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Hinge cleavage of a recombinant human IgG1 antibody, gen-
erated during production in a Chinese hamster ovary cell cul-
ture, was observed in the purified material. The cleavage prod-
ucts could be reproduced by incubation of the antibody with
H,0, and featured complementary ladders of the C- and N-ter-
minal residues (Asp??°~Lys*?’—Thr*?**~His?**~Thr**°) in the
heavy chain of the Fab domain and the upper hinge of one of the
Fc domains, respectively. Two adducts of +45 and +71 Da were
also observed at the N-terminal residues of some Fc fragments
and were identified as isocyanate and a-ketoacyl derivatives
generated by radical cleavage at the a-carbon position through
the diamide and a-amidation pathways. We determined that
the hinge cleavage was initiated by radical-induced breakage
of the disulfide bond between the two hinge cysteines at position
231 (Cys**!-Pro-Pro-Cys-Pro), followed by the formation of a
thiyl radical (Cys®>*'-S’) on one cysteine and sulfenic acid
(Cys*3'-SOH) on the other. The location of the initial radical
attack and the critical role of Cys>3' were demonstrated by the
observation that 5,5-dimethyl-1-pyrroline N-oxide only reacted
with the Cys®*! radical and completely blocked hinge cleavage,
suggesting the necessity of an electron/radical transfer from
the Cys>*' radical to the hinge residues where cleavage was
observed. As a precursor of hydroxyl radicals, H,O, is widely
produced in healthy cells and tissues and therefore could be the
source for the radical-induced fragmentation of human IgG1
antibodies in vivo.

Recombinant human monoclonal antibodies (mAbs)? have
been the main products for the biotechnology industry for
more than a decade (1-3). A key strength of antibodies as ther-
apeutics is that their clinical potential can readily be increased
by improving their existing properties through a range of anti-
body engineering technologies (4, 5). As therapeutic agents,
mAbs are produced in large scale cell culture, purified, and
stored under various conditions and administered to patients
(6, 7). Exposure to these production/storage conditions may
reduce the stability and efficacy of the mAb by increasing the
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chance for introducing undesirable modifications such as oxi-
dation, proteolytic cleavage, deamidation, and isomerization. A
better understanding of the whole spectrum of possible degra-
dation pathways, particularly new pathways, could facilitate the
engineering of mAbs with improvement in the production of
stable, efficacious, and safe biotherapeutics.

A recent study indicated that antibodies have the intrinsic
capacity to convert molecular oxygen into hydrogen peroxide
(H,0O,) (8) and in this process to produce some short lived
hydroxyl radical species (HO") at the interface of the light and
heavy chains (9-12). These observations were further sup-
ported by a more recent observation that the light chains (three
k and three A types) from the urine of six patients who had
multiple myeloma and light chain proteinuria were found capa-
ble of generating H,O, (13). Substantial evidence suggests that
the production of H,O, is an important signaling event trig-
gered by the activation of various cell surface receptors, such as
antibody-receptor interaction (14—-19). It has been demon-
strated that H,0,-mediated redox chemistry can regulate the
biological function of proteins through interactions with spe-
cific residues such as cysteine (Cys) (20-23); thus, H,O, may
represent a key signaling molecule in mammalian systems.
Stamler and Hausladen (20) have proposed a continuum of
H,0,-mediated Cys—SH modifications that constitute impor-
tant biological signaling events on the one hand and irreversible
hallmarks of oxidative stress on the other. Quite commonly,
Cys—SH reacts with H,O, and yields oxidized forms of revers-
ible or irreversible modified residues; reversible modified
groups can be stabilized within the protein environment and
recycled (21). Irreversible oxidation can lead to the degradation
of proteins via a hydroxyl radical mediated mechanism to
cleave a peptide bond at the a-carbon position through either
the diamide or a-amidation pathways (24-27). Although
extensive studies have been conducted, because of the transient
nature of a radical reaction and unstable intermediate products,
the mechanisms underlying the formation of some specific
reaction products is still not fully understood. It is well known
that Cys residues of an IgG molecule form the intrachain or
interchain disulfide bonds (1, 5); thus, the effect of H,O,-me-
diated Cys redox chemistry on the structure and stability of a
human antibody remains unclear.

A lot of the trace reactions involving H,O, in vivo are also
believed to occur in cell-based cell culture systems, and there is
convincing evidence linking them to the same pathways of
either H,0O, generation or H,0,-mediated cellular signaling
(28 -30). Most recombinant mAb are produced by large scale
bioreactor cell cultures in three principal mammalian cell lines,
Chinese hamster ovary (CHO) cells and murine myeloma lines
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SP2/0 and NSO. The bioreactor cell culture is the industrial
standard platform for the production of the mAbs, where the
conditions mimic the physiological environment, providing in
vivo-like conditions. Here, we describe the degradation of a
recombinant human IgG1l antibody that was purified from
CHO cells cultured in a bioreactor, and we present evidence for
aspecific H,O,-mediated radical cleavage in the hinge region of
the antibody. The cleavage led to the loss of one Fab domain and
a heavily oxidized partial molecule. The mechanism for the for-
mation of this partial molecule could be mimicked by H,O,
treatment of the intact IgG1, which resulted in the breakage of
the first interchain disulfide bond in the hinge region and the
formation of sulfenic acid (Cys**'~SOH) on one cysteine and a
thiyl radical (Cys®>*'=S") on the other. The thiyl radical initial-
izes an electron transfer/radical transfer to the hinge residues,
which gives rise to backbone cleavage on a one radical cleavage
per molecule basis to generate one free Fab domain fragment
with a ladder of the C-terminal heavy chain residues comple-
mentary to the N-terminal ladder of one of the heavy chains of
the Fc domain in the truncated IgG1 mAb. We propose that the
observed sequential hinge cleavage of an IgG1 resulted from a
hydroxyl radical reaction mechanism.

EXPERIMENTAL PROCEDURES

Material—The antibody used in this study is a recombinant
fully human antibody of the IgG1 subclass. The molecule was
expressed in CHO cells and chromatographically purified using
conventional techniques, including protein A, cation-exchange
chromatography, and hydrophobic interaction chromatogra-
phy (31).

SEC Analysis and Purification of the Partial Antibody—The
partial antibody was separated by SEC on a TSK G3000SWxI
dual column (Tosoh Bioscience LLC, Montgomeryville, PA),
7.8 X 300 mm, 5 um) at a flow rate of 0.5 ml/min. Eluting
protein was monitored at 220 nm. The SEC running buffer con-
tained 50 mM sodium phosphate, 300 mm sodium chloride, pH
6.8. The cleavage was measured by the relative percentage of
integrated peak area of partial molecules (C1 and C2, see text
for details). SEC fractionation was carried out on an Agilent
1200 HPLC system (Agilent Technologies, Santa Clara, CA)
equipped with a fraction collector. Purified fractions were
pooled and concentrated by centrifugation in Millipore Cen-
triprep YM-3O0 filter units with a 30-kDa molecular mass cutoff
(Millipore, Billerica, MA). The above procedure was repeated
as necessary to ensure greater than 95% fraction purity.

Protein Oxidation—A reaction mixture (1.0 ml) containing
10 mg of IgG1 antibody in a buffer containing 10 mm glutamic
acid at pH 5.2 was incubated at 25 °C with 20 mm H,0O,. To
remove H,O,, the samples were buffer-exchanged by centrifu-
gation in filter units as described above.

Reversed-phase Chromatography and Time-of-Flight Mass
Analysis—Purified partial molecules were reduced and alky-
lated as described previously (31). Briefly, antibody was diluted
to 1 mg/ml in 50 mm Tris-HCI, pH 8.0 (Sigma), with a final
concentration of 4 M guanidine hydrochloride (Mallinckrodt,
Hazelwood, MO). A 0.5 m dithiothreitol (DTT, Sigma) stock
solution was added to give a final concentration of 5 mm, and
the reaction mixture was placed for 30 min at 55 °C. The pro-
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tein solution was cooled to room temperature, and a 0.5 M
iodoacetamide (IAM, Sigma) stock solution was added to reach
a final concentration of 15 mm IAM. The alkylation was per-
formed at room temperature for 40 min in the dark. Then, a
0.5 M DTT stock solution was added to obtain a final concen-
tration of 15 mm DTT to quench the alkylation. Reversed-phase
high performance liquid chromatography (RP-HPLC) was per-
formed on an Agilent 1200 HPLC system. The mobile phase
included water with 0.11% trifluoroacetic acid as solvent A and
acetonitrile (Honeywell Burdick & Jackson) with 0.09% tri-
fluoroacetic acid as solvent B. An Agilent Zorbax SB300 C8
(Agilent Technologies, Santa Clara, CA), 2.1 X 150 mm, 5-um
particle size, 300-A pore size column was used for the
RP-HPLC time-of-flight (TOF) mass spectrometric (MS) anal-
ysis. The column eluent was analyzed by UV detection at 214
nm and then directed in-line to a TOF mass spectrometer. The
initial mobile phase was 25% solvent B for 5 min, and then a
two-stage gradient was applied of 1.4% solvent B per min from
25 to 32% solvent B, followed by a second gradient of 0.24%
solvent B per min from 32 to 38% solvent B. The separation was
performed at 75 °C at a flow rate of 0.3 ml/min. Peak areas were
calculated using ChemStation software (Agilent Technologies,
Santa Clara, CA) by applying a tangent skimming technique for
the integration of incompletely resolved peaks. Electrospray
ionization TOF/MS was performed on an Agilent 6210 liquid
chromatography-TOF/MS spectrometer equipped with an
Agilent 1200 HPLC system. The electrospray ionization-
TOF/MS system was set to run in positive ion mode with a
capillary voltage of 5,000 V, and an m/z range of 50 —3,500. The
electrospray ionization mass spectra were analyzed using Agi-
lent BioConfirm protein deconvolution software (Agilent
Technologies, Santa Clara, CA).

Protease Digestion and Peptide Maps—Prior to digestion,
samples were buffer-exchanged into 50 mm Tris-HCI, pH 7.5,
using Bio-Spin 6 columns (Bio-Rad) according to the manufac-
turer’s instructions. Recombinant proteomics grade trypsin
(Roche Applied Science), or sequencing grade Lys-C or Asp-N
(Roche Applied Science) was added to samples at an enzyme to
protein ratio of 1:10 (w/w). Digestion occurred for 4 h at 37 °C
for which aliquots at different time points were frozen away at
—20 °C until analysis. In some cases, prior to reduction and
alkylation, any unpaired cysteine residues were blocked by
N-ethylmaleimide (NEM, Thermo Fisher Scientific Inc., Wal-
tham, MA) according to Martinez et al. (33). Analytical peptide
maps consisted of loading 50 ug of the digest onto a Phenome-
nex Jupiter Proteo C12 column (Phenomenex, Torrance, CA),
2.0 X 250 mm, 4-um particle size, 90-A pore size column,
heated to a temperature of 60 °C. The separation was per-
formed by gradient elution on an Agilent HP 1200 HPLC sys-
tem. The column was held at the initial condition of 0.5% sol-
vent A (0.11% trifluoroacetic acid in water) at a flow rate of 0.2
ml/min for 5 min, and the digest was then eluted with a linear
gradient to 60% solvent B (0.09% trifluoroacetic acid in aceto-
nitrile) over 160 min. Peptides were identified by data-depend-
ent MS? and MS? fragmentation using a Thermo LTQ mass
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA).
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FIGURE 1. SECs of the partial molecule (P7) and the H,0,-induced frag-
ments C1 and C2. A, IgG1-untreated control sample included a partial mole-
cule (P7) eluting after 34.5 min. B, time-dependent formation of the C1 and C2
fragments upon incubation in the presence of H,0,. The direction of the
chromatographic changes with increasing incubation time is indicated by the
arrows. The reaction was carried out at 2 °Cin 10 mm glutamic acid buffer, pH
5.2. The fragmentation was initialized by the addition of H,0, to a final con-
centration of 20 mm and monitored for 21 days. The H,0, treatment was
stopped at the noted time points by adding 200 units/ml catalase. AU,
absorbance unit.

RESULTS

Discovery of a Partial Human IgG1 Antibody—W e evaluated
the heterogeneity of a recombinant human IgG1 mAb by meas-
uring its apparent size using SEC. The SEC profile was charac-
terized by a homogeneous major peak eluting between 32 and
33 min and two minor peaks eluting at 27 and 34.5 min, respec-
tively (Fig. 1A). The minor peak with the retention time of 34.5
min represented a smaller size, partial molecule (Fig. 14, PI).
This minor heterogeneity could not be explained by variation in
glycosylation, as deglycosylation of the IgG1 did not affect the
SEC profile. The heterogeneous SEC profile of the IgG1 was
consistent between lots and found in other IgG1 molecules
(data not shown), suggesting that the formation of this partial
form is inherent in the nature of the IgG1 mAb or the cell
culture production process or both.

To further study this partial molecule (P1), SEC was used to
separate and enrich P1 to a purity of greater than 95% according
to the procedure described under “Experimental Procedures.”
The purified P1 was reduced with 5 mm DTT, alkylated with 15
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mM [AM, and then subjected to RP-HPLC-TOF/MS analysis.
The results showed that P1 was a heavily oxidized partial
molecule, which was lacking one of the Fab domains and
contained a truncated Fc domain, in which one of the Fc
domain heavy chains (Fc-HC) were characterized by a
unique N-terminal ladder consisting of the hinge residues
DKTHT (Table 1 and Fig. 2).

H,O,-induced Fragmentation of the IgG—H,0, is widely
produced in healthy cells (16-19) and has been found to be
involved in the oxidation and degradation of proteins (20 -23);
thus, the formation of the partial IgG1l molecule P1 and its
heavily oxidized nature may suggest the involvement of H,O,
from the cell culture production. To test this hypothesis, we
evaluated the effect of H,O, on the stability of the IgG1 and
employed SEC to measure any potential degradation products.
SEC analysis of an IgG1 sample with a protein concentration of
10 mg/ml that was incubated at 25 °C for 8 h at pH 5.2 in the
presence of less than 20 mm H,O, did not detect any cleavage or
other degradation products (data not shown). A H,O, concen-
tration of at least 20 mm, equal to a molar ratio of 1:300, was
necessary to generate two smaller fragments (C1 and C2) with
the retention times of 34.5 and 40 min, respectively (Fig. 1B).
The fact that incubation for 21 days under the given conditions
resulted in the time-dependent linear growth of only two dis-
tinct fragments (Fig. 1B), suggested that the cleavage reaction
follows a specific mechanism.

It was intriguing to observe that C1 and P1, originating from
different preparations, elute with the same retention times. To
investigate whether this phenomenon is possibly due to similar
structural properties in regard to the nature and location of the
cleavage, the IgG1 was incubated at 25 °C with H,O,, pH 5.2,
for 2 and 6 weeks, and the generated C1 and C2 fragments were
purified by SEC. The purified C1 and P1 samples were reduced
by 5 mm DTT in the presence of 4 M guanidine hydrochloride,
alkylated by 15 mm IAM, and analyzed by RP-HPLC-TOF/MS.
Both C1 and P1 showed similar profiles that were composed of
intact HC (peaks 6 and 7), intact LC (peaks 4 and 5), and a single
truncated HC of the Fc domain (Fc-HC, peaks 1-3), whereas
the untreated control contained only intact LC and HC (Fig. 2
and Table 1).

The molar ratio of the three components, Fc-HC, LC, and
HC, in P1 and C1 was estimated to be 1:1:1 according to the
integrated UV peak area, indicating that P1 and C1 represent a
partial antibody lacking one Fab domain. In addition, each
Fc-HC showed a heterogeneous RP-HPLC profile with at least
three components, a front peak (peak 1), middle peak (peak 2),
and back peak (peak 3). TOF/MS analysis (Fig. 3) suggested that
peaks 1-3 were derived from single Fc-HC fragments starting
from different N-terminal upper hinge residues (Asp>2°, Lys**,
Thr?*®, and Thr**°) and ending at the C-terminal residue
Gly**'. These Fc-HC fragments composed the typical distribu-
tion of Fc glycan structures with various degrees of oxidation
(Table 1). In addition, two adducts of +45 and +71 Da were
observed on some Fc-HC fragments. These are not commonly
observed adducts and are not consistent with known
modifications.

Mass analysis showed that peaks 4 and 5 for both P1 and C1
represented two LC components. One was consistent with the
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TABLE 1
The average masses of the P1 and C1 fragments generated by DTT reduction and IAM alkylation, followed by RP-HPLC-TOF/MS analysis

The data for the C1 fragment were from the 2-week samples incubated with H,O,. The HC contains four methionine residues, three of which are located in the truncated
Fc-HC. Most of the fragments contain oxidations indicated by “O” (+16, +32, and +48 Da), as indicated by the differences in mass compared with the theoretical mass. The
two glycosylation chains are composed of biantennary glycans with a variable number of galactose residues (G). The most common isoforms are GO, G1, and G2. N-terminal
sequencing indicated that the N terminus of the HC was completely cyclized to pyroglutamic acid (data not shown). Conversion of N-terminal heavy chain (HC) glutamine
(Q) to pyroglutamic acid (pE) is shown. Some fragments contained adducts that were proposed to conform to carboxylic acid (-COOH, +45 Da) and a-ketoacyl groups
(CH,;COCO, +71 Da), which were consistent with the peptide mapping results. Therefore, the additional masses can be explained by the number of oxidation products plus
one of these adducts (for example, 118 Da = 3 oxidations + 71-Da adduct, and 93 Da = 3 oxidations + 45-Da adduct). Some fragments (Thr***~Gly**') were identified in

both peak 2 and peak 3 because of incomplete separation (Fig. 2).

Peak Residues (start to end) Theoretical mass Observed mass Mass difference Assignment
Da Da Da
IgG1
LC
1 Glu'-Cys*"® 23,679.3 23,678.5 -0.8
HC
2 PE!-Gly* 51,373.9 (GO) 51,373.9 (GO) 0.0
P1
Fc
1 Thr?*5-Gly*! 26,997.6 (GO) 27,029.3 (GO) 31.7 20
Lys*?—Gly*s! 27,125.5 (GO) 27,156.6 (GO) 31.1 20
Asp?*°-Gly*** 27,240.6 (GO) 27,270.6 (GO) 30.0 20
Asp***-Gly**! 27,240.6 (GO) 27,315.9 (GO) 75.3 45 Da adduct +2 O
Asp?°—Gly*s! 27,4027 (G1) 27,4334 (G1) 30.7 20
2 Thr**°-Gly*! 26,759.4 (GO) 26,774.5 (GO) 15.1 10
Thr?°-Gly*! 26,921.6 (G1) 26,937.1 (G1) 15.5 10
Thr?28_Gly*! 26,997.6 (GO) 26,996.2 (GO) -14
Thr**8-Gly*! 27,159.8 (G1) 27,158.8 (G1) -1.1
3 Thr?°-Gly*! 26,759.4 (GO) 26,758.4 (GO) —-1.0
Thr?*°—Gly** 26,921.6 (G1) 26,920.0 (G1) -1.6
Thr**°-Gly*! 26,921.6 (G1) 26,993.7 (G1) 72.1 71-Da adduct
Thr?°-Gly*! 27,083.8 (G2) 27,082.1 (G,) —-1.7
Thr?*°—Gly** 26,759.4 (GO) 26,774.9 (GO) 155 10
Thr**°-Gly*! 26,921.6 (G1) 26,937.1 (G1) 15.5 10
LC
4 Glu'-Cys?'? 23,679.3 23,710.0 307 20
5 Glu*-Cys?'® 23,679.3 23,678.4 —-0.9
HC
PE!-Gly* 51,373.9 (GO) 51,420.5 (GO) 466 30
pE'-Gly**! 51,373.9 (GO) 51,436.9 (GO) 63.0 40
pE'-Gly**! 51,373.9 (GO) 51,453.6 (GO) 79.7 50
C1
Fc
1 Thr?2#-Gly** 26,997.6 (GO) 27,045.2 (GO) 47.6 30
Thr?*5-Gly*! 27,159.8 (G1) 27,206.2 (GO) 46.4 30
Lys*¥-Gly451 27,125.5 (GO) 27,172.5 (GO) 47.0 30
Asp?*°-Gly*** 27,240.6 (GO) 27,288.1 (GO) 47.5 30
Asp>**-Gly**! 27,240.6 (GO) 27,334.4 (GO) 93.8 45-Da adduct + 30
Asp?°—Gly*s! 27,4027 (G1) 27,449.2 (G1) 465 30
2 Thr**°-Gly** 26,759.4 (GO) 26,806.6 (GO) 47.2 30
Thr*°-Gly*! 26,921.6 (G1) 26,968.4 (G1) 46.8 30
Thr?2*_Gly** 26,997.6 (GO) 27,014.9 (GO) 17.3 10
Thr?24-Gly** 27,159.8 (G1) 27,177.3 (G1) 17.2 10
3 Thr?°-Gly*! 26,759.4 (GO) 26,776.8 (GO) 17.4 10
Thr?*°—Gly** 26,921.6 (G1) 26,939.1 (G1) 17.5 10
Thr*°-Gly** 26,759.4 (GO) 26,877.9 (GO) 118.6 71 Da adduct + 30
Thr?°-Gly*! 26,921.6 (G1) 27,040.0 (G1) 118.4 71 Da adduct + 3 O
LC
4 Glu*-Cys?*® 23,679.3 23,709.8 30.5 20
5 Glu'-Cys*"® 23,679.3 23,677.4 -1.8
HC
6 pE'-Gly**! 51,373.9 (GO) 51,470.9 (GO) 96.0 60
7 pE'-Gly**! 51,373.9 (GO) 51,436.9 (GO) 63.0 40

theoretical mass of intact LC (peak 5) and the other with oxi-
dized intact LC because of a mass increase of 32 Da. Peaks 6 and
7 represented two HC components that were both oxidized. Peak
6 was characterized by molecular masses corresponding to a G,
glycan moiety (5)-containing species, which were 48 and 96 Da
heavier than the calculated mass, suggesting the presence of oxi-
dation in the HC. The HC component represented by peak 7
included various degrees of oxidation (+16 Da (P1) and +64 Da
(C1) (see Table 1 and supplemental material for more details).
Analysis of C1 generated by a 6-week incubation at 25 °C in the
presence of 20 mm H,O,, pH 5.2, demonstrated that longer H,O,
treatment did not result in the formation of new cleavage products
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but in a higher degree of the specific cleavage products C1 and C2
(see below) and higher oxidation levels, ~25—-40% for LC and
~30-50% for HC (Fig. 2, data not shown), resulting from the oxi-
dative condition induced by H,O,. Collectively, these results dem-
onstrated that H,O, was capable of inducing both oxidation of
amino acid side chains and backbone fragmentation specifically in
the IgG1 hinge region, and these results led us conclude that
H,0,-induced hinge fragmentation is the likely cause for the for-
mation of the partial IgG1 molecule P1 during cell culture.
Analysis of the Fragmentation Product (C2) by RP-HPLC-
TOF/MS—The inability of isolating the missing Fab domain
fragment from the cell culture prevented further evaluation of
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FIGURE 2. Comparative analysis of fragments P1 and C1 by RP-HPLC-TOF/
MS. Purified P1 and C1 generated by incubation with H,0, for 2 and 6 weeks
were reduced and alkylated, analyzed by RP-HPLC, and characterized by in-
line TOF/MS. Peaks 1-3 were found to be truncated HC of the Fc domain
(Fc-HC), peaks 4 and 5 were identified as LC, and peaks 6 and 7 as intact HC. A
minor peak shown in the untreated control sample and C1 profiles, labeled
with an asterisk, was determined to be an oxidized Fc domain fragment gen-
erated by breaking the Asp-Pro (DP) peptide bond in HC of the Fc domain. The
corresponding mass data are shown in Table 1. mAU, milliabsorbance unit.

its structural properties. However, the available C2 fragment
derived from the SEC fractionation (Fig. 1B) allowed further
investigation of the mechanism underlying H,O,-induced
hinge fragmentation. To this end, RP-HPLC-TOF/MS analysis
of reduced and alkylated C2 was conducted to determine the
structural properties of this species (Fig. 4). The C2 was found
to represent a heavily oxidized Fab domain fragment, com-
posed of the LC components (Fig. 44, peaks 1 and 2) and HC
component, the Fab portion of the heavy chain of the fragment
(Fig. 44, peaks 3 and 4). Among the LC components, one was
consistent with the mass of intact unmodified LC (peak 2) and
the other with the mass of intact LC that is heavier by 32 Da
(peak 1), suggesting oxidization (data not shown). The Fd com-
ponents (peak 3 and 4) were found to be heavily oxidized as
well, with either one (+16 Da, peak 4, Fig. 4C) or three (+48 Da,
peak 3, Fig. 4B) additional oxygen atoms. Furthermore, both Fd
components contained a ladder of the C-terminal upper hinge
residues, Cys>>°, Asp?®, Lys**”, Thr**®, His**°, and Thr**° (see
supplemental Table S1 for more details). Combining these
results with the results from the C1 and P1 analyses, it seems
that H,O, treatment resulted in upper hinge cleavage, which
generated two fragments (C1 and C2) with complementary lad-
ders of the C-terminal HC residues in the Fab domain fragment
(C2) and N-terminal HC residues in the Fc domain (Fig. 5, CI).
Collectively, these results suggested that the partial IgG1 anti-
body component P1 could be a degradation product of H,O,-
mediated hinge fragmentation generated by a specific cleavage
mechanism.

Hydroxyl Radical-induced Hinge Fragmentation—The simi-
lar profiles and the same cleavage sites between the P1 and C1
suggested that the partial form that was purified from the bio-
reactor CHO cell culture could be mimicked ix vitro by incu-
bation of the molecule with H,O.,. It has been shown that H,O,
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can regulate the biological function of proteins through a radi-
cal-induced oxidation pathway. Hydroxyl radicals (HO") can be
generated from H,O, and are involved in various chemical
reactions that result in the degradation of proteins (20-23). To
examine whether hydroxyl radicals are involved in the observed
hinge fragmentation, and to evaluate the factors that may influ-
ence cleavage, the IgG1 was subjected to incubation with H,O,
under various conditions that were designed to determine the
root cause of the hinge cleavage in an IgG1. As shown in Fig. 6,
catalase completely blocked cleavage, indicating that hydroxyl
radicals were involved in the cleavage reaction. The total
amount of free thiol (—~SH) groups was determined to be ~0.22
mol/mol antibody under denatured conditions in the presence
of 4 M guanidine hydrochloride using Ellman’s reagent 5,5'-
dithiobis-(2-nitrobenzoic acid). Complete alkylation of the free
thiol groups by incubation of NEM with the IgG1 for 3 h at
37 °C, pH 5.0, only decreased the cleavage by ~7%, suggesting
that unpaired Cys residues do not play a critical role in the
cleavage reaction.

Preincubation with EDTA inhibited ~90% of the H,O,-in-
duced cleavage, suggesting an involvement of metal ions in the
reaction. However, EDTA did not completely block the cleav-
age, as H,0, was still capable of cleaving the IgG1, despite a
much slower reaction rate (data not shown). Treatment with
H,O0, in the presence of 1-10 uM of FeCl, resulted in ~5 times
more cleavage than treatment with H,O, alone (Fig. 6), whereas
10 um FeCl, in the absence of H,O, produced little cleavage
during a 5-day incubation. Similar results were obtained using
10 um copper acetate (data not shown). These results suggested
that hydroxyl radicals are responsible for the hinge fragmenta-
tion and that the reaction can be accelerated by the addition of
transition metal ions. Because trace amounts of transition met-
als ions are always present in solvents or may be bound to pro-
teins, their concentration could be high enough to function as
catalysts for the generation of radicals to induce fragmentation.
This hypothesis is consistent with previous observations that
transition metal ions play an important role in site-selective
radical attack either by binding to a protein (34—37) or staying
free in solution (37, 38, 40). In both cases, the metal ions accel-
erated the reaction by catalyzing the generation of hydroxyl
radicals through the Fenton chemistry reaction (41). Collec-
tively, these facts suggested the possibility that the hinge frag-
mentation is due to hydroxyl radical attack.

Characterization of the Hinge Fragmentation Products—The
oxidation of proteins by reactive oxygen species, as described in
Refs. 24—27, results in both the modification of the target mol-
ecule by the incorporation of oxygen atoms into the side chains
of the residues and its fragmentation via hydroxyl radical-in-
duced backbone cleavage. The radical-induced cleavage of pep-
tide bonds has been shown by these authors (24 —27) to follow
two routes, described as the diamide and «-amidation path-
ways that generate typical adducts at a new N terminus of the
C-terminal fragment product. These adducts can be identified
and characterized by peptide mapping. To this end, the C1 and
C2 fragments were subjected to Lys-C peptide map analysis. As
expected, the Lys-C peptide maps (Fig. 7A) confirmed the pres-
ence of oxidations that were responsible for the observed mass
increases in the C1 and C2 fragments detected by RP-HPLC-
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FIGURE 3. RP-HPLC-TOF/MS analysis of the Fc-HC fragments. The deconvoluted mass spectra of peaks 1-3 from P1 are presented in A-C. The deconvoluted
mass spectra of peaks 1-3 from C1 are presented in D-F. Each major peak is labeled with its mass, and the corresponding fragments, including modifications

proposed by the mass analysis, are summarized in Table 1.

TOF/MS analyses (Table 1 and refer to supplemental S2.1 for
more details).

The Lys-C peptide maps also revealed significant differ-
ences between the C1 fragment after H,0O, treatment and in
the untreated control in the H12 Lys-C peptide, representing
the sequence of the hinge region (Fig. 7B). In addition to the
intact H12 hinge peptide (***THTCPPCPAPELLGGPSV-
FLFPPKPK?°3) that was found in both C1 and the untreated
control, several variants of the hinge peptide (H12a—f) were

DECEMBER 18, 2009 +VOLUME 284+NUMBER 51

only found in C1 (Fig. 7). Peptide sequencing by tandem
mass spectrometry (MS?) showed that H12a—f were modi-
fied or truncated hinge peptides containing either oxidations
or adducts located at or near the N terminus of the peptides
(Fig. 8 and Table 2). Both H12a (residues 228 —-253) and H12c
(a truncated form, residues 231-253), representing ~12% of
all the H12 peptides, contained a cysteine residue (Cys>3')
that was oxidized to sulfonic acid (-SO3H, Fig. 84, and refer
to supplemental Fig. S2.2.1 for more details). Interestingly,
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FIGURE 4. RP-HPLC-TOF/MS analysis of the C2 fragment. A, UV profile of the purified, reduced, and alkylated C2 fragments after incubation at 25 °C with H,0,
for 2 and 6 weeks. mAU, milliabsorbance unit. B, deconvoluted mass spectrum of peak 3 in A. C, deconvoluted mass spectrum of peak 4 in A. Each major peak
was labeled with its mass and the corresponding single letter amino acid of the N-terminal residue.
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FIGURE 5. Schematic illustration of the major cleavage sites in the IgG1.
H,O,-mediated cleavage of the hinge region, as indicated by the arrows,
resulted in the generation of complementary ladders of C- and N-terminal
hinge residues (Asp?2%, Lys??”, Thr?*8, His??°, and Thr?*°) and the release of the
C1and C2 fragments via a one radical per molecule cleavage mechanism (see
text for details). Solid lines indicate disulfide bonds.

among the several derivatives of the hinge peptide that were
coeluting into peak H12e, one contained an Asp residue
instead of His**°, most likely due to oxidative conversion of
histidine to aspartic acid (Table 2 and refer to supplemental
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FIGURE 6. Hydroxyl radicals mediate hinge fragmentation. The IgG1 was
treated with H,0, (20 mm) at 25 °Cfor 5 days in 10 mm glutamic acid, pH 5.2, in
the presence of either catalase (200 units/ml), EDTA (20 mwm), or with and
without FeCl, (10 um) and analyzed by SEC. The integrated percent peak area
of cleaved IgG1 as measured by SEC for each condition is reported on the y
axis. For the NEM-blocking assay, the IgG1 was incubated with 40 mm NEM for
3 hat 37 °Cand then buffer-exchanged into the glutamic acid buffer, prior to
the addition of H,0,. Other conditions are the same as described in Fig. 1.

Fig. S2.2.2) (27). In addition, +45- and +71-Da adducts were
found on the N-terminal residues of Thr**® (Fig. 8B) and
Thr>*° (Fig. 8C), respectively.
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FIGURE 7.LC-MS/MS of the Lys-C peptide maps for the control, C1, and C2. The IgG1 and its fragments were
reduced, alkylated, and digested by Lys-C as described under “Experimental Procedures.” The digest was
analyzed on a Phenomenex Proteo column (2.0 X 150 mm) and monitored at 214 nm. A, stacked view of Lys-C
peptide maps of the control, C1, and C2. Major oxidized peptides, revealed by a shift in retention time and
increase in mass in the C1 chromatogram, are labeled by arrows (for more detail see supplemental S2).
B, expanded view of the hinge region of the control and C1 samples, which shows the hinge peptide (H12,
residues 228-253) and its derivatives (H12a-f). Peak a, full-length H12 peptide (residues 228-253) with a
sulfonic acid (SO;H) at Cys?3'; peak b, truncated H12 peptide (residues 230-253); peak ¢, truncated H12 peptide
(residues 231-253) with SO;H at Cys®*'; peak d, truncated H12 peptide (residues 230-253) with a +71-Da
adduct at Thr?3%; peak e, other hinge peptide derivatives of which only two peptides were identified as follows:
full-length H12 peptide (residues 228-253) with His**° converted to Asp “° and full-length H12 peptide
(residues 228 -253) with a +45-Da adduct at the N terminus; peak f, truncated H12 peptides (residues 232-253
and 233-253) with +16-Da adduct at Pro in the positions of 232 and 233. mAU, milliabsorbance unit.

more details see under “Discus-
sion”). The +71-Da adduct, on the
other hand, could be explained by
cleavage via the a-amidation path-
way. This mode of fragmentation
has been shown to lead to the for-
mation of an N-terminal N-a-keto-
acyl/N-pyruvyl group (+71 Da) at
the C-terminal cleavage product of
the peptide backbone (for more
details see under “Discussion”). Fol-
lowing these events, according to
the mechanisms described in Refs.
24.-27, it is expected that hydrolysis
of these unstable intermediates
leads to the formation of truncated
IgG1l HC fragments of which the
C-terminal Fc-HC fragments con-
tain a regular N terminus and the
N-terminal Fd fragments contain at
its C terminus, instead of a carboxyl
group (—COOH), a C-terminal resi-
due with an amide group (-CONH,,
—1Da).

Further data supporting the dia-
mide pathway as the mechanism
for cleavage were obtained by RP-
HPLC analysis from two other
peptides, ***PPCPAPELLGGPSVF-
LFPPKPK?** and ***PCPAPELLG-
GPSVFLFPPKPK?*?, with retention
times of ~95 min (as indicated by “f”
in Fig. 8B). Both peptides in a trace
amount were +16 Da heavier than
their theoretical mass. The +16-Da
modification was determined to be
located at the N-terminal proline
(Pro) residue by MS? sequencing.
Based on the N-terminal location of
the +16-Da modification and in
agreement with the diamide path-
way, we propose that the +16-Da
modification was the result of the
hydrolysis of the isocyanate inter-
mediate at the N terminus of the
N-terminal Pro residue. Hydrolysis

Based on previously published work (24-27), the +45-Da
adduct may be explained by the formation of an isocyanate
group (O=C=N-, +28 Da) at the N terminus of the C-termi-
nal portion of one of the Fc heavy chains because of radical
cleavage of the upper hinge region (DKTHT) through the dia-
mide pathway. With the unstable nature of the isocyanate
group, the reaction with hydroxyl yields the formation of N-ter-
minal carboxylic acid (-COOH, +45 Da). The complementary
N-terminal cleavage product would yield a carbonyl/aldehyde
derivative at the C terminus of the Fab heavy chain (Fd).
Hydrolysis of this unstable intermediate derivative would yield
the formation of an amide at the new C terminus in the N-1 (for

DECEMBER 18, 2009 +VOLUME 284+NUMBER 51

of the O=C=N group yielded breakage of the N-C* bond of
the Pro side chain and the additional mass of +16 Da at the N
terminus (see supplemental Figs. S2.2.3 and S2.2.4). Observa-
tion of these two peptides provided crucial information regard-
ing the mechanism for the radical cleavage (see under
“Discussion”).

Because the amino acid sequence of the hinge region
(***PKSCDKTHTCPPCAP) includes a number of Lys-C and
Asp-N proteolytic cleavage sites, a second peptide map using
Asp-N as an orthogonal method maximizes the detection of
potential modifications of hinge region residues. The Asp-N
map not only confirmed the observed modifications obtained
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FIGURE 8. MS? analysis of the hinge peptide derivatives H12a, -d, and -e from Lys-C and Asp-N peptide maps. A, H12a, hinge peptide (2,837.3 Da)
comprising sulfonic acid-oxidized Cys**' (**THTC?*'(-SO;H)PPCAPELLGGPSVFLFPPKPK). B, H12e-1, hinge peptide (2,893.8 Da) with a +45-Da adduct
(-COOH) at the Thr??® residue of 22! THTCPPCAPELLGGPSVFLFPPKPK. C, H12d, hinge peptide (2,679.9 Da) with a +71-Da adduct at the Thr>*° residue of
230TCPPCAPELLGGPSVFLFPPKPK. D, peptide 22> CDKTHTCPPCAPELLGGPSVFLFPPKPK (3,241 Da) from the Asp-N peptide map with Cys***>~SO;H and ~RC=0
rather than ~RNH, at the N terminus. Some ions were always present in each figure, such asy5, y6,y8,y13,y14,y15,y17,and y19, and thus these peaks were

only labeled in Fig. 6A and were not labeled in the following figures.

TABLE 2

Hinge peptide derivatives determined by Lys-C peptide map

The estimation of abundance for each peptide was based on the individual integrated
percent peak area relative to the total integrated peak area of all H12 peptide derivatives.
A few H12 peptide derivatives were detected in lower quantities, coeluting with the
H12e peptides. However, due to poor b-ion signals in the corresponding MS* spectra,
the identification of the N terminus of some peptides was not possible. Therefore, only
two peptides could be identified and are listed in the table. The total integrated peak area
of the H12e peptide was ~8%. However, the quantities of the two identified peptides
eluting in peak e could not be determined (ND). The abundance of the intact H12
peptide was estimated at ~56%. Since the amino acid sequence (**’PKSCDKTH-
TCPPC-AP) in the hinge region contain two Lys-C cleavage sites, some truncated hinge
peptides with adducts at the N terminus may not be retained on the reversed-phase
column because of their small size and were therefore not detectable.

Peptide p]e"le( _x?o. Adduct location %
228THTCPPCAPELLGGPSVFLFPPKPK a SO;H at Cys**!  ~12
230TCPPCAPELLGGPSVFLFPPKPK b ~5
231CPPCAPELLGGPSVFLFPPKPK c SO;H at Cys*®'  ~11
239TCPPCAPELLGGPSVFLFPPKPK d 71 Da at Thr**° ~8
228THTCPPCAPELLGGPSVFLFPPKPK e 45Daat Thr**®  ND
228THTCPPCAPELLGGPSVFLFPPKPK e Asp?* ND
232pPCAPELLGGPSVFLFPPKPK f 16 Daat Pro**?  Trace
233pCAPELLGGPSVFLFPPKPK f 16 Daat Pro***  Trace

by the Lys-C map (data not shown), but also detected new mod-
ifications on a peptide that was not obtainable using Lys-C.
The peptide, > CDKTHTCPPCPAPELLGGPSVFLFPPKPK>?,
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was detected in C1 and contained a sulfonic acid group
(=SO,H) in the side chain of Cys®*® (Fig. 8D). In addition, the
measured mass of 3,241.0 Da for this peptide was 2 Da less than
the calculated theoretical value. The MS? spectrum showed evi-
dence for the presence of an N-terminal RC=O group rather
than a RCH-NH, group, suggesting a hydroxyl radical induced
cleavage reaction via the a-amidation pathway, which resulted
in the formation of an N-a-ketoacyl group at a new N terminus
that was 2 Da lighter than a regular N terminus.

Knowing that Cys®** and Cys*'® form the interchain disulfide
bond between HC and LC (Fig. 5) and the fact that Cys*** was
found to be oxidized to sulfonic acid suggested the presence of
an unpaired and oxidized Cys>'®. This expectation was con-
firmed by the observation that ~25% of Cys>'® was oxidized to
sulfonic acid in C2 and ~10% in C1 (see supplemental Fig. S2.3
for more detail). This finding was supported by additional data
from the analysis of a nonreduced peptide map, which detected
~4% of unpaired Cys>'” in the LC of the untreated control (see
supplemental Figs. S23.1 and Fig. S3.1 for more details) It is
known that the LC and HC stay strongly associated and main-
tain a functional Fab domain without the interchain disulfide
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bond. The association constant between the LC and HC was
estimated to be ~10'° M~ ! (42). Therefore, even though oxi-
dization of the unpaired Cys residues results in the formation of
LC Cys***~SO,H and HC Cys***~SO,H, it would not disrupt
the structural integrity of the Fab domain.

Oxidation of Cys Residues in the Hinge—Finding the side
chain of Cys**® oxidized to sulfonic acid in the HC suggested
that the oxidation was due to the reaction with H,O,. Given the
fact that the Cys**! residues from each HC are expected to form
an interchain disulfide bond and that the concentration of free
thiol (—-SH) groups was estimated at 0.22 mol/mol antibody by
Ellman’s assay, the hinge peptide was further examined by non-
reducing Lys-C peptide mapping after labeling potentially free,
unpaired cysteine residues with NEM (31). The result from the
5,5'-dithiobis-(2-nitrobenzoic acid) assay showed no detecta-
ble free —SH groups after NEM treatment. Meanwhile, the pep-
tide mapping analysis did not identify any NEM-labeled Cys
residues in the intact or truncated hinge peptides of both the
control and C1 samples. Instead, some peptides with NEM-
labeled Cys were detected at the C terminus of the LC (see
supplemental Fig. S 3.1 for more details) and in the C;;3 domain
(data not shown). This result suggested the complete absence of
unpaired cysteine residues in the hinge region. The observation
of similar amounts of Cys**'~SO,H in both the intact and trun-
cated hinge peptide in C1 after incubation with H,O,, suggested
that Cys**! is becoming oxidized by H,O, after the disulfide
bond is broken (reduced) because of attack by hydroxyl
radicals.

Once the interchain disulfide bond between the two Cys
residues is broken, the initial reaction step will be one of the two
Cys>3! residues that becomes oxidized to sulfenic acid (Cys>*'—
SOH, Reaction 2), and the other would form a thiyl radical
(Cys®*'-S', Reaction 2) in agreement with previously described
radical chemistry (43, 44). Sulfenic acid is unstable and capable
of reacting with any accessible thiol group to form a disulfide
bond or undergoing further oxidation to sulfinic acid (Cys**'-
SO,H) or sulfonic acid (Cys**'-SO,;H) (45, 46). Once oxidized
to sulfonic acid, Cys**" has lost its ability to form an interchain
disulfide bond with its counterpart on the other HC. Because of
the presence of H,O,, the highly reactive thiyl radical oxidizes
to sulfonic acid and simultaneously transfers its radical along
the peptide backbone to the residues of the upper hinge region.
In addition, the interchain disulfide bond between the Fab LC
and HC (Fd) could be broken by radical attack as a post-cleav-
age event that would generate additional sulfonic acid at LC
Cys>'®, which explains why more LC Cys®*® was observed in C2
(~25%) than in C1 (~10%). It should be noted that the failure to
detect Cys-SO;H in the reduced and alkylated HC and LC by
RP-HPLC-TOF/MS was due to poor ionization efficiency (for
details see supplemental S3).

Identification of Radical Formation and Location—The data
above suggest Cys®*! as the site of initial radical attack that
subsequently leads to the observed cysteine oxidation and var-
ious hinge fragmentation products. In support of this sugges-
tion, the spin trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO),
a reagent widely used to provide evidence for the involvement
of HO' radicals in many biological reactions (36, 48 —50), was
utilized to track the formation of radicals and the specific loca-

231
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FIGURE 9. MS? determination of the site of initial radical formation in the
IgG1. The IgG1 was incubated at 25 °C in the presence of H,0, (20 mm) and
DMPO (100 mm) at pH 5.2. The sample was buffer-exchanged, digested with
Lys-C, and analyzed by RP-HPLC-MS2. Hinge peptide H12 (2,789 Da, corre-
sponding to the mass with one Cys modified by IAA) was found modified by
the DMPO adduct (2,902 Da). The MS? spectrum of the 1,451.98-Da ion (2+)
showed the DMPO adduct to be located at Cys?*'. For clarity, not all identified
fragment ions are labeled.

tion of the initial radical attack. With the spin trapping
approach, radicals react with DMPO, thereby making a cova-
lent bond with the DMPO adduct at the site of radical forma-
tion detectable by mass spectrometric analysis. The IgG1 was
treated at 25 °C with H,O,, pH 5.2, in the presence of DMPO,
and fragmentation was monitored by SEC. DMPO, in a molar
ratio with H,O, of 5:1, completely blocked fragmentation over
a time course of 2 weeks (data not shown), suggesting that the
binding of DMPO to the site(s) of radical residence completely
inhibited hinge fragmentation.

To determine the site(s) of radical formation (DMPO
binding), the IgG1 was subjected to Lys-C peptide mapping
and RP-HPLC-MS? analysis. The generated MS” spectra
provided clear evidence that only Cys**!, located in the H12
hinge peptide, was found to contain the DMPO adduct (Fig.
9). This conclusion was supported by the observation of the
(M + H)*" ion of m/z 1,451.98, which corresponds in mass
to the addition of DMPO (+113 Da) into the hinge peptide
(2,789 Da, corresponding to the mass with one Cys modified
by IAA). The mass differences between y,,, y,3, and y,, cor-
respond to the mass of a DMPO-modified Cys>*' residue,
and the presence of the b-ions (bg and by) confirmed the
assignment. The most intensive signal in the MS? spectrum
was a double charged y-ion (m/z 1202) that corresponded to
Vo5 comprising Cys®** (Fig. 9) but lacking the side chain
and the DMPO adduct because of a neutral loss of 160 Da (47
Da + 113 Da = 160 Da), which was confirmed by MS?
sequencing (data not shown). These results confirmed the
hypothesis that the initial site of radical attack is located at
Cys?*! because trapping the radical at this site by DMPO
completely inhibited the hinge fragmentation. Furthermore,
besides the observed DMPO adduct formation at Cys**!,
Cys*®! was also identified to be oxidized to sulfonic acid
(SO;H; data not shown), confirming the radical chemistry
(35, 36) that resulted in the reduction of the disulfide bond
and led to the formation of the two different products at the
two Cys residues.
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The observation of the initial radical formation at Cys**' is in
agreement with previously published reaction rate constants
(27). The reaction rate constant of a hydroxyl radical with Cys
(3.4 X 10 M~ ! s71) is much faster than with His (1.3 X 10'°
M 's ), Thr(5.1 X 10%m s '), Asp (7.5 X 10’ M s '),and
Lys (3.5 X 10 M~ 's™ 1) (27), and therefore, Cys>*! is kinetically
the primary target for hydroxyl radical attack. Although the
cleavage of peptide bonds by the radical eventually occurs at an
a-carbon position of the protein backbone, the initial radical
formation in the side chain of Cys®*! is not contradicting the
occurring backbone cleavage in the upper hinge region because
electron transfer between the side chains of residues and
between a side chain and the backbone has been known to play
an important role in the radical-driven reaction (25, 26). The
formation of Cys-S’, the conversion of His to Asp, and the oxi-
dative degradation of His in the hinge indicated an attack on the
side chain by the radical and suggested an important role of the
side chain in radical cleavage. It was determined that an elec-
tron has a comparable reaction rate constant with His (6.4 X
107M 's™Y), Thr(2.0 X 107 M~ 's™ "), Lys (2.0 X 10" M~ 's™ 1),
and Asp (1.8 X 107 M~ ' s71) (27), indicating that these upper
hinge residues are capable of localizing an electron, leading to
backbone cleavage in subsequent reaction steps (for more detail
see under “Discussion”). Thus, the electron localization at an
upper hinge residue would initiate one radical cleavage per
molecule that generates the complementary ladders of the C-
and N-terminal heavy chain residues of the Fab and Fc
domains, respectively.

DISCUSSION

The data presented here provide compelling evidence for
a radical-induced hinge-specific cleavage mechanism
observed for an IgGl mAb. The fragmentation profile
observed in the untreated control samples purified from cell
culture could be mimicked in vitro by incubation of the anti-
body with H,O,. The reaction seems to be initiated by the
formation of a hydroxyl radical via a Fenton-like reaction of
a transition metal ion with H,O,. In the next step of the
reaction, the hydroxyl radical specifically attacks the hinge
region by breaking the interchain disulfide bond yielding
radical formation in one of the Cys**! side chains (thiyl rad-
ical) and oxidation to sulfonic acid in the other. Subsequent
radical transfer and localization at the hinge region residues
lead to backbone cleavage producing one free Fab domain
fragment with a ladder of the C-terminal heavy chain resi-
dues complementary to the N-terminal ladder of one of the
heavy chains of the Fc domain in the truncated IgG1 mAb.
To the best of our knowledge, this is the first report demon-
strating specific backbone fragmentation in the hinge of an
IgG1 mAD as a result of H,0O,-mediated radical cleavage.
Published three-dimensional structures of the full-length
human b12 IgG1 antibody provided the evidence that the
two separate IgG1 hinges may assume different conforma-
tions to accommodate the vastly different placements of the
two Fab domains relative to the Fc domain (51, 52). It
remains unclear in the literature whether tension in the two
hinges caused by their orientation may facilitate the frag-
mentation (53), and which of the two Fab domains was
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cleaved off. However, our results indicate that hydroxyl rad-
icals generated by a Fenton-like reaction mechanism seem to
be responsible for the initiation of the IgG1 hinge fragmen-
tation. We found that the presence of transition metal ions
accelerated the backbone cleavage of the IgG1 by catalyzing
the generation of hydroxyl radicals. The initial site of radical
attack was at the interchain disulfide bond connecting the
two heavy chains at Cys**! and yielded a thiyl radical at one
of the Cys**! side chains, which initiated an electron/radical
transfer to the hinge residues and yielded protein backbone
fragmentation. This mechanism is consistent with a number
of studies that have shown that preferential cleavage can be
induced selectively by radicals at specific sites within a pro-
tein (32, 54, 55).

It has been recently demonstrated that antibodies have the
ability to catalyze the generation of H,O, in a highly efficient
manner and by a mechanism that involves the oxidation of H,O
by singlet oxygen (*O,) molecules (9, 10). Some polyoxide rad-
icals (HO," and HOy"), which bear the chemical signature of
hydroxyl radicals (HO"), were observed (9-12). These addi-
tional sources of HO", different from the Fenton reaction, may
explain why EDTA failed to completely inhibit H,O,-mediated
radical cleavage of the IgG1. Therefore, the radical reaction
mechanism described here is different from the $-elimination
mechanism (56) or the hypothetical direct hydrolysis of the
peptide bond in the upper hinge region (53, 57) proposed in
other studies, where similar hinge fragmentation of other IgG1
molecules was observed.

Proposed Backbone Cleavage Mechanism—W'e are propos-
ing a mechanism for H,O,-mediated radical-induced hinge
fragmentation of an IgG1 that includes three major reaction
steps. In the first reaction step, a hydroxyl radical is mainly
generated by the Fenton-like reaction in which the transition
metal ions such as Fe**/Fe*" and Cu®**/Cu™ react with H,0,
(Reaction 1).

In the second step, the hydroxyl radical attack breaks the
hinge region interchain disulfide bond between the Cys>*" res-
idues (Cys**'-S—S-Cys**', shown as RS-SR in Reaction 2). The
fact that in our experiments DMPO completely blocked the
hinge fragmentation and was found to only react with Cys>*"
demonstrated that the interchain disulfide bond between
Cys®*! residues is broken by the attack of a hydroxyl radical,
which vyields the formation of a thiyl radical (Cys**'-S’, see
Reaction 2) on one cysteine and sulfenic acid (Cys**'-SOH, see
Reaction 2) on the other cysteine residue. Due to the presence
of H,0, sulfenic acid is further oxidized to sulfinic acid
(Cys**'~SO,H) and sulfonic acid (Cys**'~SO,H) as the princi-
pal products (see Reaction 2).

Following the breakage of the disulfide bond, two events may
take place in parallel. The first one is the radical-induced cleav-
age of the hinge, and the second one is the reformation of the
Cys>*'-S—S-Cys?*! disulfide bond. In the first event, the radi-
cal on the thiyl sulfur of Cys**' (Cys**'-S) transfers upstream
to become localized at a hinge residue to initiate backbone frag-
mentation in the hinge region (Reaction 2). In the second event,
reformation of the disulfide bond between Cys®>*'—S' on one
heavy chain and Cys**'~SOH on the other heavy chain is pos-
sible, because the thiyl radical would convert back to a regular
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thiol group (Cys®>*'-SH) after electron transfer. The disulfide
bond reformation in the hinge region is chemically preferred,
and it leads to the reformation of the disulfide bond between
one truncated Fc heavy chain and one intact full-length heavy
chain of the IgG1. However, if Cys**'~SOH has been oxidized
to SO,H by H,O, (Reaction 2), Cys**'—SH located in the trun-
cated hinge region of Fc-HC would be eventually oxidized to
Cys**'=SO,H as well.

In the third reaction step, protein backbone fragmentation
can be initiated via two major pathways, the diamide and
a-amidation pathways. In the diamide pathway (Reaction 3),
the cleavage at the a-carbon of the peptide bond yields an iso-
cyanate derivative (III) at the heavy chain N terminus of the
C-terminal (Fc-HC) and a ketone carbonyl function (II) at the
heavy chain C terminus of the N-terminal backbone fragment
(Fd). The a-amidation pathway (Reaction 4) is characterized by
the formation of an N-terminal a-ketoacyl derivative (V) at the
C-terminal backbone fragment (Fc-HC) and a diamide function
(IV) at the C terminus of the N-terminal backbone fragment
(Ed).

Hydrolysis of the isocyanate derivative could yield a carbox-
ylic acid function (-COOH), which would explain the observed
+45-Da adduct at the N terminus of the C-terminal portion of
the heavy chain backbone fragment (Fc-HC). The carbonyl
derivatives at the C terminus of the N-terminal heavy chain
fragment (Fd) is hydrolytically labile as well, and mild differen-
tial hydrolysis will give rise to an amide function at N-1 of the
peptide (Reaction 5) (23).

On the other hand, the electron attack at the y-carbon posi-
tion in the side chain of certain amino acids in the presence of
oxygen could result in the oxidative degradation that leads to
the formation of an unsaturated product of dehydropeptides,
which only retains a B-CH,, group as a side chain (Reaction 6)
(24, 26). This compound can be easily hydrolyzed to yield amide
and keto acid functions (Reaction 7). Thus, the +71-Da adduct
at the N terminus of the Thr**° residue could result from the
oxidative degradation of His**°. Further hydrolysis of these
intermediate derivatives results in the formation of a regular
N-terminal residue (24 -27).

It should be pointed out that if an electron is transferred to a
Pro residue, the lack of a typical side chain structure prevents
the Pro from following the reaction pathways like other amino
acid residues. Although fragmentation at Pro residues via the
diamide pathway has been described (24), there is no evidence
for a cleavage mechanism at Pro residues that follow the a-ami-
dation pathway. It is reasonable to believe that the cleavage at
the a-carbon of the peptide bond (N-C*) via the a-amidation
pathway would not generate two separated fragments of the
IgG1 because the ring side chain of Pro would still be connect-
ing the two fragments. This may explain why most of the
observed backbone cleavages occurred at residues in the upper
hinge region (DKTHT) and only very little in the core region of
the hinge (CPPC). Reactions 1-7 are as follows.

Fe?’" + H,0, >Fe’" + OH + "OH

Fe’" + H,0, >Fe?" + OOH + H*
REACTION 1
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RS RS® — RSH + Electron transfer
1gG1 + OH — IgGl1 K‘ Disufide bond reformation ~ (2)
RS RSOH — RSO,H and RSO;H
£} O R, 0
T ¢ j)LN/\O + O=C=N1)LI\} &)
Diamide 0O R H o
pathway 1 R3

I it

- (6] R 0
a-amidation H 2 H
pathway V"Ir N\HLNHZ + O/ﬁrNW)LI\? )
0 R 0 R H
v v
REACTIONS 2-4

~R,CONHCOR, + H,0 — ~R,CONH, + R,COOH
REACTION 5

~CONHC(=CH,)CO~ <> ~CON=C(CH;)CO~
REACTION 6

~CON=C(CH,)CO~ + H,0 — CONH, + CH,COCO(+71 Da)~
REACTION 7

The observation that partial IgG1 molecules are present in an
IgG1 isolated from a CHO cell culture does provide evidence that
partial molecules can be generated in vivo. Many different physio-
logical and environmental processes can lead to the formation of
reactive oxygen species such as H,O, (25), and it is well established
that mitochondria are the main source of reactive oxygen species
generation in cells (39, 47, 58, 59). The rate of H,O, production in
isolated mitochondria is 0.6 —1.0 nmol/mg ! min ' (47), and the
H,0, concentration in liver cells has been estimated to be 107
10~ mol/liter (58). Given these facts and the intrinsic capacity of
an IgG to generate H,O, (8 —13), the results presented here offer
new insights into a possible degradation pathway for IgG1 anti-
bodies through the specific degradation of the hinge region. The
highly conserved core sequence of the hinge CPXPC (X = Pro for
IgGland IgG2, X = Argfor IgG3, and X = Ser for IgG4) may imply
that other classes of antibodies also could undergo similar radical-
induced degradation reactions, particularly for the IgG3 subtype
that has an upper hinge sequence similar to IgG1; whether or not
such radical reaction or cleavage products or both would apply to
IgG2 and IgG4 remains to be determined. Further investigation of
the factors that influence the radical-induced hinge cleavage will
provide more insights into mechanisms to prevent it. Based on
such knowledge, designing a new generation of IgG1 antibodies
with a new upper hinge sequence that is more resistant to radical
attack could not only improve the yield of production but also
potentially enhance the stability and efficacy profile in vivo.
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