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Mass Spectrometry Analysis of Photo-Induced
Methionine Oxidation of a Recombinant
Human Monoclonal Antibody
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Oxidation of methionine (Met) residues of a recombinant fully human monoclonal antibody
after exposure to light was investigated and compared with chemically induced oxidation
using tert-butyl-hydroperoxide (tBHP). Met256 and Met432 in the Fc region in the samples
exposed to light or incubated with tBHP were oxidized. The Fc mass spectra of the antibody
exposed to light showed mainly peaks with a molecular weight (MW) increase of 32 Da,
however the sample treated with tBHP showed peaks with increase of only 16 Da. These
results suggested that either oxidation of one Met residue (either Met256 or Met432) catalyzed
the oxidation of the second Met residue on the same heavy chain (HC) or Met residues of one
HC were preferentially oxidized when the antibody was exposed to light, while Met256 and
Met432 were randomly oxidized when the antibody was incubated with tBHP. (J Am Soc
Mass Spectrom 2009, 20, 525–528) © 2009 American Society for Mass Spectrometry

Oxidation of Met residues is one of many modi-
fications of recombinant monoclonal antibodies
[1, 2]. The sulfoxide and sulfone side chains of

the Met oxidation products are larger and more polar,
which may alter protein structure, stability, and biolog-
ical functions. Oxidation of two susceptible Met resi-
dues of a recombinant fully human monoclonal anti-
body resulted in decreased stability of the CH2 domain
[3] and the binding of this antibody to protein A and
protein G [4].
Two Met residues in the CH2-CH3 domain interface

of recombinant humanized and fully human IgG1 anti-
bodies were found susceptible to oxidation. The suscep-
tibility of these Met residues was demonstrated by
incubating the antibodies in liquid formulation either
with [3, 5, 6] or without [6, 7] the addition of a mild
oxidizing reagent, tBHP. Lam et al. [7] reported that
exposure to high intensity fluorescence light also in-
creased the level of Met oxidation. It was previously
observed that Met256 and Met432 (Figure 1) of the
antibody used in this study were randomly oxidized on
the two HCs when the antibody was incubated with
tBHP, which was not the case observed with the accel-
erated stability sample [6]. It was proposed that either
the susceptible Met residues of one HC of the stability
sample were preferentially oxidized or oxidation of the
first susceptible Met residue accelerated oxidation of
the second Met residue on the same HC.

In the current study, oxidation of Met 256 (immunoge-
netics (IMGT) [8] database (Http://imgt.cines.fr): CH2-
15.1) and Met432 (IMGT: CH3-107) of a recombinant fully
human monoclonal antibody after exposure to light was
investigated and compared with chemically induced oxi-
dation using tBHP. Met 256 and Met432 were located in
the CH2-CH3 interface in close proximity [8, 9] and were
the focus of this study.

Experimental

Materials

The recombinant fully human monoclonal IgG1 anti-
body was produced by a transfected Chinese hamster
ovary (CHO) cell line and purified by multiple chroma-
tography steps (Abbott Bioresearch Center, Worcester,
MA). Tert-butyl-hydroperoxide (tBHP) and dithiothre-
itol (DTT) were purchased from Sigma (St. Louis, MO).
Formic acid (FA) was purchased from EMD (Gibbs-
town, NJ). Endoprotease Lys-C and phenylmethylsul-
fonyl fluoride (PMSF) were purchased from Roche
(Indianapolis, IN). Acetonitrile was purchased from
J. T. Baker (Phillipsburg, NJ).

Exposure to Light

One mL aliquots of the antibody at 10 mg/mL in
formulation buffer (5.57 mM sodium phosphate
monobasic, 8.69 mM sodium phosphate dibasic,
106.69 mM sodium chloride, 1.07 mM sodium citrate,
6.45 mM citric acid, 66.68 mM mannitol, and 0.1%
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polysorbate-20, pH 5.2) were distributed into clear
glass vials, and some of the vials were wrapped in
aluminum foil to be used as controls. The vials were
then exposed to a light dose of 19460 KJ/M2 (18.2 h)
and four times this dose (72.8 h) at 300–800 nm at
25°C as defined in the Q1B of ICH guidelines in a
light cabinet (Atlas SUNTEST CPS�) with a Xenon
lamp filtered through a glass window to mimic
indoor daylight (ISO 10,977 ID65).

Incubation with tBHP

Antibody at 10 mg/mL in formulation buffer was
incubated with 1% (vol/vol) tBHP at room temperature
for 24 h. Residual tBHP was removed using Amicon
Ultra-15 centrifugal filters with a MW cut-off of 15 kDa
(Millipore, Billerica, MA), and the sample buffer was
exchanged to phosphate buffered saline (PBS).

LC-MS Analysis of Fab and Fc Fragments

The samples were diluted to 1 mg/mL with PBS and
digested with Lys-C at a 1:200 Lys-C: antibody (w:w)

ratio at 37 °C for 30 min. The digestion was stopped
with 1 mM PMSF. The samples were analyzed by
LC-MS before and after reduction with 10 mM DTT at
37 °C for 30 min.
An Agilent HPLC and a Q-TOF mass spectrometer

6510 LC/MS system (Santa Clara, CA) equipped with a
protein C4 column (Vydac, 150 � 1 mm i.d., 5 �m��
particle size, 300 A pore size) were used for MW
measurement. Five �g of each sample was loaded at�
95% mobile phase A (0.08% FA in Milli-Q water) and
5% mobile phase B (0.08% FA in acetonitrile). After 5
min, proteins were eluted off the column by increasing
mobile phase B to 65% within 35 min. The column was
washed using 95% mobile phase B and equilibrated
using 5% mobile phase B for 10 min. The flow rate was
50 �L/min. The column oven was at 60 °C. The mass�
spectrometer scan range was from m/z 800 to 2500 with
IonSpray voltage of 4500 V and the source temperature
of 350 °C. Mass spectra were deconvoluted using Agi-
lent MassHunter Qualitative Analysis software.

Peptide Mapping

Samples were denatured with 6 M guanidine hydro-
chloride in 100 mM Tris, pH 8.0, reduced with 10 mM
DTT at 37 °C for 30 min and alkylated with 25 mM
iodoacetic acid at 37 °C for 30 min. The samples were
then buffer exchanged to 10 mM Tris, pH 8.0, using
NAP-5 columns (GE Healthcare, Piscataway, NJ). Sam-
ples were digested with trypsin (1:20 (w:w) trypsin:
antibody ratio) at 37 °C for 4 h. An Agilent HPLC and a
C18 column (Vydac, 250 mm � 1 mm i.d., 5 �m particle��
size, 300 A pore size) were used to separate and
introduce peptides into the Q Star mass spectrometer
(Applied Biosystems, Framingham, MA). Twenty �g of�
each sample was loaded at 2% mobile phase B, and
eluted by increasing mobile phase B to 35% in 140 min.
IonSpray voltage was 4200 Volts. Source temperature
was 250 °C and m/z was scanned from 250 to 2000.

Results and Discussion

Susceptibility of Met Residues in the Fc Region
to Oxidation

Oxidation of Met can result in sulfoxide or sulfone with
MW increases of 16 or 32 Da respectively. LC-MS
analysis of the peptides containing either Met256 or
Met432 from the samples exposed to light or treated
with tBHP revealed an additional peak with a MW
increase of 16 Da. It was confirmed by MS/MS that the
MW increase was due to oxidation of Met residues
(data not shown). Sulfone as a major oxidation product
was ruled out because of no peaks with MW increase of
32 Da.
The levels of oxidation were determined by dividing

the extracted ion chromatogram (EIC) peak areas of the
peptide containing the oxidized Met by the total peak
areas of the peptides containing the oxidized and the
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Figure 1. Deconvoluted mass spectra of the Fc fragment before
reduction from the samples of the control (a), exposure to light at
ICH suggested level (b), and at four times over-dose (c). Above is
a typical human IgG1-Fc structure to show the close proximity of
the two Met residues.
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original Met (Table 1). Met256 and Met432 were oxi-
dized to significant levels after exposure to light. Low
levels of oxidation of Met residues in the control sug-
gested that incubation at 25 °C without exposure to
light resulted in Met oxidation. Met oxidation in the
sample stored at �80 °C was likely due to sample
handling. Similarly, Met256 and Met432 were oxidized
to significant levels when the antibody was incubated
with tBHP.

Distribution of the Oxidized Met Residues in the
Samples Exposed to Light

The samples were digested with Lys-C to cleave between
K226 and T227 in the hinge region which resulted in Fab
and Fc fragments. Multiple peaks were observed for the
Fc due to heterogeneity from incomplete processing of the
C-terminal lysine (Lys) and various N-linked oligosaccha-
rides (Figure 1). PeakswithMW increase of 32 Dawith the
corresponding modifications were observed in the mass
spectra from the samples exposed to light at the ICH
suggested level (Figure 1b) and 4 times the dose (Figure
1c). Less intense peaks with a MW increase of 16 Da were
also observed.
To understand the distribution of Met oxidation on the

two HCs, the samples were analyzed by LC-MS after
reduction. Peaks with aMW increase of 32 Dawere also at
much higher intensities than peaks with a MW increase of
16 Da (Figure 2). This result suggested that either Met256
and Met432 of one HC were preferentially oxidized or

oxidation of either Met256 or Met432 accelerated the
oxidation of the other on the same HC.
This result supports the hypothesis by Lam et al. [7],

which suggested that a singlet oxygen formed from the
reaction between molecular oxygen and photo-activated
polysorbate-20 reacts with Met to form an intermediate,
which reacts with a second Met leading to the formation
of two Met sulfoxides. Polysorbate is commonly used in
formulations. It was also possible that Met256 andMet432
of one HCwere preferentially oxidized by a light sensitive
molecule that binds only to HC because of the asymmet-
rical nature of IgG antibodies [10].

Distribution of the Oxidized Met Residues in the
Sample Incubated with tBHP

The antibody treated with tBHP was also analyzed. The
MWs corresponding to the calculated molecular
weights of the Fc with various modifications were
observed. In addition, MW increments of 16 Da were
observed in the mass spectra acquired before (Figure
3a) and after reduction (Figure 3b), indicating that
Met256 and Met432 on the two HCs were randomly
oxidized.

Conclusions

LC-MS is commonly used for monoclonal antibody
characterization. This study demonstrated that analysis
at different levels (peptide, intact and reduced Fab, Fc)
was necessary for obtaining information on the sites
and distribution of Met oxidation. Met256 and Met432
were randomly oxidized by tBHP. However, oxidation
of these two Met residues was coupled when exposed
to light.
Met256 and Met432 are in the CH2-CH3 interface,

where residues that are important for the binding to
protein A [3], protein G [11], and the neonatal receptor
(FcRn) [12] reside. Oxidation of Met256 and Met432
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Figure 2. Deconvoluted mass spectra of Fc fragment after reduc-
tion (Fc/2) from the samples exposure to light at the ICH
suggested level (a) and at four times over-dose (b).

Figure 3. Deconvoluted mass spectra of the antibody oxidized
with tBHP before (a) and after (b) reduction of Fc.

Table 1. Percentage of oxidized Met residues

Samples Met 256 Met 432

�80 °C 0.1 1.4
Control 1.3 2.5
ICH dose 16.4 21.9
4 X dose 73.8 78.9
tBHP 64.7 57.8
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resulted in significant conformational changes in the
CH2 domain [3], which decreased binding to protein A
and protein G [4]. It would be interesting to study the
effect of oxidation on binding to FcRn, which is known
to protect antibodies from degradation in vivo [13].
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