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Abstract: Susceptibility of methionine residues to oxidation is a significant issue of protein
therapeutics. Methionine oxidation may limit the product’s clinical efficacy or stability. We have

studied kinetics of methionine oxidation in the Fc portion of the human IgG2 and its impact on the

interaction with FcRn and Protein A. Our results confirm previously published observations for
IgG1 that two analogous solvent-exposed methionine residues in IgG2, Met 252 and Met 428,

oxidize more readily than the other methionine residue, Met 358, which is buried inside the Fc. Met

397, which is not present in IgG1 but in IgG2, oxidizes at similar rate as Met 358. Oxidation of two
labile methionines, Met 252 and Met 428, weakens the binding of the intact antibody with Protein A

and FcRn, two natural protein binding partners. Both of these binding partners share the same

binding site on the Fc. Additionally, our results shows that Protein A may serve as a convenient
and inexpensive surrogate for FcRn binding measurements.

Keywords: methionine oxidation; human IgG2 antibody; protein A chromatography; protein A
binding; FcRn binding

Introduction

Therapeutic proteins can undergo a variety of degra-

dation processes, including aggregation, deamidation,

isomerization, oxidation, disulfide bond scrambling,

and truncation. These events can occur during fermen-

tation, purification, formulation, manufacturing, and

storage. The product’s clinical utility or shelf-life can

be compromised if degradation adversely affects the

biological activity of the molecule or induces immuno-

genicity. One of the most common modifications is

oxidation of labile amino acid side chains, which is

induced by reactive oxygen species.1 Although protein

oxidation can occur at cysteine, tryptophan, lysine and

other amino acids,2–4 methionine is often the most

susceptible residue to oxidation.5,6 The most common

product of methionine oxidation is methionine sulfox-

ide, which is more polar and less hydrophobic than

methionine. Susceptible methionines are typically

located on the surface of the protein and exposed to

the solvent.7–10 Met oxidation can have adverse effects

on proteins, including decreased stability,5,11–16 and

decreased biological activity.5,8,12,17–20

The immunoglobulin gamma (IgG) monoclonal

antibody (mAb) has emerged as one of the most prom-

ising drug class in the biopharmaceutical industry.

More than 20 antibody drug products have been

approved by the FDA for human therapeutic use

across many clinical settings.21,22 The Fab portion of

antibodies is responsible for drug specificity, whereas

the Fc portion is responsible for the effector functions

and modulation of the half-life of the antibody.23,24

The Fc portion is a homodimer composed of the

C-terminus of the heavy chain, including a short hinge

region, the CH2, and CH3 domains. The sequences of

CH2 and CH3 domains in human IgG1 and IgG2, two
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widely used therapeutic mAb subtypes, are shown in

Figure 1(A). The Fc regions of human IgG1 and IgG2

are nearly identical, with sequence homology as high

as 97%. The human IgG2 Fc has four methionines,

Met 252, Met 358, Met 397, and Met 428. Valine

replaces methionine at position 397 in human IgG1 Fc.

Met 252 is located in the CH2 domain, whereas the

other methionines are located in the CH3 domain. The

crystal structure of human IgG1 Fc is shown in Figure

1(B). Met 252 is located at the end of a short a-helix
structure, which is a part of the CH2-CH3 interface.

Met 358 is located in a short a-helix, whereas Met 397

is presumably located in a b-sheet since Val occupies

this position in the human IgG1 Fc. These two methio-

nines are located in the CH3-CH3 interface between

the two Fc polypeptide chains. Similar to Met 252,

Met 428 is located at the CH2-CH3 interface, which is

the consensus binding site that interacts with several

natural proteins including Staphylococcal Protein A,25

and FcRn.26

Protein A is a 42 kDa membrane protein in the

cell wall of Staphylococcus aureus, consisting of five

homologous domains.27 Binding studies between Pro-

tein A and antibodies have shown that all five domains

of Protein A bind to the IgG Fc domain.28 Because of

the high specificity, Protein A affinity chromatography

is a common technique for the purification of antibody

or Fc fusion proteins.

FcRn mediates transport of maternal IgG across

the placenta in humans, thereby conferring humoral

immunity to the newborn against antigens encoun-

tered by the mother.29 In addition, FcRn protects IgG

from degradation by diverting endogenous IgG from

lysosomes.30 IgGs that bind to FcRn in endosomes at

acidic pH (pH 6–6.5) after fluid phase endocytosis are

recycled back to the cell surface where they are

Figure 1. A: Alignment of the amino acid sequences of human IgG1 and IgG2 Fc. Residues are numbered using the EU

numbering system. Methionine residues are underlined. B: The cartoon representation of the Fc. The crystal structure of

human IgG1 Fc (pdb code:1FC1) was used to prepare the figure. Met 252 was colored red. Met 358 was colored blue. Val

397, which is equivalent to Met 397 in human IgG2, was colored orange and Met 428 was colored green. The sphere

presentations of these residues are only shown in one peptide chain of the Fc. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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released at the neutral pH (pH � 7.4).31 In contrast,

IgGs that do not bind to FcRn are degraded in the ly-

sosome. The half-life of IgG is reduced from 5 days to

about 1 day in FcRn-deficient mice.32 The relative lon-

ger half-life is one of the major advantages of antibody

therapeutics.33

Several studies on methionine oxidation in the Fc

have been reported. Shen et al.34 studied the suscepti-

bility of methionines in the humanized monoclonal

IgG1 antibody HER2 by incubation with tert-butyl

hydroperoxide (TBHP). Chumsae et al.35 reported that

Met 252 and Met 428 are the two most susceptible

methionines, based on thermal stability studies on a

fully human IgG1 antibody. Nearly one third of Met

258 and Met 432 were spontaneously oxidized after

incubation in the formulation buffer at 25�C for 12

months. Liu et al.36 reported that detectable changes

in secondary and tertiary structures have been

observed by CD and NMR upon oxidation of Met 252

and Met 428. The melting temperature of the CH2

domain was significantly reduced, and the aggregation

and deamidation rates at Asn 286 and Asn 315 were

increased. Although extensive biochemical and bio-

physical characterizations have been performed on

methionine oxidation in the Fc region, the potential

changes in the binding of natural partners, such as

Protein A and FcRn, have not been studied.

In our studies, we evaluated the impact of the oxi-

dation of methionine residues in the Fc region on

human IgG2 binding to Protein A and FcRn. The simi-

larity in the impact of methionine oxidation on the

binding of these two molecules to the antibody, and

the implication of potential changes in the antibody

serum half-life will be discussed.

Results and Discussion

Oxidation susceptibility of methionines in
human IgG2 Fc

The relative oxidation rate for each methionine in

human IgG2 Fc was determined by the forced oxida-

tion study. The antibody was incubated with 1% TBHP

for various time periods. The reaction was stopped by

diluting the sample 100 fold into ice-cold acetate buffer,

quickly followed by diafiltration to remove the TBHP.

The oxidized samples were subjected to the peptide

mapping analysis. In this study, a protein concentration

of 0.4 mM was used, whereas the TBHP concentration

was at 110 mM, resulting in a TBHP to antibody molar

ratio of �270. A nonreduced Lys-C peptide map was

performed to monitor the oxidation reaction. An

expanded overlay of peptide maps of the untreated sam-

ple and the treated sample that has been incubated with

TBHP for 4 h is shown in Figure 2. In the peptide map

of the untreated sample, four methionine containing

peptides, D249-K288/C321-K322, G341-K360, T393-

K409, and N361-K370/S415-K439 (‘‘/’’ represents one

disulfide bond), were identified by the MS/MS analysis.

After the incubation with TBHP for 4 h, peak intensities

of these peptides were reduced and þ16 Da species elut-

ing earlier were observed. The MS/MS analysis shows

that the þ16 Da species are the oxidized forms, with

methionines being oxidized to the sulfoxide. The peak

intensities of the nonoxidized forms were continuously

decreased as the incubation time increased, whereas the

peak intensities of the oxidized forms were increased.

Chemical modifications other than methionine oxidation

were not observed in the peptide mapping analysis.

Figure 3(A) shows the time course of the oxida-

tion reaction for each methionine from time zero to 6

h. The reaction kinetics was fitted to an exponential

decay equation to obtain the oxidation rate constants.

The result (R2 > 0.99) indicates that the oxidation is a

pseudo-first order reaction. Three different oxidation

rates were observed. Met 252 oxidizes with the fastest

rate at 0.19 h�1. Met 428 oxidizes with the second

fastest rate at 0.09 h�1, which is about half of the Met

252 oxidation rate. Met 358 and Met 397 have the

slowest oxidation rates, which are 0.05 h�1 and 0.04

h�1, respectively.

The solvent accessible surface areas (SASAs) of

the sulfur atoms in the Met 252, Met 358, and Met

Figure 2. Peptide maps for nonreduced Lys-C digests for the untreated IgG2 and treated IgG2 that has been incubated with

TBHP for 4 h.
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428 are 6.5, 1.2, and 2.9 Å2, respectively.37 These val-

ues are calculated from the crystal structure of IgG1 Fc

(1FC1), since the structure of human IgG2 Fc is not

available. The SASA data for Met 397 is not available,

since IgG1 Fc has Valine at position 397. The observed

oxidation rates correlate well with the SASAs of the

sulfur atoms [Fig. 3(B)]. The sulfur atom of Met 358

is deeply buried inside of the CH3-CH3 interface

between two Fc peptide chains, so it has a slower oxi-

dation rate compared with Met 252, which has a sulfur

atom that is largely exposed to solvent. Data obtained

from this study is in general agreement with what has

been reported previously for recombinant monoclonal

antibodies. Shen et al.34 reported that Met 358 oxi-

dizes much slower than Met 252 and Met 428 in

TBHP-treated rhlMab HER2, a humanized IgG1 anti-

body. Liu et al.36 observed that Met 252 oxidizes two-

fold faster than Met 428 in the E.coli expressed

human IgG1 Fc treated by H2O2. Our results support

the contention that Met 252 and Met 428 are more

exposed to the solvent than Met 358 and Met 397, and

are therefore more susceptible to oxidation.

Methionine oxidation in Fc decreases the

binding affinity to protein A

Protein A affinity chromatography is a well established

technique for antibody purification.38,39 In the typical

‘‘bind and elute’’ mode, Protein A tightly binds the Fc

portion of the antibody under neutral pH conditions

(pH 7–8), while impurities are washed away, after

which the acidic pH buffer (pH 3–4) is quickly intro-

duced to release the antibody from the Protein A col-

umn. To exploit potential differences in affinity

between oxidized variants of IgG2 antibody and Pro-

tein A, we have developed a novel method to separate

antibody structural variants using pH gradient elution.

In this application, a pH-gradient is generated by mix-

ing a neutral pH buffer and an acidic pH buffer to

elute the IgGs bound to the Protein A column. The

untreated and TBHP treated samples from the forced

oxidation were analyzed by this technique, and the

chromatograms are shown in Figure 4. The untreated

IgG2 was resolved into two peaks, a minor prepeak A

and a main peak. The level of prepeak A in the

untreated IgG2 is 12.1%. After 2 h of incubation with

Figure 3. A: Kinetics of methionine oxidation. Oxidation

rates of each methionine (square for Met 252, diamond for

Met 428, circle for Met 358, and triangle for Met 397) were

determined from the slopes of the linear fits through the

data. B: The correlation between oxidation rates and

solvent accessible surface area of sulfur atom for each

methionine.

Figure 4. pH-gradient Protein A chromatograms of an IgG2 antibody treated by TBHP for various time periods. The pH

gradient was superimposed. Each filled circle represents the pH value of the eluent collected in every 2 min.
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TBHP, the prepeak A was increased to 67.7%. Prepeak

B and prepeak C, which elute earlier than the prepeak

A, appeared after incubation with TBHP for 6 and 24

h, respectively. No new peaks were observed from

incubation times exceeding 24 h. The pH gradient was

superimposed in Figure 4. A small fraction of eluent

was collected every 2 min and was measured by pH

meter. The elution pH for the main peak, prepeak A,

prepeak B, and prepeak C were determined to be 4.32,

4.50, 4.62, and 4.95, respectively. The differences of

the pHs for these peaks to elute are quite small, aver-

aging 0.2 pH unit apart.

To characterize the prepeaks and the main peak

species, nonreduced Lys-C peptide mapping analysis

was performed. Prepeak A and the main peak were

collected from the untreated IgG2 sample and were

further concentrated and buffer-exchanged. Prepeak B

and prepeak C were prepared by buffer-exchanging

samples after incubation with TBHP for 6 and 24 h.

The percentages of oxidation for each methionine in

IgG2 antibody were quantified by the peak areas under

the nonoxidized and oxidized peaks in the peptide

maps, as shown in Table I. Our experiments show that

the main peak of IgG2 has a low level of oxidation of

all methionine residues ranging from 2.9 to 5.4%. This

could be attributed to the manufacturing process or

the artifact of sample handling. In the prepeak A, two

methionines, Met 252 and Met 428, show 46.5 and

30% oxidation, respectively. Interestingly, the other

two methionines, Met 358 and Met 397, have virtually

the same low oxidation level as in the main peak. No

significant differences for other chemical modifications

were observed for these two samples by peptide map-

ping analysis. In prepeak B, the oxidation levels in

Met 252 and Met 428 are 69.7 and 43.4%, respec-

tively. The other two buried methionines, Met 358 and

Met 397, were partially oxidized. In prepeak C, Met

252 and Met 428 were nearly fully oxidized, reaching

95.2 and 82.0%, respectively. The buried methionines

also reached high level of oxidation. Our data show

that the multiple prepeaks observed in the pH-gradi-

ent Protein A chromatography result from oxidation of

the methionine residues, specifically Met 252 and Met

428, in both Fc peptide chains.

To quantitatively assess the impact of Fc methio-

nine oxidation on Protein A binding, a Surface Plas-

mon Resonance (SPR) binding experiment was per-

formed on three samples with different oxidation

levels, which include the main peak, prepeak A and

prepeak C. The main peak has virtually no methionine

oxidation. Prepeak A has partial oxidation of Met 252

and Met 428, whereas prepeak C has nearly full oxida-

tion of Met 252 and Met 428 plus partial oxidation of

Met 358 and Met 397. Samples with five concentra-

tions ranging from 666 to 8.2 nM were analyzed on

the Biacore chip that contains immobilized Protein A.

The sensorgrams shown in Figure 5(A) demonstrate

different binding kinetics with Protein A for the main

peak fraction, prepeak A, and prepeak C. The associa-

tion and dissociation rates fitted from these curves are

shown in Table II. The prepeak A associates with Pro-

tein A slower than the main peak, and prepeak C asso-

ciates with Protein A even slower than prepeak A. For

the dissociation of the antibody and Protein A com-

plex, prepeak A dissociates three-fold faster than the

main peak and prepeak C showed three-fold faster dis-

sociation rate than the prepeak A. The dissociation

equilibrium constants (KD) were calculated from the

association and dissociate rates (ka and kd) as shown

in Table II. Prepeak A (KD ¼ 3 nM) has lower affinity

than the main peak fraction (KD ¼ 1 nM), whereas the

prepeak C, which is nearly fully oxidized at Met 252

and Met 428, has the lowest affinity (KD ¼ 10 nM).

Since no differences were found in the oxidation level

of Met 358 and Met 397 in main peak and prepeak A,

it is likely that only Met 252 and Met 428 are respon-

sible for the change of binding kinetics with Protein A,

thereby affecting the binding affinity. The results dem-

onstrate that oxidation of Met 252 and Met 428

reduces the affinity of the antibody with Protein A.

Our data are in general agreement with the SPR analy-

ses of a human IgG1 antibody.40 Full oxidation of Met

252 and Met 428 resulted in about two-fold increase

in the association rate and 10-fold increase in the dis-

sociation rate of the antibody and Protein A, which led

to a 4.2-fold increase in the dissociation equilibrium

constant (KD).

The interaction between the IgG1 Fc and Protein

A has been studied in detail by X-ray crystallography

and 13C NMR.41,42 The interaction between Protein A

and Fc are primarily hydrophobic interactions, involv-

ing many residues from the interface between the CH2

and CH3 domains.41 One key hydrophobic interaction

between IgGs and Protein A involves Met 252. Met

252, which is located within a short a-helical structure
of the CH2 domain, is a highly conserved residue in

the CH2-CH3 interface. This residue makes a very

close contact with two residues in Protein A, Phe 124

and Gln 129. The distances between the sulfur atom in

Met 252 and several atoms (one nitrogen and four car-

bon atoms) in Phe 124 in Protein A are all less than 4

Å.37 An electron rich oxygen added to the sulfur is

very likely to disturb this binding pocket. Met 428 is

located within the CH3 domain and is another con-

served residue in the CH2-CH3 interface. Although

Table I. Oxidation Level of Four Fc Methionines in the
Prepeaks and Main Peak of a Human IgG2 Antibody
Separated by pH-Gradient Protein A Chromatography

% Met
252

% Met
358

% Met
397

% Met
428

Main Peak 2.9 5.4 3.4 4.6
Prepeak A 46.5 5.3 3.0 30.0
Prepeak B 69.7 28.3 23.2 43.4
Prepeak C 95.2 63.9 66.7 82.0
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Met 428 is not directly involved in the binding, it is in

the proximity of Met 252 and His 435, which are two

critical residues in the interaction between Protein A

and the Fc. The side chains of Met 252, His 435 and

Met 428 are tightly packed against each other. His 435

interacts with a histidine (His 137) on Protein A28 at

low pH (pH 3), generating electrostatic repulsion and

overcoming the hydrophobic interaction between the

Fc and Protein A. Addition of oxygen to Met 428 is

likely to generate unfavorable interactions and affect

these residues, resulting in decreased affinity between

Protein A and Fc. Met 358 and Met 397 are not close

to the binding sites, so they likely have minimal

impact on the binding between the Fc and Protein A.

Methionine oxidation in Fc decreases the
binding affinity of FcRn

The same set of samples was also evaluated for their

binding affinity to the FcRn by a competition binding

assay. A fixed amount of human FcRn was incubated

Table II. Association Rate, Dissociation Rate, and Dissociation Equilibrium Constant of Main Peak, Prepeak A, and
Prepeak C Binding with Protein A Measured by Biacore Binding Experiment

kon (1/M*s) with Protein A koff (1/s) with Protein A Kd (nM) with Protein A EC50 (nM) with FcRn

Main Peak 5.35 � 0.06 e5 3.36 � 0.18 e-4 0.6 170 (134–216)
Prepeak A 3.76 � 0.09 e5 1.02 � 0.03 e-3 3.0 347 (312–386)
Prepeak C 3.25 � 0.24 e5 3.18 � 0.09 e-3 10.0 947 (590–1520)

The values represent mean � standard error calculated from the BIAevaluation software. EC50 of main peak, prepeak A, and
prepeak C binding with FcRn measured by a Biacore competitive assay is also included with 95% confidence intervals shown in
the brackets.

Figure 5. A: The sensorgrams (colored lines) of the main peak, prepeak A, and prepeak C binding with Protein A immobilized

on the Biacore chip. In each panel, the fitted curves are colored black. A spike was observed in the sensorgram of injecting

222 nM prepeak C to the Biacore chip probably due to an air bubble. The curve of this sensorgram was fitted before the

spike and the residuals weren’t shown after the spike. B: The competition binding curves of the main peak, prepeak A, and

prepeak C with FcRn. C: The correlation between Kd of Fc and Protein A and the EC50 value of Fc and FcRn for main peak,

prepeak A, and prepeak C. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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with various amounts of samples for one hour before

injection over the Biacore chip containing immobilized

human Fc. A decreased binding response with increas-

ing concentrations of antibody indicated that antibody

binds to FcRn in solution, which blocks FcRn from

binding to the immobilized human Fc surface. The

competitive binding curves for main peak fraction,

prepeak A and prepeak C shown in Figure 5(B) illus-

trate that they bind to FcRn with different affinities.

The EC50 values and the 95% confidence intervals for

antibody binding with FcRn calculated from the bind-

ing curves are shown in Table II. The EC50 value of

the prepeak A is twice of the EC50 value of the main

peak. Extensive methionine oxidation induced by TBHP

in prepeak C increases the EC50 value by five-fold.

These results indicate that oxidation of Fc methionines

significantly decreases the affinity between the antibody

and FcRn.

The FcRn interaction site on IgG has been mapped

by X-ray crystallography and many mutation stud-

ies.26,43–51 The sharp pH dependence of FcRn/Fc inter-

action is attributed to the titration of two conserved his-

tidines in human Fc.45 In addition to the charge

interactions, the center of the Fc/FcRn interface includes

a core of hydrophobic residues including Met 252, which

is surrounded by several key residues, such as Leu 251

and Ile 253, which play critical roles in the hydrophobic

interactions between Fc and FcRn. The NMR signal of

Leu 251 disappears upon the oxidation of Met 252, sug-

gesting that it underwent a structural change.36 Oxida-

tion of Met 252 is likely to disturb these hydrophobic

interactions. Met 252 also makes direct contacts with

Pro 134 and Glu 135 in FcRn. The distances between

each pair are all close to 4 Å, calculated from the co-

crystal structure of human IgG1 Fc and Rat FcRn.

Although Met 428 is not directly located in the binding

pocket, it interacts with His 435, one of the two histidine

residues involved in the pH-dependent binding.45 HSQC

NMR signal of His 435 also disappeared upon the oxida-

tion of Met 428.36 Oxidation of Met 428 may perturb

the charge interaction between Fc and FcRn.

As FcRn is responsible for the extended persist-

ence of IgG in the serum, modulation of the FcRn-IgG

interaction has become an area of active research

focused on extending the pharmacokinetics of antibod-

ies by engineering the FcRn/Fc interface.31 Several

studies have demonstrated a correlation between the

binding affinity of IgG mAbs to FcRn and their serum

half-lives in mice and primates.48–52 Since oxidation

of Met 252 and Met 428 have been shown to decrease

the FcRn binding affinity at pH 6 while maintaining

the dissociation at neutral pH, the oxidized IgGs may

display attenuated pharmacokinetics. Our results war-

rant a further study to explore whether methionine ox-

idation in the Fc changes the serum half-life of human

IgGs. Careful consideration must be taken to eliminate

other factors such as other biochemical and biophysi-

cal differences in the antibodies tested.

Similarity in the protein A/Fc and
FcRn/Fc interactions

The Protein A/Fc and FcRn/Fc crystal structures

reveal that both Protein A and FcRn bind to the inter-

face of the CH2 and CH3 domains, a versatile region

of the Fc that also binds to several other natural pro-

teins, such as Protein G and rheumatoid factor.53,54

The residues in the Fc involved in the hydrophobic

interactions and charge interactions with Protein A

and FcRn are nearly identical, including three patches

on IgG Fc, Met 252 to Ser 254, Leu 309 to Gln and

Asn 434 to Tyr 436. Although Protein A doesn’t form

salt bridges with the Fc, resulting in less sharp pH-de-

pendence, the interaction with the Fc is still dependent

upon titrating two key histidine residues, His 310 and

His 435, in human IgG Fc.

The binding equilibrium constant (Kd) of Protein

A and Fc correlates well with the EC50 value of FcRn

and Fc for samples with different oxidation levels [Fig.

5(C)]. The partially oxidized IgG2 antibody (prepeak

A) has a five-fold decrease of Protein A binding affinity

and two-fold decrease of FcRn binding affinity com-

pared with nonoxidized antibody (main peak). The

fully oxidized antibody (prepeak C) has a three-fold

decrease of Protein A binding affinity and also has a

three-fold decrease of FcRn binding affinity compared

with partially oxidized antibody (prepeak A). These

observations demonstrate that the methionine oxida-

tion in Fc has similar impact to the binding affinity

with both Protein A and FcRn. Since the Protein A

mimics the interaction between Fc and FcRn, the Pro-

tein A binding can potentially serve as a convenient

and inexpensive surrogate for the FcRn binding to

assess functionality of the therapeutic IgGs.

Materials and Methods

Materials

The recombinant monoclonal antibodies used in this

study were expressed in Chinese Hamster Ovary cells

and purified using conventional manufacturing process

steps. The antibodies were prepared in 10 mM sodium

acetate, pH 5.2. TBHP solution (70%) was purchased

from Alfa Aesar. All other reagents were purchased

from Sigma (St. Louis, MO) unless otherwise specified.

pH-gradient protein A chromatography

The POROS A/20 Protein A column was purchased

from Applied Biosystems (Foster City, CA). The chro-

matographic system is an Agilent 1100 HPLC equipped

with a diode-array detector, autosampler, and micro-

flow cell (Agilent, Palo Alto, CA). UV absorbance was

monitored at 280 nm. The buffers are (A) 20 mM

Tris, 150 mM NaCl, pH 7.0 � 0.1 and (B) 20 mM Ace-

tate, 150 mM NaCl, pH 3.1 � 0.1. The antibody was

injected on the Protein A column after it was equili-

brated at 0% B for at least 20 min. A linear gradient
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from 0 to 35% B was run over 22 min. The flow rate

was 2 mL/min. The column was kept at room temper-

ature. The antibody was diluted to 2 mg/mL before

the injection and 100 lg of antibody was injected into

the column. Roughly 1 mL of eluent was collected off-

line in every 2 min and was measured by pH meter.

Forced oxidation by TBHP
The stock TBHP solution (�70%) was diluted to 10%

with 10 mM sodium acetate buffer (pH 5.2). An ali-

quot of 10% TBHP solution was added to the antibody

solution (70 mg/mL) with a volume ratio of 1:9 to

make the final TBHP concentration at 1%. The mixture

was incubated at 37�C. During the incubation, several

aliquots were removed from the mixture at various

time intervals. The aliquots were diluted 100-fold into

ice-cold acetate buffer (10 mM sodium acetate buffer,

pH 5.2). The solutions were quickly buffer exchanged

three times with the same acetate buffer using a

Vivaspin 20 (membrane cut-off at 10,000 MW,

Vivascience).

Lys-C enzymatic digestion
The concentration of the antibody samples was diluted

to 13 mg/mL with 8M guanidine hydrochloride, 0.5M

Na2HPO4, 0.5M NaH2PO4, 20 mM NEM to a total

volume of 100 lL. The solution was then placed at

37�C for 2 h to denature the antibody. Lys-C digestion

was performed for 24 h at 37�C by mixing 15 lL dena-

tured antibody with 85 lL digestion buffer (8M urea,

0.2M phosphate, 40 mM NH2OH, pH 7.0), 90 lL H2O

and 10 lg Lys-C (Waco Chemicals). The digests were

quenched with 15 lL of 5% TFA and stored at �70�C.

LC/MS of Lys-C digests
The Lys-C digests were separated on a Jupiter C18 col-

umn (250 mm � 2.0 mm, Phenomenex, CA) using a

two step linear gradient from 2 to 22% B over 38 min

and then from 22 to 42% over 80 min. Solvent A was

0.1% TFA in water, and solvent B contained 0.1% TFA,

90% acetonitrile (Burdick & Jackson, MI) and 10%

water. The column temperature was maintained at

50�C. The flow rate was 0.2 mL/min, and a total of 50

lg of protein digest was injected onto the column for

analysis. Agilent 1100 HPLC equipped with a diode-

array detector, autosampler and binary pumps (Agi-

lent, Palo Alto, CA) was used to separate the peptides.

The UV wavelength was set at 215 nm. The HPLC was

directly coupled to a Finnigan LCQ Deca ion trap

mass spectrometer (Thermo Electron, San Jose, CA)

equipped with an electrospray ionization source. The

spray voltage was 4.5 kV, and the capillary tempera-

ture was 250�C. The fragmentation mass spectra were

obtained using ion trap collision energies of 35%. Pep-

tides were identified automatically by Mass Analyzer,

a software program written by Zhongqi Zhang in

Amgen. The software was employed to correlate the

experimental tandem mass spectra against theoretical

tandem mass spectra generated from the known anti-

body amino acid sequence for peptide identification.

Protein A binding assay

BIACore 3000, sensor chip SA, Glycine pH 1.5 and

HBS-EP buffer, were from BIACore, Inc. (Piscataway,

NJ). Protein A was from GE Healthcare (Piscataway,

NJ) and the Protein A biotinylation was done by the

Amgen Analytical and Formulation Sciences Depart-

ment. Biotinylated Protein A was diluted to 10 lg/mL

in HBS-EP buffer. The sensor chip surface was pre-

pared by injecting 5 lL biotinylated Protein A over

flow cell 1, 2, 3, and 4 at 50 lL/min. The bound pro-

tein on the sensor chip SA generated a signal of about

900 resonance units (RU). The Protein A binding

assay was carried out on the immobilized Protein A

surface. Samples were diluted in HBS-EP buffer using

a three-fold serial dilution scheme from 666 to 8.2

nM, and then injected over the specific flow cell for

each sample. For each cycle, the samples were allowed

to associate with Protein A for 1 min and dissociate for

10 min at a flow rate of 100 lL/min, then the surface

was regenerated by glycine buffer. For calculation of

the association rate constant (ka), dissociation rate

constant (kd) and equilibrium dissociation constant

(KD), the BIAevaluation 2.1 software package was used

to fit the binding curves using the 1:1 binding model

with mass transport limitations.

FcRn binding assay

BIACore 3000, sensor chip CM5, surfactant P-20, and

amine coupling kit, were from BIACore, Inc. (Piscat-

away, NJ). Phosphate-buffered saline (PBS, 1�, no

calcium chloride, no magnesium chloride) was from

Gibco. Bovine serum albumin (BSA, fraction V, IgG

free) was from Sigma. Human Fc and human FcRn

were expressed by Amgen Protein Science Department.

Immobilization of human Fc to a CM5 sensor chip

surface was performed according to the manufacturer’s

instructions. Briefly, carboxyl groups on the sensor

chip surfaces were activated by injecting 150 lL of a

mixture containing 0.2M N-ethyl-N0-(dimethylamino-

propyl) carbodiimide and 0.05M N-hydroxysuccini-

mide. Human Fc was diluted in 10 mM sodium ace-

tate, pH 4.0 at 65 lg/mL and injected over the

activated chip surface at 10 lL/min for 12 min. Excess

reactive groups on the surfaces were deactivated by

injecting 60 lL of 1M ethanolamine. The final immo-

bilized level was �8000 RU. A blank reference surface

was also prepared on the sensor chips by activation

and deactivation without injection of protein. Binding

assays were carried out on the immobilized human Fc

surface. huFcRn (10 nM) was incubated with various

amounts of samples in sample buffer (5 mM sodium

acetate, 150 mM NaCl, pH 5.5, 0.1 mg/mL BSA,

0.005% P20) for 1 h before injection over the immobi-

lized HuFc surface for 60 min at 2 lL/min. Following

the sample injection, bound FcRn was allowed to
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dissociate from the Fc surface in PBS, pH 7.4 contain-

ing 0.005% P20 for 2 min. 100% FcRn binding signal

was determined in the absence of antibody. A

decreased binding response with increasing concentra-

tions of antibody indicated that antibody was binding

to FcRn in solution, blocking FcRn from binding to

the immobilized human Fc surface. The EC50 values

for antibody binding with 10 nM huFcRn were calcu-

lated by plotting the binding signal versus antibody

concentrations, and using the one site competition

model in GraphPad Prism.

Conclusions
Instability of methionines is a significant challenge in

the development of protein therapeutics. Methionine

oxidation has been shown to decrease bioactivity and

stability, which may limit the product’s clinical appli-

cation or shelf-life. In this article, we have studied the

methionine oxidation kinetics in the human IgG2 Fc

and its impact on Protein A and FcRn binding. Met

252 is more readily oxidized than Met 428. Both of

these residues are more susceptible to oxidation than

the other two methionines in the Fc of human IgG2

antibody. The oxidation rates have excellent correla-

tion with the SASA of the sulfur atom for each methio-

nine. Our results further indicate that oxidation of Met

252 and Met 428 weakens the binding of the intact

antibody with Protein A and FcRn, two natural pro-

teins that share the same binding site on the Fc.

Methionine oxidation in the Fc domain is not

expected to affect the potency of the antibody since

the binding site is located in the CDRs within the Fab

portion. However, we demonstrated that Fc Met oxida-

tion, especially at Met 252 and Met 428, may have an

impact on the biological functions of the human

monoclonal IgG 2 antibody, since the decrease of

FcRn binding affinity may translate to a decrease in

the half-life of the IgG antibody.
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