further detail).

ESI-Ion Trap-MS/MS

Further MS analyses of control and oxidized INS were
performed by Ion Trap MS on either a Deca or Deca XP ion
trap mass spectrometer (ThermoFinnigan; San Jose, CA).
INS and oxidized INS samples were reduced, alkylated (see
above), and desalted. Samples were analyzed in two different
nanospray modes using a Nanospray source (Thermo Finni-
gan). For the static nanospray experiments, 2 pL of the
sample was loaded into a metal-coated glass PicoTip with a
2-pm tip ID (New Objective, Woburn, MA) and sprayed at
1.8 kV without the aid of an additional pump or pressure
source. For dynamic nanospray experiments, 2-pL aliquots of
the samples were injected onto a 180 pm ID x 10 mm Hypu-
rity column (Thermo Hypersil) and separated from salt with
a 30 min gradient from 5% mobile phase B to 95% B (mobile
phase A = 0.1% aqueous formic acid and B = AcN with
0.1% formic acid) using a Surveyor gradient HPLC system
(Thermo Finnigan, San Jose, CA). The column eluent was
introduced into the mass spectrometer using a fused-silica
PicoTip with a 30 um ID at a flow rate of 1pwL/min. Data were
recorded in full MS and data-dependent MS/MS and single
ion monitoring in full MS and MS/MS mode were conducted
on the +3, +4, and +5 m/z species using collision energies
between 35% and 60%.

SDS-PAGE

Gel electrophoresis was performed using pre-cast 4-20%
tris-glycine minigels (1.5 mm x 10 wells; Novex; San Diego,
CA) at 12°C. One-milliliter reaction mixtures were lyophi-
lized and, subsequently, dissolved in tris-glycine/SDS sample
buffer (Novex) containing bromophenol blue, and incubated
at 95°C for 5 min. Novex Mark 12 wide-range standard was
used for the approximation of molecular weight. After elec-
trophoresis, gels were stained with Coomassie Blue R-250 for
2 h and destained in 40% (v/v) methanol and 7.5% (v/v) acetic
acid overnight.

CD Spectroscopy

Far UV CD spectra were acquired on a Jasco J-720 spec-
trometer (Jasco; Easton, MD) at 25°C and were the average
of three replicate scans. Protein samples (20 wM) were placed
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in a 0.1-cm pathlength quartz cuvette and monitored every 0.1
nm at a speed of 20 nm/min from 260 to 180 nm. CD spectra
were deconvoluted into helix, B-sheet, turn and/or random
structural components by three different algorithms (Selcon,
CD Estima and Contin; 23).

RESULTS

Loss of INS

Upon exposure of 20 pM INS and 8.8 .M Zn?* to either
0.8 or 8 uM Cu** and 50 uM ascorbate, INS degraded to the
extent of 10 or 40% within 90 min, respectively (Fig. 2B).
Concentrations of >50 wM ascorbate failed to increase the
overall loss of INS (data not shown). The oxidation products
were separated by HPLC into five fractions (Fig. 2A) that
accounted for 100% of protein loss. Initial experiments with
the B chain of INS showed a maximum loss of ca. 25% under
the same conditions (data not shown).
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Fig. 2. Chromatogram and kinetic time course for the MCO of Zn**-
INS. (A) Chromatographic overlay of oxidized (dashed line) and
control (solid line) Zn?**-INS. The chromatogram of the control
sample is further indicated by the inserted arrows. (B) Kinetic profile
for the reaction of 20 pM INS/8.8 uM Zn?* with 8 pM (closed
squares) or 0.8 uM Cu®* (open squares) and 50 wM ascorbate in 20
mM sodium phosphate (pH 7.4) at room temperature (see Eq. 1 for
quantitation). For oxidation conditions, see Experimental section.
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The MCO of INS was completely inhibited in the ab-
sence of ascorbate by the addition of 50 uM EDTA or by the
addition of 2000 units of native catalase, whereas heat-
denatured catalase had no effect on the reaction. In an at-
tempt to competitively inhibit Cu?*-binding, exogenous
ZnCl, was added before the addition of 0.8 uM Cu?*. At a
Zn** concentration of 800 wM, oxidation products were just
beginning to appear after two hours of reaction, demonstrat-
ing slower oxidation kinetics; however, these data show that
even a molar ratio of 1 Cu?*/1000 Zn** was unable to prevent
oxidation. The addition of Zn** in the mM-range was difficult
due to the precipitation of Zn(OH), at pH 7.4.

Product Characterization

Separation of A and B Chains

Reduction and alkylation of INS yields alkylated A and
B chains, which can be separated by HPLC. Comparison of
the A and B chains shows that oxidation exclusively targets
the B chain to an extent of 40% (Fig. 3), i.e., similar to the loss
observed for whole INS (Fig. 2B). Both His residues of INS,
Hisg, and °Hisg are located on the B chain.

ESI-Q-TOF MS of Whole Protein

Using the higher mass resolution capability of the Q-
TOF configuration, the molecular weights of the species con-
tained in product regions 1-5 (defined in Fig. 2A) were de-
termined by ESI-Q-TOF MS. Products 1-5 were found to
contain mixtures of the following average masses (M,): INS
(M, = 5807.7), INS + 16 am.u. (M, = 5823.7), and INS + 32
a.m.u. (M, = 5839.7). Table I reports the relative ratios of the
INS species contained in each product region, which were
normalized to the INS signal in Product 4. Product 4 contains
the greatest yields of mono-oxidized (INS + 16 a.m.u.) and
di-oxidized (INS + 32 a.m.u.) species. Assuming that the ad-
dition of 16 a.m.u. represents the addition of one oxygen
atom, all products of MCO are the result of oxygen addition.
All product fractions contain a portion of native INS mono-
mer. Because Zn**-INS is in the hexameric state, it is appar-
ent that not all of the six INS monomers of the hexamer are

control
- oxidized

Detector Response

B-chain
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retention time

Fig. 3. A and B peptide chains of an oxidized (dashed line) and
control (solid line) reaction mixture of 20 wM INS with 8.8 M Zn>*
exposed to 8 uM Cu* and 50 uM ascorbate in 20 mM phosphate (pH
7.4). For details on the separation conditions, see Experimental sec-
tion.

533

covalently modified by MCO. Furthermore, INS does not
contain Met residues. Thus, the formation of mono-oxidized
INS cannot be due to the formation of methionine sulfoxide.

ESI-Q-TOF MS/MS and ESI-Ion Trap-MS/MS

Considering that only the B chain of INS is affected by
MCO and that both His residues of INS are located on this
chain, the oxidized B chain was sequenced using ESI-Q-TOF
MS/MS. Reaction mixtures were reduced by a molar excess of
ca. 1500 DTT over total protein, then immediately desalted,
collected, and pooled for infusion into the Q-TOF-2 MS. Note
that, due to the excess of DTT to total protein, the samples
were not alkylated prior to MS analysis. CID experiments
were performed on the following quadruply charged ions,
originating from the addition of four protons to the respective
peptides: MH,** = 857.9, corresponding to the monoisotopic
mass of the native B chain, MH,** = 861.9, corresponding to
B chain + 16 a.m.u. (mono-oxidized B chain), and MH,*" =
865.9, corresponding to the B chain + 32 a.m.u. (di-oxidized B
chain). Scheme II, upper panel, presents those ions observed
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Scheme II.

in the CID spectra for the B chain of INS. The lower panel
indicates the exact cleavage sites for a model peptide struc-
ture, producing a, b, and y ions (usually present as y”) (24). In
Scheme II, the two His are highlighted and distinguished by
font to indicate which fragment ions would differentiate oxi-
dation at *Hisy from that of °His.

Table I. Relative Ratios of INS Species in Products 1-5¢

Relative product ratios

Product INS +16 +32
1 0.5 0.3 0.2
2 0.2 0.6 0.2
3 0.2 0.2 0.1
4 1.0 0.7 1.0
5 0.2 0.2 0.2

“ The ratios are relative to the most abundant species, which was INS
in product 4.
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MS/MS of the Mono-Oxidized B Chain (MH,/"” =
861.9) Full a, b, and y series corresponding to oxidation at
either *Hisy or '°Hisg were detected in the CID spectra for
MH,*" = 861.9. Although the spectra indicate that the His
residues were the most abundant sites for oxidation, other
amino acids in the sequence are also theoretically labile to-
wards oxidation, i.e., Cys, Tyr, and Phe. To determine wheth-
er oxidation occurred at these other sites, the relative abun-
dances of a, b, and y fragments were compared to the relative
abundances of the respective fragments in the MS/MS spectra
for the native B chain (MH,*" = 857.9). This ratio is termed
the “relative ion ratio” in Fig. 4. Ratios near one indicate the
absence of oxidation in a particular fragment, while ratios
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Fig. 4. (A), (B), and (C) represent the relative ion ratios of a, b, and
y ions, respectively, in the mono-oxidized MS/MS (MH,** = 861.9)
relative to the respective ion signals in the native MS/MS (MH,*" =
857.9). MS/MS ions that are isobaric with internal acyl fragments are
marked with ‘*> and may not necessarily represent signals that are
specific to one ion.
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well below one indicate the occurrence of oxidation. For ex-
ample, b, (Fig. 4B) is not oxidized in either CID spectrum;
thus, dividing the normalized intensity of b, from the CID
spectrum of the mono-oxidized B-chain by b, from CID spec-
tra of the native B chain yields a value close to one. Con-
versely, the signal for bs (Fig. 4B) in the CID for the mono-
oxidized B chain is about one-fourth of that for bs in the
native B-chain. Thus, this relative ion ratio is much less than
one and signifies that a residue in this fragment has been
covalently modified.

Figure 4 presents the relative ion ratios for the a, b, and
y ions (Fig. 4A, B, and C, respectively). Ratios marked with
an asterisk indicate that the m/z value for the ion coincides
with that of an internal fragment (an internal fragment can
form when a primary charged fragment suffers a second
cleavage process generating a charged fragment which neither
contains the N- or C-terminus of the original peptide); thus,
these ratios may not be entirely specific for that particular ion.
Examination of Fig. 4, A and B reveal that mild oxidation
occurs at and after residue 5 but before residue 10, and that a
greater extent of oxidation occurs at and after residue 10. This
suggests that '°Hisy is the major site for oxidation and that
SHisy is oxidized to a lesser extent. Figure 4C shows relative
ion ratios near unity for most of the y ions, except for y”,,
which represents the fragment with *Hisy at the N-terminus,
suggesting predominant oxidation at *Hisg. However, the y
fragment with '°Hisg, at the N-terminus, y”,,, is isobaric with
an internal fragment and is not necessarily specific for y”,;.
Figures 4A and 4B indicate that the majority of the oxidation
occurs at '°Hisg in the mono-oxidized B chain, while Figure
4C is ambiguous. Nonetheless, it is apparent from Fig. 4 that
oxidation in the mono-oxidized B-chain is specific to either
SHisg or '°Hisy and not to any other amino acid residue. This
specificity was confirmed by ESI-Ion Trap-MS/MS of the re-
duced and alkylated mono-oxidized B chain (data not
shown).

Oxidation at either *Hisg or '°Hisg produces a different
series of ions between as-a, and bs-b,. Comparison of the
intensities for each set of ions can be used as a quantitative
measure of oxidation at either site. The bolded ions located in
the inset of Fig. 5 were used for such quantitation (the un-
bolded ions were not used since they are isobaric with internal
fragments). The stick diagram in Figure 5 gives an example of
the ion intensities for the two a5 + 16 a.m.u. ions and the two
be + 16 a.m.u. ions. Note that the MS/MS experiment
was performed on the monooxidized B-chain. The fragment
with m/z 598.3 represents the a5 ion corresponding to the
non-oxidized sequence Phe'-Val-Asn-Gln-His®; hence the in-
tensity of this unmodified fragment derived from the
monooxidized B-chain quantitatively represents oxidation at
His'® (because His is the exclusive target of oxidation).
On the other hand, the fragment ion with m/z 614.3 represents
the monooxidized sequence Phe'-Val-Asn-GlIn-His®(O);
hence, the intensity of this ion quantitatively represents oxi-
dation at His’. A similar consideration applies to the by ions.
Table II lists the intensity ratios for each set of ions and yields
an average ratio of oxidation at '°Hisg/°Hisg of 2.8 + 1.3
(SD).

MS/MS of the Di-Oxidized B Chain (MH ;** =865.9) ESI-
Q-TOF-MS/MS investigation of the di-oxidized B chain
(MH,*" = 865.9) revealed the following abundant fragments
that suggest simultaneous oxidation at *Hisg and '°Hisg: a,, +
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bs b,

1Phe...His|Leu|...1%His ...3Thr

b6
IOH(O)
739.4
a5
IOH(O)
598.3 b
as 51-[(60)
°H(0) 755.4
614.3

580 590 600 610 620 730 740 750 760 770 780
m/z
Fig. 5. MS/MS from 580 to 780 m/z for the mono-oxidized B-chain of
INS (MH,*" = 861.9). Inset: Sequence between position 5 and 10
with the a and b ions that were used to quantitate oxidation at *Hisy

vs. %Hisg in bold. Oxidation at *Hisg is distinguished from °Hisy by
the use of italics.

32 amu. MH* = 11274), b, + 32 am.u. (MH" = 1155.4),
and y”,¢ + 32 am.u. (MH" = 2972.5).

SDS-PAGE

Oxidized Zn?"-INS samples, in which the concentration
of Cu*" was 8 uM, and control reaction mixtures, were ly-
ophilized and electrophoresed on 4-20% tris-gly gels. There
was no difference in band migration between the oxidized and
control samples (data not shown). Bands in each sample cor-
responded to molecular weights of monomeric INS and other
aggregated forms, i.e., dimer and tetramer. The INS hexamer
was not observed in either lane, but this is most likely due to
a dilution effect. Importantly, however, MCO of Zn**-INS

Table II. Relative Intensities of Signals for Oxidation at *Hisg vs.
19Hjs, for Key at and b Ions.

Peak area,” Peak area,”
Fragment 19Hisg(0) SHisg(O) 19His,(0)/ Hisg(O)
as 6.95 2.66 2.6
be 1.45 0.47 3.1
a, 1.47 1.03 1.4
ag 1.42 0.67 2.1
bg 7.29 1.51 4.8

average + SD 28+13

“In % relative to the ion with m/z 226.13, the most abundant ion in
all spectra, representing the internal fragment 28ProLys.
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under these conditions does not seem to affect the oligomeric
state.

CD Spectroscopy

Far-UV CD spectroscopy was used to determine whether
MCO altered the secondary structure of Zn**-INS. There was
no visible difference between the spectra of INS exposed to
MCO and the control (data not shown). The lack of second-
ary structural perturbation was also evident when the spectra
were deconvoluted. Structural contents of the control and
oxidized spectra were not significantly different (data not
shown).

DISCUSSION

Sensitivity of Zn**-INS to MCO

The MCO of Zn*"-INS, at concentrations of 20 uM INS
and 8.8 uM Zn*, with 50 .M ascorbate was performed at two
separate molar ratios of Cu?*/Zn*, ca. 1/1 and 1/10, and led
to 40% and 10% loss of INS, respectively (Fig. 2B). Even
when Cu?*/Zn** was decreased to 1/1000 by the addition of
exogenous ZnCl,, Zn®>* was unable to completely inhibit
MCO. This suggests that INS has a significantly stronger af-
finity to Cu®* than Zn?*. For comparison, in the case of hGH,
MCO was entirely inhibited by a molar excess of 80 Zn**/1
Cu?* (5). Thus, INS appears to be extremely sensitive to
MCO even under conditions that could possibly be due to
metal-contamination of a formulation. For example, the con-
centrations for INS and Zn** in most regular INS prepara-
tions are ca. 600 and 300 uM (15), respectively, and the con-
centration of residual Cu?* contamination of 50 mM phos-
phate buffer is ca. 0.13 uM (25). If a regular INS preparation
is contaminated with 0.13 uM Cu?*, Zn** would be in 2300
molar excess over Cu?".

Table III compares the sensitivity of Zn*"-INS to MCO
with the sensitivities of other pharmaceutically relevant pro-
teins. If the ascorbate/protein value in Table 3 is taken as an
indicator of the susceptibility of the protein to MCO, where a
low value indicates high susceptibility, Zn?*-INS appears as
one of the most susceptible of any of the proteins investi-
gated. We note that the concentration of Zn**-INS in Table
111 is based on monomeric INS. In the presence of micromolar
concentrations of Zn?*, the aggregation state of INS is pre-
dominantly hexameric; thus the “true” concentration of Zn**-

Table III. Survey of Various Cu®*/Ascorbate-Induced MCO Studies

Percent
protein
Protein Cu?* Ascorbate Ascorbate/ remaining
M) (BM) (M) protein after MCO
hGH* 18 10 100 5.6 ~5%
bGH" 9 5 50 5.6 nd
BDNF* 20 20 2000 100 65%
hRLX? 16.7 20 2000 120 ~0%
Zn?>*-INS 20 8 50 2.5 60%

“ Reference (5).
b Reference (9).
¢ Reference (10).
4 Reference (12).
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INS in Table III should be 3.3 uM and the ascorbate/protein
value is 16.7. Despite this fact, Zn**-INS is still highly suscep-
tible to MCO, especially when one considers that MCO is not
completely inhibited through competition by Zn**.

The inhibition of MCO by 50 uM EDTA and 2000 U/mL
catalase warrants discussion. Because EDTA will chelate
both Cu?* and Zn?*, the mechanism of MCO-inhibition im-
parted by EDTA could be due to sequestering the redox-
active metal (i.e., Cu®*) and/or to driving the INS equilibria
from the hexameric to the dimeric form. [At a concentration
of 20 uM and in the absence of any divalent metal, INS should
be predominantly in the dimeric form (26).] The utilization of
2000 U/mL of catalase to dismutate H,O, may seem exces-
sive, but, for comparison, a high concentration of catalase
(1000 U/mL) was necessary to totally inhibit the MCO of
hRLX (10). Furthermore, Inoue and Hiroba noted only a
15% decrease in MCO of INS upon the addition of 128 U/mL
catalase (18).

The B chain of INS, in which both Cys were oxidized to
cysteic acid, was sensitive to MCO. In aqueous solution, the B
chain is known to form a right-handed helix (15), making it
impossible for both His to be on the same face of the helix
and simultaneously bind to one Cu®* atom. At this point, the
method by which the B chain binds to Cu®* is unclear. Pos-
sibilities include the formation of a binding site comprised of
imidazole ligands from more than one B chain, or the tran-
sient binding of His to Cu®*. Further analysis of the confor-
mational requirements for the MCO of the B chain, especially
with regard to quantitation of oxidation at Hisg and '°Hisg,
are in progress.

Product Characterization

The oxidation products of Zn**-INS accounted for 100%
of lost INS. Each product fraction (Figure 2A) contains native
INS monomer, as determined by ESI-Q-TOF-MS (Table I),
suggesting that not all of the INS monomers of the respective
hexamers were affected by MCO. The fact that the higher
order structure of Zn**-INS was not altered by MCO, as de-
termined by CD spectroscopy and SDS-PAGE, also supports
an intact hexamer after MCO. ESI-Q-TOF-MS analysis dem-
onstrated that all oxidation products (products 1-5; Fig. 2A)
resulted from the addition of either one or two oxygen atoms
to INS, yielding either mono-oxidized or di-oxidized INS. As
INS contains no Met, the addition of 16 a.m.u. could not be
attributable to methionine sulfoxide.

Differential Susceptibility of His, and *His; to MCO

The mono-oxidized B chain was sequenced by ESI-Q-
TOF MS/MS to ascertain the extent of oxidation occurring at
Hisg and '°Hisg. By comparing the relative ion ratios for the
mono-oxidized and native CID spectra (Fig. 4), it was evident
that oxidation was specific to the two His residues. A com-
parison of the as, by, a5, ag, and bg fragments present in the
CID spectra for the mono-oxidized B chain revealed that
"OHis, was ca. 3 times more sensitive to MCO than *Hisg
(Fig. 5 and Table II). This coincides with the fact that three
°Hisy form the metal-binding site for one Zn** molecule in
the INS hexamer (17). Furthermore, Cheng and Kawakishi
(19) noted a greater loss of '°Hisy, than *Hisg in the MCO of
glycated-INS exposed to Cu®* but did not identify products.

Hovorka et al.

Oxidation of *Hisg may be related to diffusion of the oxidant
from the metal binding site or transient binding of Cu®* to
SHisg.

Another example demonstrating the MCO of a His resi-
due that is not part of an intrinsic metal-binding site is pro-
vided by bGH (9). Here, '"°His and ?*His, both implicated in
metal-binding by a theoretical modeling study (27), were oxi-
dized to a greater extent than 2°His, which is geometrically
precluded from metal-binding but is located spatially close to
the metal-binding site (27). The relative ratio of His oxida-
tion, as determined by ESI-Q-TOF MS and MS/MS, was 25:
4:1 for "°His:**His:*His (9). Importantly, some oxidation of
2%His occurred, possibly through diffusion of the reactive oxy-
gen species. We note that MCO affected the metal-binding
His of bGH, "°His, and ?*His, to different extents. Different
sensitivities and product patterns were also noted for the
metal-binding His residues of hGH (28), '*His, and *'His (5).
However, in contrast to *°His of bGH, the equivalent '>'His
of hGH, which is far-removed from the metal-binding site,
was not affected at all.

At a Zn**/INS molar ratio comparable to the ratio in
regular INS preparations, both *His, and '°Hisg of INS are
converted to 2-oxo-His, with '"Hisg showing a ca. 3-fold
greater susceptibility to MCO than *Hisg. With only 50 uM
ascorbate needed to induce significant oxidation, Zn?*-INS is
one of the most oxidation-sensitive proteins known so far.
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