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ABSTRACT: Human IgG2 exists as a mixture of disulfide-linked structural isoforms that can show different
activities. To probe the contribution of specific cysteine residues to the formation of structural isoforms,
we characterized a series of CysfSer mutant IgG2 recombinant monoclonal antibodies, focused on the
first CH1 cysteine and the first two hinge cysteines. These residues participate in the formation of structural
isoforms that have been noted by nonreduced capillary sodium dodecyl sulfate polyacrylamide gel
electrophoresis, reversed-phase high-performance liquid chromatography, and cation exchange chroma-
tography. We show that single CysfSer mutants can greatly reduce heterogeneous disulfide bonding in
human IgG2 and maintain in vitro activity. The data demonstrate the feasibility of applying site-directed
mutagenesis to reduce disulfide bond heterogeneity in human IgG2 while preserving the activity of this
therapeutically important class of human antibodies.

Monoclonal antibodies (MAbs)1are an increasingly im-
portant class of therapeutic proteins. Therapeutic MAbs may
be chimeric molecules consisting of murine variable domains
and human constant domains, or they may be humanized by
replacing much of the murine variable domain with human
sequence. More recently, Xenomouse and phage display
technologies have made possible the identification of fully
human MAbs for therapeutic purposes.

While much attention has focused on proper selection of
variable domains, it is also important to consider the heavy
chain (HC) isotype in the selection and construction of
therapeutic MAb candidates (1). The majority of approved
therapeutic MAbs are of the IgG class and, of those, most
have IgG1 HCs. The IgG1 isotype is a logical choice for
programs where effector functions such as antibody-depend-
ent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity are desired as part of the therapeutic application.
When effector functions are not desired other isotypes,

including human IgG2 and IgG4, may be considered; there
are now examples of human IgG2 and IgG4 MAbs that have
been approved for therapeutic use (1).

The IgG1, IgG2, and IgG4 isotypes share greater than 90%
amino acid sequence identity in their constant domains, but
their sequences diverge in the hinge region. The IgG
subclasses also differ in their interchain disulfide-bonding
patterns (2). In IgG1, the HC-light chain (LC) disulfide bond
is formed using a Cys residue near the N-terminus of the
HC hinge region, whereas in IgG4 this disulfide bond is
formed using a Cys residue near the N-terminus of the CH1
domain. The HC-HC interchain disulfide-bonding patterns
are also different between these isotypes; IgG1 shows two
parallel hinge-region disulfide bonds linking neighboring
HCs, whereas IgG4 shows a mixture of inter- and intra-HC
disulfidebondslinkingthetwohinge-regionCysresidues(3-5).
This feature allows IgG4 MAbs to exchange half-molecules
and become functionally monovalent and bispecific (3, 6, 7).
While this may have beneficial consequences in vivo, it also
must be considered when selecting the isotype of a thera-
peutic MAb (7, 8).

The disulfide structure of human IgG2 differs from IgG1
and IgG4. Milstein and Frangione demonstrated that in IgG2
the HC-LC disulfide bond is formed between a Cys residue
near the N-terminus of CH1 and the C-terminal Cys residue
of the LC (9) in a manner similar to that used by IgG4.
However, in IgG2 there are four hinge-region disulfide bonds
that covalently link adjacent HCs in a ladder-like fashion.
Human IgG2 has been reported to form covalent dimers, and
it was proposed that one or more of the hinge Cys residues
played a role in dimer formation (10).

We recently reported the formation of structural isoforms
in human IgG2 (11, 12). These isoforms were detected by
nonreduced capillary sodium dodecyl sulfate polyacrylamide
gel electrophoresis (nrCE-SDS) (13), reversed-phase high-
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performance liquid chromatography (RP-HPLC) (14), and
cation exchange chromatography (CEX) (15) and were
attributed to disulfide scrambling involving the two Cys
residues near the N-terminus of the hinge as well as the Cys
residue near the N-terminus of the CH1 domain. Analytical
characterization of recombinant human IgG2 has revealed a
mixture of disulfide-bonding patterns involving these HC Cys
residues and the C-terminal Cys residue of the LC (12). At
least three distinct structural isoforms have been identified
and termed IgG2-A, IgG2-B, and IgG2-A/B. We reported
the presence of specific [(HC)-(hinge)-(LC)] covalent com-
plexes by peptide mapping (12) and assigned the precise
cysteine connectivity of each structural form by partial
reduction-alkylation techniques (16). In IgG2-A, the LC is
covalently linked to the HC via a LC Cys214-HC Cys127
(Kabat numbering (17)) disulfide bond, and the four hinge
Cys residues form inter-HC disulfide bonds in a parallel
fashion as originally described several decades ago (12). In
IgG2-B, LC Cys214 disulfide bonds to the HC via the hinge-
region Cys residue Cys233, whereas HC Cys127 is disulfide
linked to hinge residue Cys232 (16). IgG2-A/B can be
viewed as a hybrid isoform where LC Cys214 disulfide bonds
to HC Cys127 in one Fab arm (as in IgG2-A) and to the
hinge region in the other Fab arm (as in IgG2-B (12)).
Analysis of IgG2 affinity purified from the serum of patients
treated with human IgG2 drug supports the idea that IgG2-A
slowly converts to IgG2-B in vivo through an IgG2-A/B
intermediate (18). Additionally, we described the precise
connectivity of asymmetrical complexes in the IgG2-A/B
form, identifying either intrachain (IgG2-A/B1) or interchain
(IgG2-A/B2) types of complexes (16).

To probe the contribution of individual Cys residues to
the development of structural isoforms, we prepared a series
of CysfSer mutants in three different recombinant human
IgG2 MAbs, all of which utilized the κ LC (Table 1). These
mutants were characterized by nrCE-SDS, RP-HPLC, and
peptide mapping. The activity of selected mutants was also
examined. Single CysfSer replacements greatly reduce the
disulfide heterogeneity of human IgG2 while maintaining the
activity of the MAbs examined in this study.

MATERIALS AND METHODS

Site-Directed Mutagenesis. Three different IgG2 MAbs
were subjected to CysfSer mutagenesis. Site-directed mu-

tagenesis was performed by overlapping extension poly-
merase chain reaction or by using the QuikChange XL site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The
presence of the mutations encoding the desired amino acid
substitutions was confirmed by DNA sequencing.

SDS-PAGE Analysis. SDS-PAGE was performed by using
4-20% Tris-glycine gels according to the method of
Laemmli et al. (19). Prior to denaturation, the samples were
treated with 15 mM iodoacetamide. Samples were denatured
at 75 °C for 10 min, and 5 µg of each sample was loaded
per lane.

nrCE-SDS Analysis. The analyses were performed on a
HP3D CE system (Agilent Technologies, Palo Alto, CA)
equipped with a diode array detector. Separations were
performed using a bare-fused silica capillary with a total
length of 33.0 cm, effective length of 24.5 cm to the detector,
an inner diameter (I.D.) of 50 µm, and outer diameter (O.D.)
of 365 µm (Agilent Technologies). Antibody separation was
monitored at a wavelength of 220 nm. The capillary was
preconditioned by rinsing with 0.1 N NaOH at 6 bar for 2
min followed by 0.1 N HCl at 6 bar for 1.5 min. The capillary
was filled with Bio-Rad CE-SDS run buffer (Bio-Rad
Laboratories, Hercules, CA) at 2 bar for 9 min and then
dipped in water to avoid gel carryover. Samples were injected
at -10 kV for 20 s and separated at 20 °C under -15 kV
for 30 min with 2 bar pressure applied to both capillary inlet
and capillary outlet during the separation. The corrected peak
area is defined as: corrected peak area ) LdA/t, where Ld is
the effective length from capillary inlet to the detector, A is
the peak area, and t is the migration time.

RP-HPLC analysis. Separation of the IgG2 structural
isoforms by RP-HPLC was performed as described previ-
ously (11).

Tryptic Peptide Mapping of the Nonreduced Molecule.
Potential-free cysteine residues present on the monoclonal
antibody were alkylated with N-ethylmaleimide (NEM). The
NEM-labeled material was digested with 10% w/w trypsin
in 0.1 M Tris/2 M urea (pH ) 8.3) at a concentration of 1
mg/mL for 4 h at 37 °C. The digest reaction was quenched
with the addition of 10 µL of 10% trifluoroacetic acid (TFA).

The trypsin-digested sample was analyzed via RP-HPLC
with column heating at 60 °C. Mobile phases consisted of
(A) 0.12% TFA in water (w/v) and (B) 0.11% TFA in 40:
40:20 acetonitrile:isopropanol:water (w/v). Separation was
performed on a Jupiter C4 (2.1 × 250 mm) column,
conditioned in mobile phase (A) for 20 min. A 100 µg sample
of digest was injected, and the peptide fragments eluted at a
flow rate of 0.2 mL/min with a gradient of 0-65% (B) in
165 min. Peptide elution was monitored by UV absorbance
at 214 nm and online mass acquisition.

Reduction and Alkylation Protocol. The trypsin-digested
material was reduced with dithiothreitol (DTT) for 30 min
at 55 °C. The antibody was then alkylated with iodoacetic
acid (IAA) for 15 min at room temperature. The alkylation
reaction was quenched with the addition of DTT.

Mass Spectrometry Conditions for Peptide Mapping. All
analyses were performed using a LCQ Deca ion-trap instru-
ment (Thermo-Finnigan, San Jose, CA) equipped with an
electrospray source connected to an Agilent 1100 pump
(Agilent Technologies). Analysis was carried out in a
positive-ion mode using a spray voltage of 5.0 kV, and the
MS capillary temperature was maintained at 225 °C. The

Table 1: IgG2 Hinge-Region Cysteine Residue Numbering and IgG2
Mutants Characterizeda

Glu-Arg-Lys-Cys-
232

Cys-
233

Val-Glu-Cys-
239

Pro-Pro-Cys-
242

Pro-Ala

recombinant human IgG2 MAb mutants characterized

MAb #1 C127S
C232S
C233S
C239S
C127/232S
C127/233S
C232/233S
C127/232/233S

MAb #2 C127S
C232S

MAb #3 C127S
a Cys127 is located near the N-terminus of the CH1 domain.
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instrument was calibrated in the m/z range of 500-2000
using a mixture of caffeine, MRFA peptide, and Ultramark
1621. Deconvolution of the electrospray ionization mass
spectra for the HC and LC was done using ProMass for
Xcalibur software. Spectral data for the protein digests were
acquired online in the range of 200-2000 m/z. MS/MS
analysis was performed in data-dependent mode. Collision
data were obtained using 40% relative collision energy.

Mass Spectrometry Conditions for Reduced Mass Analysis.
Mass analysis of the reduced samples was performed by
acidic SEC using a polyhydroxyethyl aspartamide column
connected in-line to an electrospray ionization time-of-flight
(ESI-TOF) mass spectrometer (20). Samples were diluted
to 2 mg/mL in water. A stock solution of 100 mM TCEP
(28.6 mg/ml) in 6.0 M GuHCl was made. The sample was
then diluted 1:1 with the reductant/denaturant (TCEP in 6
M GuHCl) and heated to 55 °C for 30 min. The column
eluate was directed into an ESI-TOF mass spectrometer
(Agilent Technologies) with diverter valve settings selected
to direct salt and buffer components to waste. The instrument
was tuned and calibrated using Agilent-supplied tuning and
calibration solution from 50 to 4000 m/z. Optimized source
and ion transmission system conditions were empirically
determined and included a capillary voltage of 5000 V,
nitrogen gas rate of 9.0 L/min, and a fragmentor voltage of
415 V. Other settings were typical for this instrument. The
mass spectral data for reduced samples were processed using
Agilent deconvolution software using default values after
selecting appropriate m/z input and output mass parameters
to match the data.

Reduction-Oxidation of CysfSer Mutants. Antibody
samples at 3 mg/mL were treated with 6 mM cysteine, 0.6
mM cystine, 0.2 M Tris, and 0.9 M GuHCl at pH ) 8.0 in
4 °C for 48 h as described previously (11). Samples were
then buffer exchanged to formulation buffer.

PotencyAnalysis.Wild-type,Cys127fSer,andCys232fSer
MAb #1 potency was evaluated using an ELISA binding
assay as previously described (13). MAb #1, an antagonist
of a cell surface growth factor receptor, was also tested for
potency using a cell-based assay that measures receptor
activation (13). For both assays, the antibodies were tested
over a broad range of concentrations, and their activities
compared with an internal assay reference standard. MAb
#2 was tested for potency as described previously (11).

RESULTS AND DISCUSSION

The existence of structural isoforms in MAb #1, MAb #2,
and MAb #3 has been recently described (11-13, 16). These
recombinant human IgG2 MAbs utilize identical CH1, hinge,
CH2, and CH3 domain sequences, and they also share
identical κ CL domains. The LC and HC variable domains
for these MAbs are unrelated as are their antigen-binding
specificities. For the present study, we have introduced
CysfSer mutations into MAb #1, MAb #2, and MAb #3 as
detailed in Table 1.

Following the mutagenesis procedure, the DNA fragment
containing the desired mutations was cloned into an ap-
propriate expression vector. The Cys127fSer, Cys232fSer,
Cys233fSer, Cys232/233fSer, and Cys239fSer MAb #1
mutants as well as the Cys127fSer MAb #3 mutant were
stably transfected into a serum-free suspension-adapted

Chinese hamster ovary (CHO) cell line (21). The Cys127/
232fSer, Cys127/233fSer, and Cys127/232/233fSer MAb
#1 mutants as well as the Cys127fSer and Cys232fSer
MAb #2 mutants were transiently transfected into a COS
cell expression system previously termed CKE5 (22). Wild-
type controls for each expression system were also included.
The decision to express a given protein in CHO versus COS
cells was made based on convenience and does not reflect
an inability to express in one host versus another. Following
production, the MAbs were purified by protein A affinity
chromatography. The Cys127fSer MAb #3 mutant was
further purified, according to methods outlined previously
(23). Though not extensively optimized, no significant
differences in expression or purification yields were seen for
any of the mutants relative to their wild-type control (not
shown). Incorporation of the mutations was verified on the
purified products by SEC-MS of the reduced molecules (20).
The results listed in Table 2 show that the mass differences
anticipated from the changes in amino acid sequence were
confirmed for many MAb #1 mutants. In addition, the mass
data showed that the major glycan structures were complex-
type biantennary fucosylated structures, typical of recombi-
nant antibodies (16), indicating that the presence of point
mutations had no impact on the N-glycosylation pattern.

SDS-PAGE Analysis of CysfSer Mutants. SDS-PAGE
analysis was performed on MAb #1 mutants listed in Table
1, and the results are shown in Figure 1. Wild-type MAb #1
and the Cys232fSer mutant show completely assembled
HC2LC2 antibody under nonreducing conditions, demonstrat-
ing complete interchain disulfide bond formation for these
MAbs. Under these conditions the Cys127fSer and
Cys239fSer single mutants and the Cys127/232fSer and
Cys232/233fSer double mutants also show completely
assembled HC2LC2 antibody with minor low molecular
weight bands, demonstrating the nearly complete formation
of fully assembled disulfide-linked antibody for those
mutants. More significant low molecular weight species were

Table 2: Reduced Mass Analysis of Wild-Type and CysfSer MAb #1
Mutantsa

samples
observed

mass (Da)
theoretical
mass (Da)

error
(ppm)

species
assignment

reference standard 50121.86 50122.40 10.77 0 Gal, pE
50283.84 50284.54 13.92 1Gal, pE
23357.98 23357.98 0.00 LC

MAb #1 wild-type 50122.01 50122.40 7.78 0Gal, pE
50284.03 50284.54 10.14 1 Gal, pE
23357.98 23357.98 0.00 LC

MAb #1 C127S 50105.96 50106.40 8.78 0Gal, pE
50268.1 50268.54 8.75 1 Gal, pE
23357.99 23357.98 0.43 LC

MAb #1 C232S 50105.99 50106.40 8.18 0 Gal, pE
50268.14 50268.54 7.96 1 Gal, pE
23358.01 23357.98 1.28 LC

MAb #1 C233S 50105.99 50106.40 8.18 0 Gal, pE
50268.17 50268.54 7.36 1 Gal, pE
23358.01 23357.98 1.28 LC

MAb #1 C232/233S 50089.86 50090.40 10.78 0 Gal, pE
50252.06 50252.54 9.55 1 Gal, pE
23358.04 23357.98 2.57 LC

MAb #1 C239S 50105.64 50106.40 15.17 0 Gal, pE
50267.77 50268.54 15.32 1 Gal, pE
23358.00 23357.98 0.86 LC

a The reduced reference, wild-type, and mutants were analyzed by
SEC-MS. Accuracy of the HC mass measurements corroborates the
expected mutations. Gal, galactose, refers to HC glycosylated by a
typical biantennary N-linked glycan capped by 0 or 1 galactose; pE,
pyroglutamic, resulting from cyclization at N-terminus of the HC.
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seen for the Cys233fSer, Cys127/233fSer, and Cys127/
232/233fSer mutants, suggesting incomplete formation of
HC-HC and/or HC-LC disulfide bonds. Under reducing
conditions, the only bands seen were those expected for the
reduced HC and LC, demonstrating that the low molecular
weight bands seen for some mutants under nonreducing
conditions were not contaminations in the protein preparation,
but rather the result of incomplete interchain disulfide bond
formation.

The Cys127/232/233fSer mutant, where all of the Cys
residues thought to participate in HC-LC disulfide bonding
were mutated to Ser, showed little evidence of a HC2LC2

complex under nonreducing conditions (Figure 1A). The
minor band that migrated near that of the HC2LC2 complex
could be the result of inefficient disulfide bonding between
the LC and one of the remaining HC Cys residues.
Alternatively, this could be the result of a complex unique
to the mutant, for example HC3, but the nature of that species
was not characterized further. The fact that this and other
mutants lacking complete interchain disulfide bonds were
purified from our cell cultures demonstrates that the efficient
formation of interchain disulfide bonds is not a requisite for
IgG2 antibody secretion from mammalian cells.

nrCE-SDS Analysis of CysfSer Mutants. As noted previ-
ously, human IgG2 but not human IgG1 resolves into two
separate forms when analyzed by nrCE-SDS (12, 13). Wild-
type and mutant MAb #1, MAb #2, and MAb #3 were

analyzed by nrCE-SDS, and the results are shown in Figure
2. While wild-type IgG2 MAbs showed two distinct peaks
(Figure 2), the single and double mutants involving Cys127
(Figure 2), Cys232 (Figures 2A,B), or Cys233 (Figure 2A)
resolved into single HC2LC2 complexes. In preliminary
experiments, the disulfide bond involving Cys239 was the
most sensitive to limited reduction (data not shown). The
Cys239fSer mutant showed evidence of structural isoforms
by nrCE-SDS, albeit with ratios different than wild-type
(Figure 2A). This may be the result of altered flexibility in
the hinge region. When this finding is combined with the
peptide mapping results below, we conclude that Cys239
likely does not participate directly in the formation of
structural isoforms.

The nrCE-SDS data along with the SDS-PAGE data above
demonstrate the plasticity in HC-LC disulfide bonding for
human IgG2. Mutation of HC Cys127, the residue historically
thought to disulfide bond with the LC, did not significantly
affect the efficiency of covalent HC-LC association. Simi-
larly, single mutations of Cys232 or Cys233fSer also
allowed for HC-LC covalent association, although there is
evidence of lower molecular weight species for the
Cys233fSer mutant (Figures 1A, 2A). Furthermore, the
Cys127/232fSer and Cys232/233fSer double mutants also
showed formation of the covalent HC2LC2 complex (Figures
1A, 2A). While the Cys127/233fSer mutant did form a
covalent complex migrating at the expected molecular weight
for HC2LC2, several low molecular weight species were also
seen, indicating that HC-LC disulfide bonding was less
efficient for that mutant (Figures 1A, 2A). This may indicate
that the LC shows a preference for disulfide bonding to HC
Cys233; Martinez et al. (16) have previously noted that in
the natural symmetric IgG2-B complex both LCs disulfide
bond to the HC at Cys233, whereas in natural asymmetric
IgG2-A/B complexes LC disulfide bonded to the HC at
Cys232. Taken together, the data both in this report and
reported previously demonstrate that in human IgG2 with κ

CL, the LC is capable of disulfide bonding with the HC at
either of three positions, Cys127, Cys232, or Cys233.

Yoo et al. (10) have previously reported the existence of
covalent dimers for human serum IgG2 and for human IgG2
produced using a recombinant expression system. These
authors speculated that the covalent dimers could be the result
of disulfide bonding between hinge Cys residues in neigh-
boring molecules. In our expression system, we do not see
evidence for significant dimer formation. In this study, we
saw no evidence for covalent dimers by SDS-PAGE (Figure
1A) or CE-SDS (Figure 2A). Additionally, Van Buren et al.
(24) have reported less than 3% dimers in human IgG2 even
after 15 weeks at 37 °C at pH ) 5.0 or 6.0. Therefore, we
are unable to confirm that the dimer formation seen by Yoo
et al. was through any of the mutated hinge-region Cys
residues. It is unclear why we have not seen dimer formation,
whereas Yoo et al. (10) observed such complexes. For the
recombinantly expressed molecules, it is possible that
differences in the expression and purification procedures may
account for the differences observed in dimer formation. It
is also possible that the IgG2 dimers seen in human serum
are the result of disulfide bonding between variable domain
Cys residues. We have noted higher order complexes
unrelated to structural isoforms in recombinant human IgG2
MAbs containing Cys residues in complementarity-determin-

FIGURE 1: SDS-PAGE analysis of wild-type and CysfSer MAb
#1 mutants. Proteins were analyzed under nonreducing (A) or
reducing (B) conditions. Under nonreducing conditions, the minor
band migrating just below the main band for all samples, except
lane 9, has been previously shown to be a HC-HC-LC covalent
form (13). Positions of molecular weight markers are indicated.
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ing regions (unpublished result). It is possible that similar
interactions contribute to the higher order structures previ-
ously seen for the IgG2 analyzed from human serum.

RP-HPLC Analysis of CysfSer Mutants. IgG2 MAbs
show multiple peaks when analyzed by nonreduced RP-
HPLC, whereas IgG1 typically elutes as a single peak (11, 12).
The MAb #2 and MAb #3 CysfSer mutants were analyzed
by nonreduced RP-HPLC, and the results are shown in Figure
3. MAb #1 is not well resolved by RP-HPLC. This is due to
multiple levels of heterogeneities between the IgG2s examined

in this study, such as glycosylation and partial N-terminal
cyclization, unrelated to the concept of structural isoforms,
influencing MAb #1 behavior on RP-HPLC. Therefore, MAb
#1 mutants were not analyzed by the RP-HPLC technique.

The Cys127fSer mutation causes the LC to completely
disulfide bond to the HC in the hinge region and removes
the CH1-hinge disulfide bond. Therefore, this mutation
results in a form not seen in wild-type preparations. For both
MAb #2 and MAb #3, the Cys127fSer mutant was resolved
into two peaks that eluted later than the majority of the wild-

FIGURE 2: nrCE-SDS electropherograms for MAb #1 (A), MAb #2 (B), and MAb #3 (C) wild-type and mutants.
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type IgG2, indicating increased hydrophobic surface area for
that mutant (Figure 3). For MAb #2, the major peak elutes
at a similar time as peak #4 for the wild-type parent (Figure
3A). Peptide mapping has shown that peak #4 corresponds
to an IgG2-A type isoform where the LC is disulfide bonded
to the HC at Cys127. Since the Cys127fSer mutant lacks
the ability to form this bond, we conclude that elution time
by RP-HPLC does not provide a signature profile for
correlating wild-type isoforms with those present in the
Cys127fSer mutant. This is consistent with the RP-HPLC
results for the MAb #3 Cys127fSer mutant that elutes
significantly later than any of the wild-type isoforms (Figure
3B).

The MAb #2 Cys232fSer mutant eluted at a time similar
to peak #3 for the wild-type parent (Figure 3A). Given the
results above, this may be coincidental or it may reflect the
nature of the LC-HC disulfide bond present in this mutant.
Peak #3 is known to correspond to an IgG2-A form where
the LC disulfide bonds to HC Cys127. The peptide mapping
results below demonstrate that this bond is formed in the

Cys232fSer mutants, and, therefore, RP-HPLC may reflect
the HC-LC connectivity for that mutant.

Tryptic Peptide Mapping of the Nonreduced Molecule. We
previously documented the use of peptide mapping of
nonreduced molecules as an effective technique to analyze
IgG2 structural isoforms (12, 16). Similarly in this study,
a tryptic map of the nonreduced molecule was used to
identify the disulfide-linked heteropeptides of the wild-
type, Cys127fSer, and Cys232fSer MAb #1 mutants.
To avoid disulfide scrambling, potential free cysteine
residues present on the MAb were alkylated with N-
ethylmaleimide (NEM) in acidic conditions (25). The
NEM-labeled material was digested with trypsin, and the
reaction was quenched with TFA. The resulting fragments
were separated by RP-HPLC and analyzed by online mass
detection. Disulfide pair assignments were made by
identification of bridged peptides using mass analysis
(Figure 4, Table 3).

Trypsin cleavage of nonreduced wild-type MAb #1 gener-
ated several peptides that contained only one cysteine residue

FIGURE 3: RP-HPLC analysis of MAb #2 (A) and MAb #3 (B) mutants. Peak numbering for the wild-type molecule is indicated.

FIGURE 4: Tryptic mapping of nonreduced MAb #1 wild-type (AU, absorbance units).
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and were joined to form seven disulfide-linked fragments
(peaks 1-7, Figure 4, Table 3). The identified IgG2 disulfide
linkages are as follows (Table 3): HC: Cys22-Cys92,
Cys142-Cys208, Cys274-Cys340, and Cys390-Cys456 (Ka-
bat numbering) and LC: Cys23-Cys88, Cys134-Cys194, and
interchains HC Cys127-LC Cys214. These disulfide bonds
correspond to interchain connectivity and to the intrachain
loops: VH, CH1, CH2, CH3, VL, and CL of human IgG2
modeled from the X-ray crystallography structure of IgG1
(4). These experimental results provide evidence that the
recombinant molecule has the expected human IgG2 disulfide
bonds in these regions of the molecule.

Mass measurements for the IgG2 tryptic peptides were
examined to further elucidate hinge-region structures. Mass
data showed that the hinge region was found, though at low
levels, as a dimer of peptide 232-259 (peptide H16, Kabat
numbering) with four cysteine bridges in total formed
between Cys232, Cys233, Cys239, and Cys242. This struc-
ture corresponds to the previously described human IgG2
hingeregion(9).WedenotethismolecularformIgG2-A(11,12).
When the tryptic digest was reduced and alkylated, however,
the fragment H16 recovery was as expected. We previously
reported that the digest of the nonreduced molecule generated
the expected fragment, but only a fraction eluted as a

conventional dimer (12, 16). The conventional hinge dimer
was found to represent only 15-20% of the total hinge
content. Analysis by mass spectrometry showed that the
additional hinge fractions were separated in a series of peaks
between 92 and 100 min and contained tryptic peptide H16

(hinge) covalently linked to peptides H10 (HC) and L18 (LC)
(peak 8 a-h, Figure 4, Table 3). Based on the expected
structure, however, peptides H10 and L18 would instead form
only the interchain connection CH1-CL. As described in our
previous reports, the hinge complexes are either symmetrical,
connecting two Fabs to the hinge through disulfide bridges,
or asymmetrical, connecting one Fab to the hinge (12). The
symmetrical arrangement, in molecules we denote IgG2-B,
corresponds to tryptic peptides of the form [(H10)2-(H16)2-
(L18)2] and the asymmetrical arrangement, in IgG2-A/B, to
tryptic peptides of the form [(H10)-(H16)2-(L18)] (16).

We compared the nonreduced tryptic maps of wild-type,
Cys127fSer, and Cys232fSer MAb #1 (Figures 4-6,
Tables 3-5). The results showed that in all molecules six
disulfide-linked peptides, peaks 1 and 3-7, were comparable.
Only two disulfide-linked peptides, peak 2 (CH1-CL connec-
tion) and peak 8 (hinge complexes), had their relative
distribution modified according to the type of mutation.
Analysis by mass spectrometry of the fractions from the

Table 3: Mass Measurement of Disulfide-Linked Peptides from Wild-Type MAb #1a

a The disulfide-linked fragments are tabulated according to the peak labels shown in Figure 4.
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Cys127fSer mutant (Figure 6, Table 5) showed tryptic
peptide H16 (hinge) covalently linked to the peptide L18 (LC).
This arrangement, with only the LC disulfide linked to the
hinge, does not exist in the wild-type molecule. Analyses
performed on the disulfide-linked complexes separated from
the Cys233fSer mutant (Supporting Information, Figure S1,
Table S1) and Cys232/233fSer mutant (Supporting Infor-
mation, Figure S2, Table S2) molecules showed only hinge
dimer (H16)2 and (H15-16)2. This result shows that mutation
of cysteine in the upper hinge region eliminates the structural
isoforms and generates an IgG2-A-like form.

Analysis by mass spectrometry shows that fractions from
the Cys239fSer mutant were comparable to the wild-type
control. This mutant contained tryptic peptide H16 (hinge)
covalently linked to peptides H10 (HC) and L18 (LC) in the
symmetrical and asymmetrical complexes typical of IgG2

isotype (data not shown). This result indicates that Cys239
in the lower hinge region is not involved in the structural
isoforms.

Isolation of Disulfide-Linked Heteropeptides. The disulfide
bond structure of the mutants was further characterized by
isolation of specific disulfide-linked heteropeptides. We
applied our method of combined chemical and enzymatic
cleavage with size-exclusion chromatography under denatur-
ing conditions (dSEC) to purify preparative amounts of
disulfide-linked peptides, as described previously (16). To
minimize the possibility of disulfide scrambling, reactive
cysteines were blocked by treatment with the alkylating
reagent, NEM, at an acidic pH. The next step simplified the
analysis by reducing the size of the antibody to a section
containing the disulfide-linked fragments. Treatment of MAb
#1 with cyanogen bromide (CNBr) cleaved the LC at a single

FIGURE 5: Tryptic mapping of the nonreduced C232S MAb #1 mutant.

FIGURE 6: Tryptic mapping of the nonreduced C127S MAb #1 mutant.

Table 4: Mass Measurement of Disulfide-Linked Peptides from the Cys232fSer MAb #1 Mutanta

a The disulfide-linked fragments are tabulated according to the peak labels shown in Figure 5.

3762 Biochemistry, Vol. 48, No. 17, 2009 Allen et al.



methionine residue, Met-4, and the heavy chain at Met-108,
Met-265, Met-425, Met-459, and Met-459. Cleavage by
CNBr and buffer exchange, using a 50 kDa molecular weight
cutoff spin filter, reduced the complexity of the analysis by
reducing the size of the molecule from 150 kDa to a 75 kDa
fragment, containing covalently linked CL, VL, CH1, and
hinge. Trypsin digestion further reduced the size of the
disulfide-linked peptides. The multiple disulfide-linked frag-
ments resulting from sequential cleavage by CNBr and
trypsin are depicted in Supporting Information, Figure S3.

CNBr/tryptic fragments were separated by dSEC using a
Phenomenex Biosep column in the presence of GuHCl. The
dSEC technique separates six peaks, A-F, which were
identified by LC-MS (Supporting Information, Figure S4).
The hinge region is represented by tryptic peptide H16

(Cys232 to Lys261) and also peptide H15-16 (Lys228 to
Lys261) due to partial cleavage of the Arg-Lys bond in the
upper hinge. Mass measurement showed that the hinge region
was found as a dimer of H16 (5352 Da), H15-16 (5608 Da),
and H15-16:H16 (5480 Da) in the wild-type control. In the
single mutants (Cys232fSer, Cys233fSer, and Cys239f
Ser), the hinge region was found as a dimer of H16 (5324
Da), H15-16 (5581 Da), and H15-16:H16 (5453 Da). In the double
mutants (Cys232/233fSer), the hinge region was found as
a dimer of H16 (5295 Da), H15-16 (5551 Da), and H15-16:H16

(5423 Da).
The remaining heteropeptides involving the hinge region

were found in dSEC fraction B for the control and
Cys239fSer mutant (Supporting Information, Figure S4).
RP-HPLC and MS analysis showed that the CNBr/trypsin
fragment H16 is covalently bound to CNBr/trypsin peptides

H10 and L18. As we previously reported (12), these two
peptides, expected to form the HC-LC interchain connection
CH1-CL in IgG2-A, are engaged in a complex [(HC)-(hinge)-
(LC)] interchain disulfide arrangement in IgG2-B and IgG2-
A/B (12). This result shows that the complex disulfide-linked
peptides are arranged similarly in the wild-type and
Cys239fSer mutant. These data are consistent with the
noninvolvement of Cys239 in the structural isoforms.

Treatment of the Cys127fSer MAb #1 mutant by the
CNBr/dSEC technique allowed the purification of the (H16)2-
(L18)2 complex, specific to that mutant. The cysteine
connection was assessed by a partial reduction/alkylation
technique as described previously (16). In the Cys127fSer
mutant, the LC cysteine Cys214 was connected to HC
Cys233 (Supporting Information, Figure S5). This result is
in agreement with the disulfide connectivity we described
for IgG2-B (16).

Reduction-Oxidation (Redox) of CysfSer Mutants. Treat-
ment of wild-type IgG2 with cysteine and cystine in the
presence of GuHCl causes an enrichment in IgG2-A (11).
To determine if this treatment would alter the nrCE-SDS
profile for the IgG2 mutants, wild-type, Cys127fSer,
Cys232fSer, and Cys233fSer MAb #1 proteins were
subjected to redox treatment and analyzed by nrCE-SDS.
The results are shown in Figure 7. As expected, the redox
treatment caused enrichment in nrCE-SDS peak one (which
corresponds to IgG2-A) in wild-type MAb #1. Similar
treatment did not alter the nrCE-SDS profile for the mutants,
demonstrating that these mutations not only reduce disulfide
heterogeneity but also eliminate redox induced isoform
conversion.

Table 5: Mass Measurement of Disulfide-Linked Peptides from Cys127fSer MAb #1 Mutanta

a The disulfide-linked fragments are tabulated according to the peak labels shown in Figure 6.
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Biologic Consequences of Disulfide Rearrangement. To
determine if the mutations affected the activity of the human
IgG2, wild-type, Cys127fSer, and Cys232fSer MAb #1
mutants were analyzed for in vitro activity by two separate
assays. Previous work has shown no difference in activity
for wild-type MAb #1 enriched in IgG2-B by redox treatment

in the absence of GuHCl compared with an untreated control
(13). For this work, a solid-phase ligand-binding assay and
a cell-based assay were employed. The cell-based assay
measures the response of the cell by determining receptor
phosphorylation. In all cases, the activities of the mutants
were indistinguishable from that of the wild-type control
(Table 6), demonstrating that for this MAb the mutations
do not alter in vitro activity.

Unlike MAb #1, preparations of MAb #2 enriched in
IgG2-A and IgG2-B forms show 3- to 4-fold differences in
activity with IgG2-A, the more active form (11). One
important hallmark of IgG2-B is the disulfide bonding of
the CH1 region with the hinge. This bond is not present in
any of the mutants examined. If this bond is responsible for
reducing the activity of IgG2-B, we would expect no
reduction in activity for any of the mutants examined. We
tested wild-type, Cys127fSer, and Cys232fSer MAb #2
for activity in a human chondrocyte cell-based activity
detection system as previously described (11). The activities
of these mutants were comparable to that of the wild-type
control (not shown), suggesting that the presence of the CH1-
hinge disulfide bond in IgG2-B is responsible for the
reduction in activity for that form of MAb #2.

The in vivo effect of the mutations has not been examined.
However, a recent study by Liu et al. (18) has demonstrated
that for wild-type IgG2, isoform A converts to isoform B in
vivo through an isoform A/B intermediate. These authors
computed that at equilibrium 71% of IgG2 would be found
as IgG2-B, with the remaining as either IgG2-A (7%) or
IgG2-A/B (22%). Dillon et al. (11) have previously reported
that IgG2-A shows higher activity than IgG2-B in about half
of the IgG2 directed against cell surface receptors in their
test panel. Given that the Cys127fSer and Cys232fSer
mutations prevent the formation of the CH1-hinge disulfide
bond seen in IgG2-B and, thus, the formation of IgG2-B, it
is intriguing to speculate that they could result in more active
in vivo preparations of some therapeutic IgG2 MAbs.

The work by Liu et al. (18) further demonstrated that the
isoforms do not differ in their in vivo clearance rates. Based
on those results, we would not expect differential clearance
rates for the CysfSer mutants described here, although this
has not been examined. Alternatively, the presence of the
CysfSer point mutations could potentially alter their in vivo
behavior by mechanisms independent of their effects on
isoform composition. For example, IgG2 mutants could
stimulate in vivo clearance if the molecules were seen as
non-native by the human immune system.

The observed in vivo isoform A to isoform B conversion
raises the question of possible disulfide bonding of IgG2 to
circulating proteins such as albumin. However, the existing
evidence suggests no such disulfide bonding in vivo. For
example, Liu et al. (18) showed that while the IgG2 isoform
ratios change over time after administration, no new protein

FIGURE 7: nrCE-SDS profiles for redox-treated wild-type, C127S,
C232S, and C233S MAb #1. Untreated shown in blue, redox treated
shown in red.

Table 6: Potency Values for Wild-Type, Cys127fSer, and Cys232fSer
MAb #1

ELISA binding assay cell-based bioassay

wild-type 108 ( 9a 101 ( 9
Cys127fSer 106 ( 7 91 ( 3
Cys232fSer 96 ( 3 100 ( 12
a Data are the average ( the standard deviation of three

determinations normalized against an internal assay standard set to 100.
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species were seen by RP-HPLC for IgG2 that was ligand
affinity purified from human serum between 0 h and 13 days
post administration. Additionally, if in vivo disulfide bonding
to heterologous proteins occurred, it is likely that the glycan
profiles of the newly formed covalent complex would differ
from that of the original IgG2. A recent study by Chen et
al. (26) demonstrated nearly identical glycan profiles for IgG2
affinity purified from human serum between 1 h and 13 days
post administration. The small changes that were seen over
time were attributed to the removal of specific sugars from
the IgG2 glycan. Taken together, these observations suggest
that clinically administered IgG2 does not disulfide bond to
circulating proteins in vivo.

The effect of the mutations on nonantigen binding func-
tions has not been examined. Receptor binding sites required
for ADCC activities are known to reside in the lower hinge
and CH2 regions of human IgG1 (27, 28). Several mutations
in these regions have been shown to modulate Fc receptor
binding and ADCC activity of human antibodies (27, 29-31).
Additionally, the absence of a core fucose on the CH2
N-glycan significantly increases the ADCC activity of IgG1
antibodies (32, 33) but does not significantly alter the protein
structure (34). Therefore, subtle changes in the antibody can
have dramatic effects on ADCC activity. Dillon et al. (11)
have previously demonstrated that IgG2-B adopts a more
compact structure than IgG2-A and speculated that this may
be caused by the presence of the Fab-hinge disulfide bonding.
Given the known involvement of the lower hinge and hinge
proximal CH2 region in ADCC, it is possible that there could
be differences in Fc receptor binding and ADCC activities
for the different isoforms. Shields et al. (27) demonstrated
that substituting amino acid sequence from the lower hinge
region of IgG2 (E233P, L234V, L235A, G236 deleted, EU
numbering (17)) into IgG1 greatly reduced Fc receptor
binding. This IgG2 sequence is retained in the mutants
constructed in our work, and, therefore, significant improve-
ments in Fc receptor binding and ADCC may not be
anticipated for the IgG2 CysfSer mutants. However, given
the subtle nature of the mechanisms governing ADCC
activity modulation in IgG1, we are unable to conclusively
comment on the affects of the mutations on nonantigen
binding functions including ADCC.

In conclusion, we have used site-directed mutagenesis
and analytical characterization to demonstrate plasticity
in the disulfide connectivity of human IgG2 MAbs. It is
clear that, for this therapeutically important class of
molecules, the LC can disulfide bond to the HC at any of
three Cys residues: one in the CH1 domain (Cys127) and
two others in the hinge region (Cys232 and Cys233). Point
mutation of these Cys residues greatly reduces the
molecular heterogeneity related to disulfide connectivity
while preserving in vitro activity.
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