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ABSTRACT: The metal-catalyzed oxidation by [FeII(EDTA)]2−/H2O2 of IgG-1 leads to
the site-specific hydrolysis of peptide bonds in the Fc region. The major hydrolytic
cleavage occurs between Met428 and His429, consistent with a mechanism reported for
the site-specific hydrolysis of parathyroid hormone (1−34) between Met8 and His9
(Mozziconacci, O.; et al. Mol. Pharmaceutics 2013, 10 (2), 739−755). In IgG-1, to a lesser
extent, we also observe hydrolysis reactions between Met252 and Ile253. After 2 h of
oxidation (at pH 5.8, 37 °C) approximately 5% of the protein is cleaved between Met428
and His429. For comparison, after 2 h of oxidation, the amount of tryptic peptides
containing a Met sulfoxide residue represents less than 0.1% of the protein. The effect of
this site-specific hydrolysis on the conformational stability and aggregation propensity of
the antibody was also examined. No noticeable differences in structural integrity and
conformational stability were observed between control and oxidized IgG-1 samples as
measured by circular dichroism (CD), fluorescence spectroscopy, and static light
scattering (SLS). Small amounts of soluble and insoluble aggregates (3−6%) were,
however, observed in the oxidized samples by UV−visible absorbance spectroscopy and size exclusion chromatography (SEC).
Over the course of metal-catalyzed oxidation, increasing amounts of fragments were also observed by SEC. An increase in the
concentration of subvisible particles was detected by microflow imaging (MFI).
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■ INTRODUCTION

Hydrolytic and oxidative reactions are major pathways for the
chemical degradation of protein pharmaceuticals.1 Mechanisti-
cally, hydrolytic degradation pathways are relatively well
understood, where hot spots have been identified especially
for the susceptibility of Asn-Gly sequences to deamidation.2−4

In contrast, significantly less detailed information is available on
the mechanisms of oxidative protein degradation. In general,
the aromatic and sulfur-containing amino acids are more
susceptible toward oxidation.5 However, the actual extent to
which oxidation reactions occur at specific amino acid residues
depends on the contents of a formulation, protein con-
formation, and the nature of oxidants which may be present or
may form during manufacturing and storage.6 The develop-
ment of monoclonal antibodies and antibody−drug conjugates
for therapeutic and diagnostic applications has necessitated a
more thorough understanding of the physicochemical degra-
dation reactions of these protein pharmaceuticals.7−10 Among
other pathways of degradation, aggregation and fragmentation
processes are major concerns.8,9,11−13 The focus of this paper is
the evaluation of a novel, sequence-specific fragmentation
pathway in a monoclonal antibody, which requires the
intermediary oxidation of Met within the sequence Met-His,

and the interrelationships of this chemical degradation pathway
with the physical instability of proteins including aggregation
propensity. In order to test whether such a mechanism occurs
at a Met-His sequence in a monoclonal antibody, we initiated
the oxidation via Fenton chemistry. Fenton chemistry, through
the generation of hydroxyl radicals or their metal-bound
equivalents,6,10 will invariably also attack other targets than
Met, and some evidence for such reactions will be shown.
However, these reactions were not characterized in full detail as
they were beyond the scope of this paper.
Recently, we reported on a novel metal-catalyzed degradation

mechanism specifically targeting the sequence Met-His in
parathyroid hormone 1−34 (PTH1−34).14 The exposure of
PTH1−34 to FeII led to the hydrolysis of the peptide bond
between Met8 and His9, but not to the hydrolysis of peptide
bonds C-terminal of Met or N-terminal of His when these
amino acids were present in other sequences, i.e., when not
located within the sequence Met-His. This hydrolysis reaction
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was not inhibited by the addition of EDTA. Mechanistically, the
results were rationalized by one-electron oxidation of Met to a
Met radical cation, and its subsequent association with the
carbonyl oxygen of the peptide bond between Met and His in a
three-electron-bonded complex (Scheme 1, reactions 1−3).
Such three-electron-bonded complexes of Met radical cations
with amides, including peptide bonds, have been characterized
by time-resolved spectroscopic studies.15,16 For this purpose,
additional synthetic Met analogues were prepared and
spectroscopically characterized, in which the formation of
three-electron-bonded complexes of Met radical cations with
amides was stereochemically controlled.17,18 Mechanistic
product studies on the oxidation of Met by the Fenton
reaction provided evidence for the formation of Met radical
cations and three-electron-bonded intermediates.19,20 The
stabilization of three-electron-bonded Met radical cations in
complexes with amides leads to a significant decrease in the
reduction potentials of the involved Met residues,17,18 i.e.,
renders Met residues more susceptible to oxidation. In these
complexes, the Met radical cation functions as a Lewis acid,
thereby rendering the original carbonyl carbon susceptible to
the attack by water, resulting in the hydrolysis of the peptide
bond. For PTH1−34,14 the mechanism was confirmed through
experiments in H2

18O, leading to the incorporation of 18O into
the C-terminal Met residue.
Importantly, the Met residue immediately present after

hydrolysis is still a radical cation, which converts into Met by
electron transfer, likely from FeII or other electron donors. The
intermediacy of a Met radical cation in this process is evident
from a side reaction, where the C-terminal Met radical cation in
the hydrolysis product loses a proton, either from the γ-
methylene or the ε-methyl group, generating carbon-centered
radicals.21−23 A characteristic product of the latter is
homocysteine (Hcy), which we detected during the metal-
catalyzed oxidation (MCO) of PTH1−34. The IgG1 studied in
the current manuscript contains four Met residues, all located
in the heavy chain (HC:Met40, HC:Met93, HC:Met252, and

HC:Met428). Among these Met residues only one is located
within a Met-His sequence, Met428-His429. The latter is part
of the essential primary sequence that binds to the Fc neonatal
receptor (FcRn). Hence, a mechanism such as characterized for
PTH1−34 may lead to the fragmentation at Met-His when
monoclonal antibodies are exposed to MCO. MCO represents
a ubiquitous concern for protein formulation,24,25 as transition
metals may be introduced into formulations through the
contamination of proteins, buffers, and/or leaching from
containers.26,27 The results presented in this paper will show
that specifically the Met-His sequence in a monoclonal
antibody is susceptible to fragmentation under conditions of
MCO. In addition, we demonstrate that the reaction is
accompanied by formation of soluble protein aggregates and
fragments as well as subvisible particles.

■ MATERIALS

Immunoglobulin IgG-1 (100 mg/mL) was dialyzed into buffer
A (10 mM His and 85 mg/mL sucrose, pH 5.8), which was
supplied by Janssen R&D (Malvern, PA). A schematic structure
of an IgG-1 is presented in Figure 1, where important amino
acids and modifications are indicated. His, sucrose, sodium
phosphate (NaH2PO4), iron(II) sulfate heptahydrate (FeSO4·
7H2O), ethylenediaminetetraacetic acid (EDTA), diethylene-
triaminepentaacetic acid (DTPA), iodoacetamide (IAA),
ammonium bicarbonate (NH4HCO3), guanidine hydrochloride
(GuHCl), methanol (MeOH), perchloric acid (HClO4), bis(2-
mercaptoethyl) sulfone (BMS), dithiothreitol (DTT), and
hydrogen peroxide (H2O2, 30%) were supplied by Fisher
Scientific (Pittsburgh, PA). Sequencing grade LysC/trypsin and
trypsin/chymotrypsin mixtures were supplied by Promega
(Madison, WI). IgG-1 at 10 mg/mL was prepared by diluting
100 μL of the original solution (100 mg/mL) into 900 μL of a
freshly prepared buffer A. 4-(Aminomethyl)benzenesulfonic
acid (ABS) was prepared according to a published protocol.28

Scheme 1. Mechanism of Met-His Cleavage and Formation of Products 2 and 3a

a“Ln” stands for EDTA ligands.
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■ METHODS
Metal Catalyzed Oxidation (MCO). IgG-1 was oxidized in

the presence of FeII, EDTA, and H2O2 under Ar. Stock
solutions of EDTA and H2O2 were prepared at a concentration
of 5 mM in buffer A and purged with Ar. FeII (5 mM) was
added under Ar to an Ar-saturated EDTA stock solution. We
kept the concentration of FeII/EDTA the same for both
formulations (100 and 10 mg/mL). The reaction mixtures
consisted of Ar-saturated 500 μL volumes containing IgG-1 (10
or 100 mg/mL) to which 20 μL of the Ar-saturated EDTA/FeII

(5 mM/5 mM) solution and 20 μL of the Ar-saturated H2O2
solution were added to start the reaction. Ultimately, reaction
mixtures contained either 10 or 100 mg/mL IgG-1, and 185
μM of each EDTA, FeII, and H2O2. After 1, 2, 15, and 24 h
MCO reaction at 37 °C, the reactions were stopped by the
addition of a final concentration of 2 mM DTPA to each
aliquot.14 The aliquoted samples were then centrifuged
(13000g for 20 min) using Amicon ultra-0.5 centrifugal filter
devices (Millipore Corp., Bedford, MA, USA, cutoff 10 kDa) to
isolate the protein.
Fluorogenic Tagging of Intact Oxidized IgG-1. The

ABS molecule permits an easy, efficient, and specific fluorescent
tagging of DOPA as detailed in Scheme 2. This chemical
labeling method allows for a rapid screening of the level of
oxidation of undigested proteins. After MCO, the intact
oxidized and nonoxidized IgG-1 were dialyzed into 100 mM
sodium phosphate buffer (pH 9.0) using Amicon ultra-0.5
centrifugal filter devices (Millipore Corp., Bedford, MA, USA)
for ABS fluorogenic tagging. ABS tagging of oxidized IgG-1 was
performed by incubation of the oxidized IgG-1 with the ABS
derivatization reagents in the dark at room temperature under
the following conditions: (i) the molar ratio of K3Fe-

(CN)6:IgG-1 was 5:1, (ii) the ABS concentration was 10
mM, and (iii) the reaction time was 120 min. These parameters
were optimized to obtain the highest transformation yield of
DOPA into benzoxazole. The formation of the resulting
fluorescent benzoxazole derivatives of oxidized IgG-1 (Scheme
2) was monitored by a steady-state fluorescence spectrometer
(SpectraMax Gemini, Molecular Devices, Sunnyvale, CA).
Similar derivatizing conditions were applied to the control to
monitor any potential derivatization not due to MCO.

Digestion. Trypsin−Chymotrypsin digestion. For disulfide
reduction, 50 μL of either the diluted controls or the reaction
mixtures were combined with 150 μL of GuHCl (6 M in
sodium phosphate buffer, 110 mM, pH 7.8) and 50 μL of BMS
(4 mM) solution. The samples were incubated at 50 °C for 1 h.
The thiol groups of the reduced cysteine residues were then
alkylated with 3 mM IAA for 1 h at 50 °C. Subsequently, the
samples were mixed with 2 mL of MeOH:HClO4 (1:0.017, v:v)
and centrifuged for 20 min at 14000g at 4 °C. For each sample,
the supernatant was discarded and the pellet was reconstituted
in 250 μL of NH4HCO3 buffer (50 mM, pH 8.0). The protein
samples were digested with trypsin (10 μg) and chymotrypsin
(2 μg) in ammonium bicarbonate buffer (50 mM, pH 8.0) at 37
°C overnight. After digestion, the proteolytic peptides were
recovered with Amicon centrifugal units, which were equipped
with cutoff membranes of 10 kDa (EMD Millipore, Billerica,
MA).

Trypsin−LysC digestion. Proteins in the control and the
reaction mixtures were diluted in NH4HCO3 buffer (pH 7.9, 50
mM) to 0.2 μg/μL. For disulfide reduction, 100 μL of either
the diluted control or the reaction mixture was combined with
150 μL of NH4HCO3 buffer (pH 7.9, 50 mM) and 15 μL of
DTT (100 mM) solution. The samples were incubated at 95
°C for 5 min. The samples were allowed to cool. To alkylate
the reduced thiols, 30 μL of IAA (100 mM) was added to each
sample. The samples were incubated in the dark at room
temperature for 30 min. The samples were digested by adding
an additional 100 ng of the LysC/trypsin mixture from
Promega (Madison, WI). The samples were incubated in the
dark at 37 °C for 3 h. After 3 h of incubation, 100 ng of the
LysC/trypsin mixture was added to each sample. The samples
were incubated overnight at 37 °C. The digestion was stopped
by the addition of 10 μL of formic acid:H2O (0.1:0.9, v:v).

UPLC−Nano-LC and Nanoelectrospray Ionization
Time-of-Flight MS and MS/MS Analysis. LC−MS analyses

Figure 1. Schematic representations of IgG-1 and its modifications
occurring during metal-catalyzed oxidation. Heavy chains and light
chains are displayed in red and blue, respectively. The numbers in red
and blue indicate the position of cysteine residues present in the heavy
and light chains, respectively. Dashed lines represent disulfide bonds.
DOPA stands for 3,4-dihydroxyphenylalanine, MetSO stands for
methionine sulfoxide, and C-terminal hydrolysis stands for hydrolytic
cleavage at the C-terminal site of a methionine residue.

Scheme 2. Schematic Representation of the Fluorogenic ABS
Tagging Reactiona

aX stands for H or amine.
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of the peptide digests were performed on a nanoACQUITY
ultraperformance liquid chromatography (nanoACQUITY-
UPLC) system (Waters Corporation, Milford, MA). 1 μL of
each sample was injected onto a Symmetry C18 Waters trap
column (2G-V/MTrap, 180 μm × 20 mm, 5 μm) connected to
an analytical nanoACQUITY ultraperformance Waters column
(HSS T3, 75 μm × 150 mm, 1.8 μm). Mobile phases consisted
of water/acetonitrile/formic acid at a ratio of 99%, 1%, 0.08%
(v:v:v) for solvent A and a ratio of 1%, 99%, 0.06% (v:v:v) for
solvent B. The injected sample was first loaded onto a trapping
column at 8 μL/min for 4 min with 97% of solvent A and 3% of
solvent B. After 4 min, the peptides were directed toward the
analytical column, and were separated with a linear gradient
(3−35% of solvent B within 130 min) delivered at a rate of 0.3
μL/min. Mass spectrometry was performed on a Waters
Synapt-G2 (Waters Corp., Milford, MA) operating in the
positive mode. The desolvation gas flow and the desolvation
temperature were set to 1000 L/h and 150 °C, respectively. A
nanoflow gas pressure was set to 0.2 bar, with a cone gas flow
set to 4 L/h and a source temperature of 95 °C. The capillary
voltage and cone voltage were set to 2800 and 35 V,
respectively. The SYNAPT-G2 acquisition rate was set to 0.5
s with a 0.0 s interscan delay. Argon was employed as the
collision gas. The instrument was operated in the MSE mode.
The instrument was operated with the first resolving quadru-
pole in a wide pass mode with the collision cell operating with
different alternating energies. To acquire the nonfragmented
MS1 spectrum the collision cell was operated at 5 eV. The
fragmented MS1 ion spectra were acquired by ramping the
collision cell energies between 15 and 45 eV. The data were
collected into separate data channels. All analyses were acquired
using the lockspray to ensure accuracy and reproducibility;
[Glu]1-fibrinopeptide B was used as the lock mass (m/z
785.8426, doubly charged) at a concentration of 2 pmol/μL
and flow rate of 1 μL/min. Data were collected in the centroid
mode, the lockspray frequency was set to 5 s, and data were
averaged over 10 scans. The data were analyzed with the
softwares ProteinLynx Global Server and BiopharmaLynx
(Waters Corp., Milford, MA). During the acquisition of LC−
MSE data, multiple precursor ions are fragmented simulta-
neously. In order to assign the correct fragment ions to their
parent ions, the properties that are used by the algorithm to
parse MSE data include retention time, precursor and product
ion intensities, charge states, and, crucially, the accurate masses
of both the precursor and product ions from the LC−MSE data.
This strategy has been shown to be effective for the
identification of proteins in both simple and complex samples.29

Tentative peptide and protein identifications are ranked and
scored by their relative correlation to a number of well-
established models of known and empirically derived
physicochemical attributes of proteins and peptides. The
algorithm utilizes reverse or random decoy databases for
automatically determining the false positive identification rate.
Our data were obtained using a default acceptable false positive
rate of 4%. The oxidation products were quantified using
[Glu]1-fibrinopeptide B as an internal standard. A final
concentration of 3 μM of [Glu]1-fibrinopeptide B was spiked
into every sample prior to LC−MS analysis. The concen-
trations of the oxidation products were calculated using the
software QuantLynx (Waters Corp., Milford, MA) and a
calibration curve of [Glu]1-fibrinopeptide B, which was
independently established by measuring the peak areas of the
[Glu]1-fibrinopeptide B measured by LC−MS for different

concentrations (0.5−10 μM). The LC−MS parameters were
the same than those used for the analysis of the proteolytic
peptides obtained after digestion of IgG-1.

Far-UV Circular Dichroism (CD). Circular dichroism
(CD) spectra were acquired using a Chirascan Plus circular
dichroism spectrometer (Applied Photophysics Ltd., Leather-
head, U.K.) equipped with a Peltier temperature controller and
a four-position cuvette holder. The IgG-1 concentration of each
sample was measured by UV absorbance at 280 nm using a
value of E1cm (0.1%) of 1.60 mL mg−1 cm−1. The control (no
FeII and EDTA) and stressed IgG-1 samples were diluted to 0.3
mg/mL from stock, and ultraviolet (UV) circular dichroism
(CD) spectra were collected from 200 to 260 nm using 0.1 cm
path length quartz cuvettes. Ellipticity values obtained from the
instrument were then converted to molar ellipticity by dividing
ellipticity by protein concentration (M) and cuvette path length
(m). For IgG-1 thermal melts, CD signals at 217 nm were
collected between 10 and 87.5 °C using a sampling time of 1 s
and a bandwidth of 1 nm.

Intrinsic Tryptophan Fluorescence Spectroscopy.
Intrinsic fluorescence spectra were acquired using a Photon
Technology International spectrofluorometer (Photon Tech-
nology International Inc., Lawrenceville, NJ) equipped with a
turreted four-position Peltier-controlled cell holder. The
tryptophan (Trp) residues in the IgG-1 were excited at 295
nm (>95% Trp emission), and the emission spectra were
collected from 305 to 405 nm. Static light scattering data were
also collected on the same instrument at 295 nm using a second
detector located at a 180° angle to the emission detector. For
IgG-1 thermal melts, fluorescence spectra were collected at
every 2.5 °C from 10 to 87.5 °C. Peak positions and intensities
of the emission spectra were obtained using a mean spectral
center of mass (msm) method.

UV−Visible Absorption Spectroscopy. UV−visible
absorbance spectra of IgG-1 samples were collected on an
Agilent 8453 UV−visible spectrophotometer (Agilent Tech-
nologies, Santa Clara, CA). Protein samples initially containing
10 or 100 mg/mL were diluted to 0.5 mg/mL and were loaded
into a 1 cm path length cuvette. UV−visible absorbance spectra
from 250 to 400 nm were collected with the corresponding
buffer used as blank. The scatter correction feature of the
Agilent Technologies UV−vis ChemStation software was used
to account for any light scattering from high molecular weight
species between 350 and 400 nm. Resultant absorbance values
at 280 nm for IgG-1 samples are reported.

Microflow Imaging (MFI). A DPA-4200 flow microscope
(Protein Simple, Santa Clara, CA) was used to capture digital
images of subvisible particles with equivalent circular diameters
(ECD) of 270 μm. Before each measurement, the flow cell was
primed by flushing particle-free water through the flow cell at
the maximum flow rate until no particle was observed in the cell
for at least 30 s. The optimized illumination function was then
used to ensure the proper level of solvent illumination. Samples
were degassed inside a vacuum chamber for 30 min. Particle
number and size values were generated using MFI View
Analysis Suite (MVAS) version 1.3 (Protein Simple, Santa
Clara, CA). Each microflow imaging (MFI) measurement of
particle numbers was separated into five subpopulations based
upon particle size values of ECD: 2x < 5, 5x < 10, 10x < 25, 25x
< 50 and 50x < 70 μm.

Size Exclusion Chromatography (SEC). Control and
oxidized samples of IgG-1 at 10 and 100 mg/mL initial
concentrations were diluted to 0.5 mg/mL with 10 mM His
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buffer (pH 5.8) containing 85 mg/mL sucrose. The IgG-1
samples were centrifuged at 14000g for 5 min prior to SEC
analysis. For SEC experiments, a 7.8 cm × 30 cm TSK-Gel
BioAssist G3SWxL column (TOSOH Biosciences, King of
Prussia, PA) column was used. Samples were injected onto the
column at a flow rate of 0.7 mL/min with a Shimadzu high-
performance liquid chromatography (HPLC) system equipped
with a diode array detector using a 200 mM phosphate buffer
(pH 6.8) as the mobile phase. The performance of the column
and the HPLC system was monitored using gel filtration
standards (Bio-Rad, Hercules, CA) at the beginning and end of
the experiment. The chromatograms were analyzed by
integrating the peak areas detected at 214 nm. Percent
aggregation in oxidized IgG-1 samples was measured relative
to the total area of control samples (no oxidation) at each
protein concentration. To calculate the amount of insoluble
aggregates, the total area of all the species (soluble aggregates,
monomers, and fragments) in the chromatogram was
calculated. The differences between the total peak areas of
the samples and the controls were used to quantify insoluble
aggregates.
SDS−PAGE. Control and oxidized samples of IgG-1 were

centrifuged for 5 min at 16000g to remove any insoluble
aggregates. A fraction of IgG-1 samples was then combined
with 4× lauryl dodecyl sulfate (LDS) buffer, IAA, and filtered
deionized water to obtain a final sample volume of 20 μL
containing 8 μg of protein, 50 mM iodoacetamide, and 1× LDS
buffer. For reducing conditions, 100 mM DTT was added to
the IgG-1-LDS solution. All samples were heated at 75 °C for 5
min and then analyzed using a 3− 8% tris-acetate SDS−PAGE
gel (Life Technologies, Grand Island, NY). Protein bands were
visualized by staining with Coomassie Brilliant Blue R-250
(Bio-Rad Laboratories, Hercules, CA).

■ RESULTS

The tryptic digest of IgG-1 covered 97% and 86% of the amino
acid sequences of the light chain (LC) and the heavy chain
(HC), respectively. A concentration of 3 μM of [Glu]1-
fibrinopeptide B was spiked into each sample prior to LC−MS
analysis. A standard curve obtained with the internal standard
[Glu]1-fibrinopeptide B was used to calculate the concen-
trations of the oxidation products reported below. The reaction
products are summarized in Table 1.
Hydrolysis at Met Residues. We first subjected control

and oxidized IgG-1 to trypsin-chymotrypsin digestion.
After MCO of IgG-1 and LC−MS analysis, we observed the

formation of two proteolytic peptides from the heavy chain,
DTLM (1, m/z 479.3), and SC*SVM (2, m/z 583.3), where

C* indicates that Cys is carbamidomethylated, which originate
from peptide bond hydrolysis C-terminal of Met252 and
Met428, respectively. The respective locations of these Met
residues are indicated in Figure 1. LC−MS analysis revealed
that peptides 1 and 2 eluted at 43.5 and 39.5 min, respectively
(Figure 2). Peptide 1 was also present in the control with an
ion intensity of 5.28 × 103 (Figure 2B). After 2 h of MCO,
product 1 reached an intensity of 8.68 × 103 (Figure 2D,E).
Product 2 was absent in the control (Figure 2A,F). After 2 h of
MCO, product 2 was formed with an intensity of 6.53 × 104

(Figure 2C,E). The formation of the oxidation products was
monitored over 24 h (Figure 3). Because peptide 2 reached a
maximum concentration after 2 h of oxidation, we compared all
LC−MS chromatograms after 2 h of oxidation (Figure 2).
Collision-induced dissociation (CID) experiments allowed

for the identification of the primary structure of peptides 1
(Figure S1) and 2 (Figure S2). The CID spectrum of 1 (Figure
S1) showed a series of b2, b3, y1-y3, a2, and a3 fragment ions
permitting the identification of the primary sequence as DTLM.
The CID spectrum of 2 (Figure S2) revealed the presence of
the y1-y4, a3, and b2-b4 fragment ions, allowing for the
identification of the primary sequence as SC*SVM.
The rates of formation of 1 and 2 were different. The

formation of 1 followed a linear progression over 24 h with a
rate of 0.05 μM/h (Figure 3, blue ●). After 24 h, the
concentration of 1 represented 2.5% of the protein
concentration. We noticed that 1 was already observed in the
digest of IgG-1, which did not undergo any MCO (Figure
2B,F). The latter can be rationalized by either the use of
chymotrypsin to digest IgG-1 or the presence of metals in the
formulation of IgG-1. The presence of a isoleucine residue
(Ile253) next to Met252 theoretically permits the proteolytic
cleavage between Met252 and Ile253 by chymotrypsin.
However, the continuous increase of the formation of 1 over
the time course of the oxidation reaction demonstrated that 1
predominantly originated from the MCO reaction of IgG-1.
The rate of formation of 2 was 1.75 μM/h (Figure 3, red ●)
within the first 2 h of oxidation. After 2 h of MCO, 2 yielded a
maximum of 3.5 μM, corresponding to the transformation of
5% of the original IgG-1. Subsequently, the amount of 2
decreased to 0.25 μM within the next 22 h at a rate of 0.2 μM/
h (Figure 3, red ●). In conjunction with the decrease of 2, we
observed the formation of the oxidation product of 2 (product
3, green ●). The sequence of 3 was identical to that of 2, with
the exception that Met428 was oxidized to methionine sulfone,
and the thiol group of Cys425 was oxidized to sulfinic acid
(product 3: SC(+32)SVMet(+32), m/z 590.3). The structure
of 3 was characterized by its CID spectrum (Figure S3). The
CID spectrum of 3 (Figure S3) showed a series of b2-b4, a2,
and y1-y4 fragment ions, permitting the identification of the
primary sequence of 3. Product 3 was formed at a rate of 0.2
μM/h (Figure 3, green ●) between 2 and 18 h of oxidation
(Figure 3, green ●), and subsequently slowed down. After 24 h
of MCO, 3 yielded a maximum concentration of 3.1 μM.
To confirm that the hydrolysis reaction, occurring between

Met428 and His429, was not an artifact due to the presence of
chymotrypsin, we also digested the proteins with LysC and
trypsin. The LC−MS analyses of both the nonoxidized protein
and the protein exposed for 2 h to MCO are presented in
Figure S4. After MCO, the LC−MS analysis of the tryptic
peptides revealed the formation of two new products with m/z
846.87 (z = 2) and m/z 689.33 (z = 2), respectively. The
product with m/z 846.87 (z = 2) corresponds to the tryptic

Table 1. Summary of the Oxidation Products Observed
during MCO of IgG-1 (10 mg/mL)

concn

oxidation products product 0 h 2 h 24 h

Met252 C-terminal cleavage 1 <20
nM

250 nM 1.7 μM

Met428 C-terminal cleavage 2 0 nM 3.5 μM 100 nM
Cys425 to sulfinic acid and
Met428 to sulfone

3 0 nM 270 nM 3.1 μM

Tyr80 to DOPA 4 0 nM < 100
nM

450 nM

Met93 to MetSO 5 0 nM < 100
nM

500 nM
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peptide SRWQQGNVFSC(+32)SVM(+32), located in the
sequence 415−428 of the heavy chain, where the residues
Cys425 and Met428 are oxidized to sulfinic acid and sulfone,
respectively. The peptide SRWQQGNVFSC(+32)SVM(+32)
was observed as a doubly and a triply charged peptide ion. The
product with m/z 846.87 (z = 2) elutes at 38.2 min (Figure S4,

purple and red curves) and is not observed in the control
(Figure S4, blue curve). The doubly charged product ion with
m/z 689.33 corresponds to the tryptic peptide HEALH-
NHYTQK, located in the sequence 429−439 of the heavy
chain. The product with m/z 689.33 (z = 2) elutes at 30.8 min
(Figure S4, green and red curves) and is not observed in the
control (Figure S4, blue curve). The sequence of
SRWQQGNVFSC(+32)SVM(+32) was confirmed by its CID
spectrum, which displays the fragment ions b2, b3, b5, b8, b10,
a6, a9, y3, y4, y8, y9, y11, and y12 (Figure S5). The sequence
HEALHNHYTQK was confirmed by its CID spectrum, which
shows the fragment ions b3-b8, b10, y2, y4, y5, and y7-y9
(Figure S6).
Intact protein mass spectrometry analysis was also performed

to search for the truncated heavy chain (HC:1−428, 48525
Da); however, this truncated heavy chain could not be
identified unambiguously. MCO resulted in the conversion of
the heavy chain into a series of products with molecular weights
between 47000 Da and 53000 Da, consistent with multiple
oxidation sites (as expected for a hydroxyl radical-induced
oxidation), as well as truncation and oxidation of the glycan.
These products will be characterized in the future. We note that
hydroxyl radical-induced footprinting of antibodies has been
applied to map protein surfaces exposed to solvent and
involved in aggregation.30

Transformation of Tyrosine to 3,4-Dihydroxypheny-
lalanine. MCO of IgG-1 led to the transformation of Tyr80
into 3,4-dihydroxyphenylalanine (DOPA). The oxidation of
Tyr80 into DOPA was monitored within the chymotryptic

Figure 2. (A) Ion extracted chromatogram of peptide 2 from the control LC−MS chromatogram (F). (B) Ion extracted chromatogram of peptide 1
from the control LC−MS chromatogram (F). (C) Ion extracted chromatogram of peptide 2 from the LC−MS chromatogram obtained after 2 h of
MCO of IgG-1 (E). (D) Ion extracted chromatogram of peptide 1 from the LC−MS chromatogram obtained after 2 h of MCO of IgG-1 (E). (E)
LC−MS chromatogram obtained after 2 h of MCO of IgG-1 and digestion. (F) LC−MS chromatogram of the nonoxidized and digested IgG-1. The
internal standard ([Glu]1-fibrinopeptide B) elutes at 65.5 min.

Figure 3. Time dependent formation of the products observed after
MCO of IgG-1. 1 (blue ●, DTLM), 2 (red ●, SC*SVM), 3 (green ●,
SC(+32)SVM(+32)), 4 (○, SISTAY where Tyr was transformed into
DOPA), and 5 (△, ASDTAM(+16)Y). C* indicates carboamidome-
thylated Cys.
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peptide SISTAY, originating from the sequence 75−80 of the
heavy chain (product 4, m/z 657.3). The MS/MS spectrum of
4 revealed the presence of the fragments a2, y1-y3, and b2-b5,
confirming the oxidation of Tyr80 to DOPA (Figure S7). LC−
MS analysis revealed that 4 increased during the MCO reaction
of IgG-1. After 24 h of incubation of IgG-1 in the presence of
metal, the yield of product 4 was 450 nM (Figure 3, ○). In
order to confirm the presence of DOPA, oxidized IgG-1 was
derivatized with ABS. The control (nonoxidized) protein was
processed in the same way as the oxidized IgG-1. At each time
point, the MCO was stopped by the addition of DTPA.14 Prior
to ABS derivatization, the reaction mixtures were dialyzed with
sodium phosphate buffer (100 mM, pH 9.0). The progress of
MCO was monitored by tagging IgG-1 with ABS (see
Methods). The fluorescence intensity at λem = 490 nm (λex =
360 nm) was measured prior to and after ABS derivatization of
the oxidized IgG-1 samples and the control. The control did
not exhibit fluorescence. The fluorescence intensities obtained
after ABS derivatization of the oxidized IgG-1 were plotted
against the reaction time (Figure 4). Prior to ABS
derivatization, the oxidized IgG-1 exhibited low intrinsic
fluorescence. The fact that the fluorescence intensity increased
significantly after ABS derivatization of the oxidized IgG-1
(Figure 4) indicated the formation of DOPA which was
subsequently derivatized by ABS. This fluorogenic derivatiza-

tion also leads to the transformation of 5-hydroxytryptophan
into the fluorescent 2-phenyl-6H-oxazolo[4,5-e]indole.28 How-
ever, our mass spectrometry data do not indicate the formation
of 5-hydroxytryptophan. Therefore, the fluorescence observed
after ABS tagging of the oxidized IgG-1 is more likely to
indicate the formation of DOPA.

Formation of Methionine Sulfoxide (MetSO). The
MCO of IgG-1 generated MetSO. Our LC−MS analysis
revealed that Met93 of the proteolytic peptide ASDTAMY
(heavy chain, sequence 88−94) was transformed into MetSO
(product 5, ASDTAM(+16)Y, m/z 774.3). The CID spectrum
of 5 showed a series of fragment ions b2-b5 and y2-y6, which
demonstrated that Met93 in the peptide ASDTAMY was
oxidized into MetSO (Figure S8). Product 5 was absent in the
control. The formation of 5 increased linearly during MCO of
IgG-1 (Figure 3, △). After 24 h of MCO reaction, the yield of
product 5 reached 550 nM (Figure 3, △).

Physical Stability Studies: Conformational Stability
and Aggregation. The structural integrity and conforma-
tional stability of IgG-1 before and after oxidation were
measured by a combination of CD, fluorescence spectroscopy,
and static light scattering at two different protein concen-
trations (see Figures S9 and S10). Table 2 summarizes these
results for IgG-1 at two different protein concentrations (10
and 100 mg/mL). Values of λmin at 10 °C (overall secondary

Figure 4. Time dependent formation of DOPA during MCO of IgG-1. DOPA was tagged with ABS. Inset: fluorescence spectra recorded at λex = 360
nm after ABS tagging of oxidized IgG-1.

Table 2. Effect of Metal Induced Oxidation on Structural Integrity and Conformational Stability of IgG-1 as Measured by
Circular Dichroism (CD), Fluorescence Spectroscopy, and Static Light Scattering (SLS)a

circular dichroism fluorescence spectroscopy static light scattering

mAbl concn (mg/mL) sample λmin (nm) Tonset (°C) Tm (°C) λmax (nm) Tonset (°C) Tm (°C) Tonset (°C) Tm (°C)

10 control 217 ± 0.1 66.1 ± 0.1 72.5 ± 0.3 335 ± 0.1 58.9 ± 0.2 67.5 ± 0.1 68.2 ± 0.3 71.5 ± 0.2
24 h oxidn 217 ± 0.1 65.9 ± 0.1 72.5 ± 0.1 335 ± 0.1 58.7 ± 0.1 67.2 ± 0.1 67.9 ± 0.2 71.1 ± 0.3

100 control 218 ± 0.1 66.2 ± 0.2 72.2 ± 0.1 335 ± 0.1 59.3 ± 0.3 67.5 ± 0.3 67.7 ± 0.3 70.5 ± 0.2
24 h oxidn 217 + 0.1 66.0 + 0.1 72.5 + 0.1 335 ± 0.1 59.4 ± 0.1 67.3+ 0.2 67.5 + 0.4 70.2 ± 0.3

aThe reported values of λmin for CD and λmax for fluorescence spectroscopy were calculated from spectra collected at 10 °C. All samples were
prepared in 10 mM histidine buffer (pH 5.8) with 85 mg/mL sucrose except for CD spectroscopy, where IgG-1 samples were prepared in 20 mM
citrate phosphate buffer (pH 6.0) with 100 mM NaCl after oxidation. The experimental data are mean and standard deviation calculated from three
independent measurements.
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structure by CD spectroscopy) and λmax at 10 °C (overall
tertiary structure by intrinsic fluorescence spectroscopy) were
used to compare the structural integrity of the samples. In
addition, thermal melting curves (Tm and Tonset values) were
used to compare conformational stability of IgG-1 unoxidized
control and oxidized samples. All of these values for oxidized
IgG-1 samples were found to be within 3 standard deviations of
the values measured for the IgG-1 unoxidized control at both
the protein concentrations. These results indicate no major
structural differences between the samples as measured by these
techniques. Since oxidation levels were limited to ∼5% for
these samples (i.e., pharmaceutically relevant levels), isolation
and purification of enriched oxidized samples is being planned
to make more definitive conclusions on structural effects as part
of future work.
During SEC analysis, we also observed the formation of

fragments eluting after 15 min (Figure 5). The absorbance at λ
= 214 nm of the SEC peaks monitored over 24 h of oxidation
increased, supporting that the fragments originated from
protein oxidation.
To evaluate the extent of aggregation, a combination of UV−

visible absorbance spectroscopy, SEC, and MFI were used. A
summary of the results of the effect of oxidation on the
aggregation propensity of IgG-1 at both protein concentrations
is shown in Table 3. A significant decrease in the UV
absorbance value at 280 nm along with an increase in the
percent total aggregates (SEC) and total subvisible particle
concentration (MFI) of the oxidized IgG-1 sample at 10 mg/
mL relative to unoxidized control was recorded. Similar trends
were also observed for oxidized vs control IgG-1 samples at 100
mg/mL, although the relative extent of such differences was
lower than those observed for 10 mg/mL IgG-1 samples.
Representative SEC chromatograms comparing IgG-1 unoxi-
dized control and oxidized samples at both protein
concentrations are shown in Figures 5A and 5B. SDS−PAGE
analysis (Figures 6A and 6B) was also used to study the nature
of the aggregates that were generated by oxidation. Some
higher molecular weight species (HMWS, ∼300 kDa) bands
were observed for oxidized IgG-1 samples at both protein
concentrations (compared to the nonoxidized controls). The
intensity and thickness of HMWS bands observed for 10 mg/
mL IgG-1 samples were more notable when compared to 100
mg/mL IgG-1 samples. The loss of some HMWS bands,
combined with the presence of some remaining HMWS bands,
in the reduced SDS−PAGE gels indicated that these covalent
aggregates are likely a mixture of disulfide cross-linked and
other covalently cross-linked species.

■ DISCUSSION
Physical analysis of proteins provides an overview of the level of
structural alterations in the higher order structure of proteins as
well as the formation of aggregates and fragments generated
during oxidative stress. A chemical analysis, such as the
combination of peptide mapping with LC−MS analysis,
provides a detailed primary structure characterization of the
modifications generated during protein oxidation. The
combination of both chemical and physical analyses not only
allows for a better screening of overall protein stability but
provides insight into the possible inter-relationships between
the two degradation pathways. In this study, physical and
chemical analyses demonstrate that MCO oxidation leads to
the aggregation, fragmentation and chemical modifications of
IgG1 mAb. Our LC−MS data identify the peptide bond C-

terminal of Met428 as a major hydrolytic site. The nature of the
aggregates observed during the physical analysis was not
analyzed by mass spectrometry, however a combination of SEC,
MFI, and SDS−PAGE analysis showed the formation of
aggregates of varying size with a minority species covalently
cross-linked. Our LC−MS data and our specific fluorescent
tagging of DOPA reveal oxidation of Tyr80 of the heavy chain
to DOPA. Especially the oxidized form of DOPA, the ortho-
quinone, represents a strong electrophile for covalent bond
formation with appropriate nucleophiles.31

At 100 mg/mL IgG1, the ratio of FeII/protein is ten times
lower compared to the FeII/protein ratio at 10 mg/mL IgG1.
Hence, relative yields of hydrolysis are expected around 0.5%.
Therefore, at protein concentrations of 100 mg/mL, hydrolysis
products could not be detected after dilution necessary for

Figure 5. Representative SEC chromatograms at 214 nm of IgG-1
control compared to (A) stressed IgG-1 stock at 10 mg/mL and (B)
stressed IgG-1 stock at 100 mg/mL. All samples were prepared in 10
mM histidine buffer (pH 5.8) with 85 mg/mL sucrose.
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UPLC−MS analysis. However, at 100 mg/mL glycan
degradation products were observed.
Hydrolysis Reaction C-Terminal of Met. Thiols,

thioethers, and disulfides engage in redox reactions, permitting
the regulation of the biological activities of various proteins,32,33

and affecting the structure of macromolecules such as IgG. The
oxidation of thioethers by strong oxidants such as hydroxyl
radicals or ferryl ions leads to the formation of sulfur radical
cations (RS•+) such as MetS•+ in Met-containing pepti-
des.20,33−35 The latter can complex via a 2-center 3-electron
(2c−3e) bond (represented by the notation “S∴O”)36 either

with the proximal nitrogen of an amide bond or with the
oxygen atom of an adjacent carbonyl (CO) group.16

A 2c−3e S∴O bond intermediate would increase the
electrophilicity of the carbon of the CO group involved in
the S∴O bond, rendering the amide bond more susceptible to
hydrolysis. In fact, complexation of a peptide bond with a
sulfide radical cation may be compared to the association with a
proton or any other Lewis acid, promoting hydrolysis. The
hydrolysis product, a peptide with a C-terminal MetS•+ is still a
strong oxidant, which can accept an electron either from FeII,
leading to the formation of FeIII, or from a nearby disulfide
bond, leading to the formation of a disulfide radical cation
(RSSR•+).37

The MCO of IgG-1 induces the hydrolysis of the peptide
bond between Met428 and His429. After 2 h of MCO reaction,
the hydrolysis of the peptide bond between Met428 and
His429 allows for the formation of peptide 2 with a yield of 3.5
μM, corresponding to the transformation of 5% of the original
IgG-1 (50-fold the amount of MetSO). A mechanistic analysis
of an analogous hydrolysis process at a Met-His sequence has
been reported for PTH1−34.14 In brief, the hydrolysis reaction
minimally requires the presence of FeII, H2O2, and a pH at
which the imidazole nitrogen of the His residue is deprotonated
(Scheme 1, reaction 1). EDTA does not inhibit the reaction,
indicating that [FeIIEDTA]2− will function as a metal catalyst as
well. However, the reaction is inhibited by DTPA.14 The
complexation of [FeIIEDTA]2− to His is followed by the
formation of hydroxyl radical (HO•) from H2O2 and the
oxidation of FeII to FeIII (Scheme 1, reaction 1). HO• can
oxidize the sulfur of Met428 via one-electron-transfer reaction
to yield a sulfur radical cation (Scheme 1, reaction 2). The
intermediary sulfide radical cation complexes with the peptide
bond carbonyl function to form a cyclic, three-electron-bonded
intermediate (Scheme 1, reaction 3).15,16 The complexation of
the carbonyl function by the positively charged sulfide radical
cation is comparable to the complexation of the peptide bond
by other Lewis acids such as a proton, or transition metals,
which can lead to hydrolysis of the peptide bond (Scheme 1,
reaction 4).38−41 A kinetic analysis of sulfur−oxygen three-
electron-bonded intermediates in peptides15,16 is consistent
with a hydrolysis reaction, as depicted in reaction 4 (Scheme
1). The remaining sulfide radical cation can be reduced by an
electron transfer reaction from a nearby disulfide (Scheme 1,
reaction 5). After reduction, alkylation, and digestion, for mass
spectrometry analysis, the proteolytic peptide 2 is released
(Scheme 1, reaction 6).

Table 3. Effect of Metal Induced Oxidation on Protein Concentration, Aggregation Profile, and Subvisible Particle Formation of
IgG-1 as Measured by UV−Vis Spectroscopy, Size-Exclusion Chromatography (SEC), and Microflow Imaging (MFI)a

mAbl concn (mg/mL) sample

UV−vis size exclusion chromatography (SEC) MFI

Abs 280 nm % M % F % S % I total aggregates TPC (per mL)

10 control 0.82 ± 0.002 99.1 0.1 0.8 0 0.8 457 ± 52
24 h oxidation 0.76 ± 0.003 92.5 0.4 4 3.1 7.1 7362 ± 285

100 control 0.82 ± 0.001 98.8 0.1 1.1 0 1.1 702 ± 22
24 h oxidation 0.79 ± 0.005 96.0 0.2 2.1 1.7 3.8 2537 ± 585

aAbsorbance values for IgG-1 at 280 nm were light scattering corrected over a range of 320 to 350 nm. The amount of insoluble aggregates for
stressed samples in SEC was calculated by subtracting the total area of the stressed samples from the total area of the control. All samples were
prepared in 10 mM histidine buffer (pH 5.8) with 85 mg/mL sucrose. The experimental data for MFI and UV−vis spectroscopy are mean and
standard deviation calculated from three independent measurements, whereas data for SEC are mean calculated from three independent
measurements; standard deviation for all the SEC data values was below 1.5. % M: monomer. % I: insoluble aggregates. % S: soluble aggregates. % F:
fragments. TPC stands for total particle concentration obtained by MFI measurements.

Figure 6. Nonreduced and reduced SDS−PAGE gels of control and
oxidized IgG-1 samples. All samples were prepared in 10 mM histidine
buffer (pH 5.8) with 85 mg/mL sucrose. The molecular weights of
protein ladder bands are denoted on the left side of the gels. Sample
lane titled CN represents IgG-1 unoxidized control, and 2 Hr and 24
Hr denote the oxidation time. More details are described in Methods.
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The formation of the disulfide radical cation (Scheme 1,
reaction 5) permits through reaction with water the generation
of sulfenic acid and a thiyl radical, according to reaction 7
(Scheme 1). In the presence of transition metal and H2O2, the
latter can transform into sulfinic acid (Scheme 1, reaction 8).
Our analysis also revealed that the peptide bond between

Met252 and Ile253 was hydrolyzed, however only to a small
extent. The rate of hydrolysis of this peptide bond was 35-fold
slower than the rate of hydrolysis of the peptide bond between
Met428 and His429. We believe that the absence of His next to
Met252 prevents the formation of a His-FeII-EDTA complex in
close proximity to Met252. Although the sulfur−oxygen three-
electron-bonded intermediate would be stabilized in the same
way as for Met428, the absence of His-FeII-EDTA complex in
the vicinity of Met252 does not efficiently initiate oxidation of
Met252 and the subsequent hydrolysis of the peptide bond
between Met252 and Ile253. On the other hand, free His
(present in the buffer) would unlikely create a complex in the
vicinity of Met. If that was the case, the involvement of free His
would have catalyzed specifically the hydrolysis between
Met252 and Ile253 with a similar rate as that between
Met428 and His429.
Physical stability studies support a mechanism of fragmenta-

tion of IgG-1 during MCO. Indeed, over the course of the
oxidation reaction of IgG-1 at 10 or 100 mg/mL, SEC analysis
revealed an increase of fragmentation (Figure 5A,B, 15.5 min).
According to the SEC results, the yields of fragments
correspond to 0.4% and 0.2% of the original IgG-1, after 24
h of MCO of IgG-1 at 10 mg/mL and at 100 mg/mL,
respectively. These values are lower than the ones reported by
mass spectrometry where we exclusively focus on the formation
of 2. However, the analysis of the peptide digest shows that 2 is
further oxidized into 3 (Scheme 1, reaction 9). The latter
provides evidence that the primary oxidation products could
lead to additional degradation of IgG-1, such as the formation
of aggregates. Insoluble and soluble aggregates represent 3.1%
and 4.0%, respectively, of the original IgG-1 after 24 h of
oxidation of IgG-1 at 10 mg/mL (Table 3).
Finally, FeII can be regenerated through the reduction

reaction of FeIII to FeII and the transformation of H2O2 into
superoxide radical anion (Scheme 1, reaction 10).
The Formation of DOPA. MCO of Trp, His, and Met

residues in proteins is well established.42−46 Formulations of
IgG-1 containing between 1 mg/mL and 10 mg/mL of IgG are
known to be sensitive to MCO.47−49 In the presence of metal
and ascorbic acid, IgG-1 was reported to be oxidized at Met,
Trp, His,50 and Tyr residues.47 Under our experimental
conditions, the MCO of IgG-1 leads to the formation of
DOPA at Tyr80 in the heavy chain, the same region of the
heavy chain, where DOPA was observed by Zhou et al. for a
different antibody.47 The fluorogenic tagging reaction showed
an increase of fluorescence, measured at λem = 490 nm (λex =
360 nm), during the MCO of IgG-1. The latter is consistent
with an increase of DOPA (product 4) observed by mass
spectrometry (Figure 3). DOPA is a precursor for DOPA-
quinone, a strong electrophile with the potential for reaction
with amines and thiols to yield covalently cross-linked
products; while DOPA quinone was not directly observed
during our mass spectrometry analysis, such oxidation product
had been identified during the oxidation of human growth
hormone51 and insulin.31 Intermediary DOPA-quinone gen-
eration would be consistent with the formation of nonreducible

higher molecular weight species bands observed after SDS−
PAGE analysis of oxidized IgG-1 (Figure 6B).

The Formation of MetSO. MetSO is frequently used as a
probe to estimate the extent to which a protein is oxidized. The
MCO of IgG-1 generated MetSO, albeit inefficiently, as, e.g.,
after 24 h of oxidation the yield of product 5 reached only 550
nM, corresponding to less than 0.1% of the IgG-1 (Figure 3).
Similarly, the formation of DOPA as measured in product 4
represented also less than 0.1% of the IgG-1 after 24 h of MCO
reaction (Figure 3). Under our MCO conditions, MetSO does
not represent well the level of oxidation of IgG-1. In contrast,
Met residues are involved in a significantly more efficient
process, i.e., the oxidation-catalyzed hydrolysis.

■ CONCLUSION
MCO, performed in the presence of an iron chelator (EDTA),
leads to oxidation-dependent hydrolysis between Met and His
in the sequence Met-His. We hypothesize that a one-electron-
oxidized intermediate, a radical cation of Met428 (Met428S+•),
is involved in the selective hydrolytic cleavage between Met428
and His429 in the heavy chain. We believe that the particular
spatial conformation of Met428 and His429 renders this region
sensitive to MCO and hydrolysis. We also observed that the
disulfide bond (Cys367−Cys425) near Met428 was specifically
oxidized into sulfinic acid. The latter was rationalized by an
one-electron-transfer reaction between Cys367−Cys425 and
the nearby sulfide radical cation Met428S+•. The correlation
between the amount of the tryptic peptide, representative of the
hydrolytic cleavage at Met428, and the amount of aggregates
and subvisible particles observed after oxidation would suggest
that the fragmentation of the heavy chain at Met428 would be a
parallel mechanism to the aggregation reactions.
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(44) Schöneich, C. Mechanisms of Metal-Catalyzed Oxidation of
Histidine to 2-Oxo-Histidine in Peptides and Proteins. J. Pharm.
Biomed. Anal. 2000, 21 (6), 1093−1097.
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