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Introduction

Protein oxidation, which can occur during bioprocessing and 
shelf-life storage, is considered one major cause of chemical deg-
radation of biopharmaceuticals. The oxidation of methionine 
(Met) residues has been well-documented for therapeutic pro-
teins such as alpha1-antitrypsin,1 granulocyte colony-stimulating 
factor,2,3 coagulation factor VIIa,4 and, in particular, immuno-
globulin gamma antibodies (IgGs). Our study focuses on oxida-
tion of Met residues in the Fc region of IgG1 and IgG2.
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With a sequence homology that is as high as 84%, the Fc 
region has up to four Met residues, two of which (M252 and 
M428) are conserved in all IgGs (Fig. 1).5-8 The presence of 
M358 in IgG1 is dependent on the allele of the gene;9 the fourth 
Met residue, M397, is present in IgG2 and IgG3 only. The Fc 
region of IgGs can interact with Fc gamma receptors, resulting 
in phagocytosis and cellular cytotoxicity.10,11 The Fc can also 
interact with neonatal Fc receptors (FcRn), which contributes 
to the long serum half-life of antibodies.12,13 Because of the criti-
cal role of the Fc region, modifications such as Met-oxidation 

Light-induced formation of singlet oxygen selectively oxidizes methionines in the heavy chain of IgG2 antibodies. 
Peptide mapping has indicated the following sensitivities to oxidation: M252 > M428 > M397. Irrespective of the light 
source, formulating proteins with the free amino acid methionine limits oxidative damage. Conventional peptide 
mapping cannot distinguish between the S- and R-diastereomers of methionine sulfoxide (Met[O]) formed in the photo-
oxidized protein because of their identical polarities and masses. We have developed a method for identification and 
quantification of these diastereomers by taking advantage of the complementary stereospecificities of the methionine 
sulfoxide reductase (Msr) enzymes MsrA and MsrB, which promote the selective reduction of S- and R-diastereomers 
of Met(O), respectively. In addition, an MsrBA fusion protein that contains both Msr enzyme activities permitted the 
quantitative reduction of all Met(O) diastereomers. Using these Msr enzymes in combination with peptide mapping, we 
were able to detect and differentiate diastereomers of methionine sulfoxide within the highly conserved heavy chain 
of an IgG2 that had been photo-oxidized, as well as those in an IgG1 oxidized with peroxide. The rapid identification of 
the stereospecificity of methionine oxidation by Msr enzymes not only definitively differentiates Met(O) diastereomers, 
which previously has been indistinguishable using traditional techniques, but also provides an important tool that may 
contribute to understanding of the mechanisms of protein oxidation and development of new formulation strategies to 
stabilize protein therapeutics.
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the extent of oxidation of both M252 and M428.20 Bertolotti-
Ciarlet et al. determined the sensitivity of oxidation to be greater 
at M252 than M428.15 Compared to IgG1s, there are few reports 
available to date on Met oxidation in IgG2. Pan et al. determined 
M252 to be most labile, followed by M428, whereas M358 and 
M397 both had the slowest oxidation rate.14

Pathways resulting in Met oxidation can be divided into one-
electron and two-electron oxidation reactions.21 One-electron 
oxidation is instigated by radicals that can be formed by metal 
catalysis (iron II, copper I) or following photo-initiation. Two-
electron oxidants are non-radicals such as peroxides, singlet 
oxygen, and hypochlorous acid. Unless conditions are carefully 
controlled, protein samples may undergo oxidation as a result 
of more than one pathway, e.g. a combination of exposure to 
stray light and contamination with trace amounts of metals or 
peroxides.

When the free amino acid Met is oxidized by hydrogen perox-
ide in aqueous solution, it yields two diastereomeric methionine 
sulfoxide products in equal amounts.22 Here, Met-S-(O) denotes 
the diastereomer with the (S) configuration at the alpha carbon 
and (S) configuration at the sulfur, whereas Met-R-(O) indicates 
the (S) configuration at the alpha carbon and (R) configuration 
at the sulfur (Fig. 2). Methionine sulfoxide (Met(O)) diaste-
reomers are the only stable protein oxidation products, unlike 
reversible cysteine and Cys sulfenic acid formation, with known 
repair mechanisms in vivo.23-25

The diastereo-selectivity of the oxidation of Met residues in 
IgGs and other therapeutic proteins is often overlooked in the 
characterization of their degradation products.3,18 This problem 
requires further examination because of requirements by regula-
tory agencies that all degradation products observed in accelerated 

may adversely affect interactions between antibodies and FcRn 
or Protein A.14,15

Oxidation of M252 or M428 (EU numbering scheme16) in 
IgG1 due to photo-exposure, elevated temperatures or peroxide 
has been studied previously. Lam et al. reported that a recombi-
nant humanized antibody oxidized primarily at M252, and to a 
much lesser extent at M428, when exposed to high intensity fluo-
rescent lighting and elevated temperatures, e.g. 30 and 40°C.17 
Chumsae et al. indicated M252 and M428 were most susceptible 
to oxidation after storage for a year at 25°C or following exposure 
to tert-butylhydroperoxide.18 Results of a separate study indicated 
that M252 and M428 could be oxidized following exposure to 
Xenon light, and tert-butylhydroperoxide.19 Liu et al. showed that 
the melting temperature of the CH2 domain was significantly 
reduced upon oxidation, and that this change was dependent on 

Figure 1. Amino acid sequence homology of the four IgG subclasses.

Figure 2. Diastereomeric structure of methionine sulfoxide, Met-S-(O) 
and Met-R-(O).
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containing M428 (Fig. 3C) showed similar MS/MS fragmen-
tation patterns, indicating the presence of two stereomers of 
Met428. Differentiation of the stereomers by MS/MS was not 
possible due to their identical masses.

Of the five Met residues in this IgG2, three were determined 
to be susceptible to photo-oxidation. These oxidation hotspots 
have been highlighted in B (M252), C (M428) and D (M397) 
of Figure 3. The bar graphs in Figure 5 show the level of oxi-
dation for each Met residue as a function of exposure time to 
UV (A) or Xe (B) irradiation. Regardless of the light source, 
Met 252 showed the highest level of oxidation compared with 
that of Met397 and Met428. Relative oxidative susceptibility of 
the three Met residues was as follows: M252 > M428 > M397. 
For Met252, approximately 14% of the starting material at time 

and long-term stability samples be identified. 
Under extremely well-optimized, reversed-
phase liquid chromatography conditions, 
peptide fragments containing diastereomers 
of Met(O) can occasionally be separated,22 
but no robust method to assign the S- and 
R-diastereomers for these peptides has been 
reported. To address this problem, we devel-
oped a method that utilizes peptide mapping 
in conjunction with a special class of enzymes, 
methionine sulfoxide reductases (Msr). Two 
forms of these enzymes exist, MsrA and MsrB, 
and they are able to reduce Met-S-(O) and 
Met-R-(O), respectively.26,27 In some genomes, 
these enzymes are fused into one protein, 
MsrBA, with the ability to perform dual func-
tion.26,28 These Msr enzymes have been dem-
onstrated to be important in protecting cells 
against oxidative stress.23,29 The upregulation 
of MsrA in the human epidermis upon expo-
sure to UVA or hydrogen peroxide has been 
established.30,31

We characterized Met oxidation in an IgG2 
exposed to light, and compared the results to 
those for an IgG1 exposed to peroxide. Using 
the Msr enzymes, we selectively reduced indi-
vidual stereo-isoforms of Met(O) and differen-
tiated the S- and R-diastereomers, specifically 
at Met428. Our method thus extends tradi-
tional peptide mapping approaches to enable 
identification of oxidation products, and pro-
vides the first example of Msr enzymes use to 
characterize Met oxidation in IgGs.

Results

Photo-oxidation of an IgG2. The tryptic 
map overlay in Figure 3A provides a global 
view of changes to the IgG2 antibody fol-
lowing 24 hours of exposure to light from 
Xe lamps. The loss in native tryptic peptide 
peaks and corresponding gain in oxidized 
tryptic peptide peaks are highlighted in B–D of Figure 3. In all 
three cases, the new peaks present in the Xe-irradiated sample 
were due to the oxidation of Met to Met(O) as determined by 
a mass increase of +16 Da of the oxidized M252-, M428- and 
M397-containing peptides compared with the native ones. The 
position of the oxidation was determined conclusively by MS/
MS data; Figure 4 shows data for the tryptic peptide containing 
oxidized M428.

Seven consecutive y ions (y16, y17, y18, y19 y20, y21, y22) 
were mass matched to ions (with varying charge states and loss 
of ammonia) in the spectrum (Fig. 4). The matching of y11, 
y12, y13 and b13 ions effectively localizes the +16 Da modifica-
tion to the Met residue, and discounts modification at Trp or 
either of the His residues present in H35. Both oxidized peptides 

Figure 3. The UV 215 nm overlay of RP HPLC separated tryptic peptides of an IgG2 exposed 
to 24 hour Xenon (black line) versus control, no exposure to Xenon (gray line). Major modifi-
cations are outlined by boxes in (A). Close-up views are shown in (B) (M252), (C) (M428) and 
(D) (M397).
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zero was already oxidized to Met sulfoxide. This was consistently 
observed for different manufactured lots of this IgG2.

A comparison of irradiation by UV to that by Xe indicated 
that UV irradiation resulted in a gradual increase in Met sulfox-
ide, whereas Xe irradiation led to a rapid increase in oxidation in 
all three Met locations (Fig. 5A and B). The level of oxidation in 
the UV-exposed samples after 48 hours was similar to that in the 
Xe-exposed samples after 8 hours of exposure. All three Met resi-
dues were nearly (93% for M397) or fully oxidized at the 48 hour 
time point for Xe-exposed samples (Fig. 5B). Met252 was oxi-
dized further to Met sulfone under these conditions. This might 
be attributed to the intensity of the Xe irradiation being greater 
than that of the UV, thereby leading to more rapid oxidation 
in the Xe-exposed samples. Also, as previously reported, Met252 
was the most labile of the three Met residues,14 which might facil-
itate oxidation of this residue from sulfoxide to sulfone.

The relative area oxidized for samples formulated with 10 mM 
Met and samples formulated without Met after 24 hours irra-
diation by UV and Xe is shown in Figure 5C. For both light 
sources, the presence of 10 mM Met was demonstrated to inhibit 
oxidation of the IgG2 Met residues by approximately half. This is 
consistent with previous reports that Met can be added to protein 
formulations as an anti-oxidant to limit protein oxidation.

Reduction of met sulfoxide diastereomers at M428 in the 
IgG2. Since it was not possible to differentiate between the pre-
sumed methionine sulfoxide diastereomers by mass spectrometry, 
Msr enzymes MsrA and MsrB were used for the identification of 
Met-S-(O) and Met-R-(O), respectively. The diastereomers of 

Figure 4. Tandem mass spectra of the tryptic peptide containing oxidized M428 from IgG2 irradiated for 24 hrs with Xenon.

Figure 5. (A and B) Bar graphs comparing UV and Xe induced Met 
modifications in an IgG2. (C) Bar graph comparing the effect of adding 
free Met (10 mM) to UV and Xe (24 hour exposure) induced Met modifi-
cations in IgG2.
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oxidized Met containing peptides M397(O) 
(Fig. 3D) and M428(O) (Fig. 3C) were sepa-
rated, whereas those from M252(O) were 
either not resolved or not present in the sample 
(Fig. 3B).

The effect of MsrBA on M428(O) diastere-
omers is shown in Figure 6A. Both peaks were 
completely reduced after 8 hours incubation, 
confirming the identification of an oxidized 
methionine residue in the peptide and exclud-
ing oxidation of other amino acids such as 
tryptophan or histidine. The second diastereo-
meric peak that eluted, designated M428(O)2, 
was reduced successively with increasing incu-
bation time with MsrA (Fig. 6B). In contrast, 
chromatographic overlays shown in Figure 
6C, revealed the first diastereomeric peak that 
eluted, designated M428(O)1, was reduced 
successively with increasing incubation time 
with MsrB and almost completely reduced 
after 12 hours of incubation. Concomitantly, 
this oxidized peak loss was accompanied by a 
gain in the native M428 peak (Fig. 6D).

The percentages that each of these oxidized 
peaks decreased are depicted in the bar graphs 
in Figure 7A showing that MsrB incubation 
resulted in oxidized peak loss predominantly 
in M428(O)1, while B shows that MsrA incu-
bation led to oxidized peak loss predominantly 
in M428(O)2. Based on the stereospecificity of 
the Msr enzymes, we deduced that M428(O)1 
and M428(O)2, designated according to elu-
tion order, corresponded to Met-R-(O) and 
Met-S-(O), respectively.

A detailed characterization of M252 and M397 was not pos-
sible due to incomplete separation of M252(O) and the low levels 
of M397(O). Under the conditions used in this study, M397(O) 
was resolved to two separate peaks. The appearance of two peaks 
indicated the presence of both stereomers (Fig. 3D). In the case 
of Met252, separation of the oxidized forms proved to be more 
difficult (Fig. 3B). The appearance of only one discrete peak of 
M252(O) suggested that either only one of the two stereom-
ers was present or there was incomplete separation of the two 
stereomers. The analysis was further complicated by the rapid 
sulfone formation of Met252(O). These difficulties impeded a 
more detailed characterization of the diastereomers of M252(O) 
by MsrA and MsrB.

Characterization of met sulfoxide diastereomers in a perox-
ide-treated IgG1. To demonstrate applicability of our method to 
other IgG subclasses and oxidants, an IgG1 antibody was oxi-
dized using H

2
O

2
 and analyzed as described above. Similar to 

the photo-oxidized IgG2, Met252 in our IgG1 was found to be 

Figure 7. Effect of MsrB (A) and MsrA (B) incubation on M428(O)1 and 
M428(O)2 from a 12 hour Xenon irradiated IgG2 sample. MsrBA resulted 
in >95% loss of M428(O)1 and M428(O)2 in IgG2 after 8 hour incubation 
(Fig. 6A).

Figure 6. Effect of Msr enzymes on oxidized M428 containing peptides from a 12 hour Xenon 
irradiated IgG2 sample. The loss of oxidized peaks is shown in (A) (MsrBA), (B) (MsrA) and (C) 
(MsrB). The increase in the native peak using MsrB is shown in (D).
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the most susceptible to oxidation, followed by 
Met428. The diastereomers of oxidized Met 
for tryptic peptides containing Met428 were 
further characterized using the Msr enzymes. 
The two stereomers of M428(O) containing 
peptides from this IgG1 were reduced using 
MsrBA, MsrA and MsrB (Fig. 8). Both stere-
omers of M428(O) were completely reduced 
after 8 hours incubation, confirming the 
identification an oxidized methionine resi-
due in the peptide and excluding oxidation 
of other amino acids such as tryptophan or 
histidine (Fig. 8A). Results of the reduction 
of M428(O)-containing peptides using MsrA 
and MsrB showed stereospecific reduction of 
the two methionine stereomers (Fig. 9). Based 
on the stereospecificity of the Msr enzymes, 
M428(O)1 and M428(O)2, designated 
according to elution order, corresponded 
to Met-R-(O) and Met-S-(O), respectively. 
Results from this peroxide-treated IgG1 com-
pared well to those from the photo-oxidized 

IgG2 molecule. In both cases, oxidation resulted in the genera-
tion of S- and R-stereomers of Met428 at an approximate ratio 
of 1:1 (Figs. 6 and 8). As was the case with the photo-oxidized 
sample, the stereomers of Met252 either could not be resolved 
with our reversed-phase HPLC method or only one of the two 
stereomers of M252(O) was present. Using MsrA and MsrB 
enzymes for the identification of the diastereomers of M252(O) 
without chromatographic separation was not possible because 
each enzyme reduced not only the reported substrate Met-S-(O) 
or Met-R-(O), but the other diastereomer to some degree as well 
(Fig. 8).

Discussion

Photo-induced degradation of proteins is complicated to study 
due to the ubiquitous presence of photo-sensitizers such as car-
bonyl groups. Photo initiation of carbonyls can generate radi-
cal fragmentation products or an excited triplet state, which is 
a strong oxidant that can further form singlet oxygen.32 Singlet 
oxygen is a highly reactive oxidizing species that reacts directly 
with organic substrates and can form methionine sulfoxides, 
Met(O), in addition to other products.32 Peroxides and light-
sensitive transition metals can undergo photo-induced electron 
transfer to initiate chain reactions.32 While care is taken to avoid 
metal and peroxide contamination in all purification processes 
and all reagents used for analysis, photolytic initiation and subse-
quent propagation may catalyze normally negligible amounts of 

Figure 8. Effect of Msr enzymes on oxidized M428 
containing peptides from a 2 hour 0.3 M H2O2 
treated IgG1 sample. The loss of oxidized peaks 
is shown in (A) (MsrBA), (B) (MsrA), and (C) (MsrB). 
The increase in the native peak using MsrB is 
shown in (D).

Figure 9. Effect of MsrB (A) and MsrA (B) incubation on M428(O)1 and 
M428(O)2 from a 2 hour 0.3 M H2O2 treated IgG1 sample. MsrBA resulted 
in >95% loss of M428(O)1 and M428(O)2 in IgG1 after 8 hour incubation 
(Fig. 8A).
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MsrA has been reported to reduce not only Met-S-(O) but also 
Met-R-(O) if a sufficiently high concentration of enzyme is used.22 
In our case, high concentrations of the Msr enzyme were used to 
minimize the effects of agents such as residual guanidine HCl 
and trypsin, both of which were used during sample preparation 
for peptide mapping, that may have potentially lowered the enzy-
matic activity. MsrA, MsrB and MsrBA used in our study were 
purified separately and their activity was not standardized. These 
factors might explain the difference in the reduction rate of MsrB 
and MsrA (Figs. 7 and 9).28

Model reactions involving Met radical cations and superox-
ide have shown a diastereomeric preference in products.41 The 
diastereo-selectivity of different oxidants such as hydrogen per-
oxide, alkyl peroxide and singlet oxygen for a given Met residue 
in the protein calmodulin has been demonstrated, but trending 
across different Met locations is complicated.36 Most likely, this 
is because the specific conformational arrangement of the target 
Met plays a role in diastereoselectivity. In our studies of M428, 
oxidation by irradiation with Xe lamp, UV light, and hydrogen 
peroxide showed a slight but consistent preference for the for-
mation of Met-R-(O) over Met-S-(O) (Fig. 2C). While the use 
of this information to predict the oxidants involved is not pos-
sible at this time, the identification of the diastereomers by the 
methodology demonstrated in this paper will be critical in this 
endeavor.

Materials and Methods

Materials. The recombinant human monoclonal IgG1 and IgG2 
antibodies analyzed in this study were expressed at Amgen and 
purified using standard manufacturing procedures. Unless oth-
erwise stated, samples were 30 mg/mL in a mildly acidic buffer. 
All chemicals and reagents used were of analytical grade and pur-
chased from VWR Scientific (West Chester, PA). Amino acids 
are numbered according to the EU numbering scheme.16

Cloning and expression of Msr isoforms. Two putative Msr 
genes, MsrA (SO2337) and MsrBA (SO2588), identified in 
the Shewanella oneidensis MR-1 genome42 contained 480- and 
903-base pairs, respectively, and their DNA fragments were 
PCR amplified with MsrA-F (5'-CAC CAR GGC GTT AGC 
AAC TTT CGG T-3') and MsrA-R (5'-GTA CTC GAG CTG 
ACA ACT TGG TAA-3') primers, and MsrBA-F (5'-CAC CAT 
GGA CAA ACT GAC TGA TTT TGA A-3') and MsrBA-R 
(5'-AAC TTG CAG TTC GGC AAA TAA ATG C-3') primers. 
For comparison, the MsrB region of the MsrBA gene containing 
the first 128 amino acids in the sequence was PCR amplified 
using the following forward and reverse primers: MSRB#2-F 
(5'-CAC CAT GAA CAA ACT GAC TGA TTT TGA-3') and 
MSRB#2R (5'-AGC ATG TTT TGG GGC AAT AT-3'). This 
sequence encodes the entire MsrB gene based on homology with 
other MsrB sequences in a range of microbes, including Bacillus 
anthracis, Escherichia coli, Mycobacterium tuberculosis, Salmonella 
typhimurium, Vibrio cholerae, Yersinia pestis. The amplified 
DNA fragments were cloned into pENTR/SD/D-TOPO vec-
tor (Invitrogen, Carlsbad, CA) to contain a V5-His tag sequence 
(KGG RAD PAF LYK VVI NSK LEG KPI PNP LLG LDS TRT 

metals/peroxides to produce significant oxidation.17 Met(O) can 
be formed by radical reactions and through hydrogen abstraction 
in the alpha position to the sulfur.32 Our study examined Met 
oxidation, although fragmentation of the IgG antibody was also 
observed by SDS-PAGE (data not shown).

The Met residues most susceptible to oxidation in our study, 
M252 and M428, are conserved in all four human IgGs and are 
located in the Fc region. Recent studies have shown that oxi-
dation of analogous M252 and M428 residues in IgGs led to 
changes in the structure and stability of the Fc region,20,33 which 
may weaken the binding of intact IgG antibody with two natural 
protein binding conjugates, Protein A and FcRn.14 A decrease in 
FcRn binding in particular may translate to a decrease in half-life 
of the IgG antibody.12,13

To our knowledge, this is the first study that identifies con-
clusively the doublet product peaks of oxidized Met428 as Met-
R-(O) and Met-S-(O). This doublet has often been observed 
during peptide mapping of oxidized protein degradants for the 
purpose of formulation development and characterization dur-
ing long-term and acute stress stability studies,34,35 but the true 
identity of these peaks had not been positively confirmed until 
now. This identification was reproducible using an IgG2 exposed 
to light, and an IgG1 incubated with peroxide. Our method 
using Msr enzymes, MsrA and MsrB, in combination with pep-
tide mapping is a more direct approach than existing procedures 
for identification and quantification of methionine sulfoxide 
diastereomers.

Traditionally, the first step in identifying Met-R-(O) or Met-
S-(O) diastereomers at a specific location on a protein is peptide 
mapping. The peak in the peptide map containing the specific 
Met is collected and subjected to further hydrolysis. The resulting 
free amino acids are separated using HPLC with o-phthaldial-
dehyde derivatization, and the free Met-R-(O) or Met-S-(O) are 
identified using standards.22,36 The synthesis and confirmation of 
Met-R-(O) and Met-S-(O) standards can be laborious.27-30 For 
example, the method described by Lavine37 utilizes the differential 
solubility of the diastereomeric picrates of Met sulfoxide to frac-
tionate to purity. The final purified Met-R-(O) and Met-S-(O) 
standards were confirmed by melting point and optical rota-
tion,37 or by 13C NMR analysis38 of signals α and β to the sulfur. 
Another means to purify the Met(O) standards utilized oxidation 
of N-phthaloyl derivatives of Met, followed by crystallization, 
and removal of the protecting group.39 If biocatalytic oxidation 
by Beauveria caledonica ATCC 64970 was utilized, Met-S-(O) 
of 90% purity could be obtained.38 Oxidation of the N-phthaloyl 
derivatives by hydrogen peroxide results in a diastereomeric mix-
ture, which some have countered by using either MsrA or MsrB to 
consume the lesser diastereomer and achieve acceptable purity.40 
The use of the Msr enzymes described here is more efficient than 
these other approaches, which require collection and hydrolysis 
of the peak in the peptide map and synthesis and purification of 
standards that could distinguish Met-R-(O) and Met-S-(O).

Results from our study indicate that, while MsrA and MsrB 
each exhibited the highest affinity for their reported substrates 
(Met-S-(O) and Met-R-(O), respectively, each enzyme also 
reduced the other diastereomer to some degree (Figs. 6 and 8). 
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was diluted to a concentration of 5 to 6 mg/mL, using a pH 7.5 
buffer composed of 8 M guanidine hydrochloride (Mallinckrodt, 
Phillipsburg, NJ), 0.25 M Tris-HCl pH 7.5 (Sigma, St. Louis, 
MO). An aliquot of a 0.5 M stock solution of the reducing agent 
dithiothreitol (DTT) (Sigma, St. Louis, MO) was added to 
the protein solution to obtain a final concentration of 10 mM 
DTT. Subsequently, the overall reaction mixture was incubated 
at 37°C for 30 minutes, and then cooled to room temperature. 
Alkylation of the reduced antibody was done by adding an ali-
quot of a 0.5 M iodoacetamide (IAM) (Sigma, St. Louis, MO) 
stock solution, making the final concentration of the IAM in the 
protein solution 20 mM. The protein solution was then stored 
at room temperature in the dark for an additional 45 minutes. 
A second addition of DTT (10 mM) was used to quench any 
unused IAM. To remove the excess DTT and IAM, the protein 
solution was buffer exchanged with 50 mM Tris HCl, pH 7.5, 
using a NAP-5 gel filtration column packed with Sephadex G-25 
resin (Amersham Pharmacia Biotech, Orsay, France) following 
the procedure described by the manufacturer. Samples were used 
immediately for digestion or stored at -70°C until use.

Tryptic digestion. For peptide mapping, the antibody was first 
reduced and alkylated as described above. Sequencing grade mod-
ified trypsin (Promega, Madison, WI) was prepared by dissolving 
20 µg with 40 µL water and immediately added to the reduced 
and alkylated antibody sample at a 1:20 (w:w) ratio. Digestion 
was performed for 1 hour at 37°C after which a second aliquot of 
trypsin was added to make the final enzyme: protein ratio 1:10 
(w:w). The total digestion time was 5 hours and digests were 
frozen at -20°C or immediately analyzed by RP HPLC coupled 
to ion trap MS.

Methionine sulfoxide reductase (Msr) treatment of met sul-
foxide containing tryptic peptides. The IgG2 sample exposed 
to Xe light for 12 hours and the IgG1 sample incubated with 30 
mM H

2
O

2
 were chosen for treatment by Msr because both con-

tained roughly equal amounts of M428 and M428(O) to enable 
easy tracking of those peaks. These samples were prepared by 
reduction and alkylation, followed by tryptic digestion as out-
lined in the steps above. The samples were then incubated with 
a fresh aliquot of 20 mM DTT and either (1) 1 µM MsrA, (2) 
1 µM MsrB (3) 1 µM MsrBA or (4) Control (no enzymes). The 
IgG concentration was approximately 0.5 g/L and buffered in 50 
mM Tris pH 7.5. Temperature of incubation was 37°C and dura-
tion was 4 hours after which an aliquot was removed for analysis. 
The remaining samples were subjected to another cycle of incu-
bation with addition of another 20 mM of DTT and enzymes as 
outlined above. This was repeated twice for a total of 12 hours. 
Aliquots removed for sampling were immediately analyzed using 
RP HPLC coupled to ion trap MS.

Reversed-phase HPLC of tryptic peptides. Tryptic peptides 
were separated by RP HPLC using a Polaris Ether column that 
was 250 x 2 mm and packed with a C18 resin of 3 µm particle 
size and 300 Å pore size (Varian, Torrance, CA). The mobile 
phase was 0.1% (v/v) trifluoroacetic acid (TFA) in water in sol-
vent A, and 90:9.915:0.085% (v/v) of acetonitrile: water: TFA 
in solvent B. Peptides were eluted using a linear gradient from 
0% to 50% B over 205 minutes. The column flow rate was 200 

GHH HHH H) engineered at the C-terminus of the expressed 
proteins and transformed into Escherichia coli strain TOP10 fol-
lowing the manufacturer instruction manual. Positive clones were 
screened and all DNA sequences were verified by DNA sequenc-
ing (Amplicon Express, Pullman, WA).

For overexpression of Msr isoforms in Escherichia coli, indi-
vidual plasmids were cloned into pETDEST 42 (Invitrogen CAT 
#12276-010) using LR Clonase (Invitrogen CAT #11791-019) 
and transformed into Escherichia coli strain BL21Star (DE3). 
One liter of inoculated culture was grown at 37°C to an optical 
density of 0.4 at 600 nm. Isopropyl-β-D-thiogalactopyranoside 
(IPTG) was added to a final concentration of 1.0 mM, and 
growth was continued overnight at 30°C. Bacteria were harvested 
by centrifugation, and following resuspension in 10 mM Tris-
HCl (pH 8.0), 300 mM NaCl, and 10 mM imidazole, cells were 
lysed by three passes through a French pressure cell (Glenmills 
Inc., Clifton, NJ). Lysates were first clarified by centrifugation 
at 5,000 rpm for 15 min, and the resulting supernatant was 
then centrifuged at 15,000 rpm for an additional 30 min. The 
clear supernatant was loaded onto a cobalt column (Talon Metal 
Affinity Resins; BD Biosciences—Clontech; Palo Alto, CA), and 
following five volumes of washing buffer [10 mM Tris-HCl (pH 
8.0), 300 mM NaCl, and 20 mM imidazole]. MsrBA, MsrA and 
MsrB recombinant proteins were eluted with 5 ml of elution buf-
fer [10 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 300 mM 
imidazole]. The N-terminal His-Patch thioredoxin sequence 
from the MsrB recombinant protein was enzymatically digested 
using EnterokinaseMax (EKMax; Invitrogen Cat # 190-01). Msr 
protein concentrations were determined using the Coomassie 
Plus protein assay (Pierce Inc., Rockford, IL).

Photo-exposure of IgG2 antibody. Two sources of irradiation 
were used, UVA light from a Caron 6540 (Caron, Marietta, OH) 
at a setting of 8 W/m2 and Xenon lamp irradiation (simulating 
full spectrum sunlight) (Q-SUN, Westlake, OH) calibrated to 
0.35 W/m2 at 340 nm. Formulations with 10 mM D/L-Met (30 
mg/mL IgG2 in mildly acidic buffer) and without Met were irra-
diated and aliquots were taken at intervals of 5, 10, 17, 24, 48 
hours during UVA light exposure (designated as UV), and 4, 8, 
12, 24, 48 hours for Xenon lamp irradiation (designated as Xe). 
The temperature of the samples during irradiation varied from 
20 to 29°C. Samples that were shielded from light (covered using 
foil) and incubated for the same amount of time in the photo-
chambers were used as controls to ensure that identified post-
translational modifications were due to photo and not thermal 
processes.

H
2
O

2
 oxidation of IgG1 antibody. Hydrogen peroxide stock 

(5 µL) was spiked into a 195 µL solution containing 30 mg/mL 
IgG1 in a mildly acidic buffer. The final H

2
O

2
 concentration 

was 30 mM, 0.3 mM and 0.0 mM (control). The samples were 
incubated at 37°C for 2 hours, after which it was quenched with 
DTT and stored at -70°C until the next sample preparation step 
(reduction and alkylation).

Sample preparation. Reduction and alkylation of the intact 
antibody. Reduction and alkylation was performed on the anti-
body under denaturing conditions to produce free heavy and 
light chains for further analytical characterization. The antibody 
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Where, A
M397(O)1

 = Peak area of M397 sulfoxide, first to elute,
A

M397(O)2
 = Peak area M397 sulfoxide, second to elute,

A
native

 = Peak area of native M252.

The data calculated using the above equations are summa-
rized in Figure 4A–C.

Analysis of the effect of methionine sulfoxide reductase (Msr) 
on met 428 sulfoxide. Following the identification of M428 
native and its two sulfoxide peaks by MS/MS analysis, the peak 
areas were obtained by UV 215 nm detection using Chemstation 
for LC B.03.01 software (Agilent, Santa Clara, CA). The first 
sulfoxide peak to elute was assigned M428(O)1 and the second 
sulfoxide peak to elute was assigned M428(O)2. The relative 
peak area was calculated using the following equation:

Relative Area, M428(O)1 = {[A
M428(O)1

]/[A
M428(O)1

 + A
M428(O)2

 + 
A

native
]} x 100

Where, A
M428(O)1

 = Peak area of M428 sulfoxide, first to elute,
A

M428(O)2
 = Peak area of M428 sulfoxide, second to elute,

A
native

 = Peak area of native M428.
Percent oxidized peak loss was calculated for M428(O)1 and 

M428(O)2 using the following equation for each time point of 
Msr treatment:

% Oxidized Peak Loss, at time t = [(R
m
 - R

c
)/R

c
] x 100

Where, R
m
 = Relative peak area at time t after Msr treatment,

R
c
 = Relative peak area at time t, control, no Msr added.

The data calculated using the above equations are summa-
rized in Figures 6 and 8.
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µL/min, and its temperature was 50°C. Per analysis, 20–30 µg 
of protein digest was injected onto the column. The eluate was 
analyzed by an UV detector, and then directed to an on-line ion 
trap mass spectrometer.

Ion trap mass spectrometry of tryptic peptides. A Thermo 
Finnigan ion trap mass spectrometer LCQ DECA (Thermo 
Electron, San Jose, CA) was used on-line with the RP HPLC 
system to identify the digested products. Masses of the peptides 
and their fragments were obtained using a triple play method, 
which included full scan, followed by zoom and MS/MS scans. A 
standard off-axis ESI source was used as the atmospheric vacuum 
interface. The instrument was tuned with the doubly charged 
ions from a synthetic peptide at m/z 842 Da. The sequence algo-
rithm from the BioWorks 3.1 software (Thermo Electron, San 
Jose, CA) and a mass analyzer software developed in house43,44 
were used for peptide identifications.

Analysis of met sulfoxide and met sulfone containing tryp-
tic peptides. Following the identification of native and oxidized 
tryptic peptide peaks by MS/MS analysis, the peak areas were 
obtained by reconstructed ion chromatogram using Qual Browser 
software (Thermo Electron, San Jose, CA). Mass spectrometry 
data and not UV data was used for quantification because co-
eluting peptides interfered with UV quantification. The relative 
area of oxidized M252, M428 and M397 was calculated using 
the following equations:

Relative Area, oxidized M252 = {[A
M252(O)

 + A
M252(O2)

]/[A
native

 + 
A

M252(O)
 + A

M252(O2)
]} x 100

Where, A
M252(O)

= Peak area of M252 sulfoxide (diastereomers not 
resolved),
A

M252(O2)
 = Peak area of M252 sulfone,

A
native

 = Peak area of native M252.

Relative Area, oxidized M428 = {[A
M428(O)1

 + A
M428(O)2

]/[A
native

 + 
A

M428(O)1
 + A

M428(O)2
]} x 100

Where, A
M428(O)1

 = Peak area of M428 sulfoxide, first to elute,
A

M428(O)2
 = Peak area of M428 sulfoxide, second to elute,

A
native

 = Peak area of native M428.

Relative Area, oxidized M397 = {[A
M397(O)1

 + A
M397(O)2

]/[A
native

 + 
A

M397(O)1
 + A

M397(O)2
]} x 100
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