
Engineering an Improved IgG4 Molecule with Reduced
Disulfide Bond Heterogeneity and Increased Fab Domain
Thermal Stability
Received for publication, April 5, 2012, and in revised form, May 16, 2012 Published, JBC Papers in Press, May 18, 2012, DOI 10.1074/jbc.M112.369744

Shirley J. Peters‡§1, C. Mark Smales§, Alistair J. Henry‡, Paul E. Stephens‡, Shauna West‡, and David P. Humphreys‡

From ‡UCB Pharma Slough, 208 Bath Road, Slough SL1 3WE, United Kingdom and the §Centre for Molecular Processing and School
of Biosciences, University of Kent, Canterbury, Kent CT2 7NJ, United Kingdom

Background: IgG1 and IgG4 have different inter-light chain-heavy chain disulfide bond (DSB) arrangements.
Results: IgG4mutants with an IgG1-like DSB and a S241P hinge mutation showed increased Fab thermal stability and reduced
DSB heterogeneity compared with IgG4WT.
Conclusion: Fab domain thermal stability and DSB heterogeneity of IgG4 can be improved.
Significance: Such engineered IgG4 molecules offer potential advantages during therapeutic antibody production.

The integrity of antibody structure, stability, and biophysical
characterization are becoming increasingly important as anti-
bodies receive increasing scrutiny from regulatory authorities.
We altered the disulfide bond arrangement of an IgG4molecule
by mutation of the Cys at the N terminus of the heavy chain
constant domain 1 (CH1) (Kabat position 127) to a Ser and intro-
duction of a Cys at a variety of positions (positions 227–230) at
the C terminus of CH1. An inter-LC-CH1 disulfide bond is thus
formed, whichmimics the disulfide bond arrangement found in
an IgG1molecule. The antibody species present in the superna-
tant following transient expression in Chinese hamster ovary
cells were analyzed by immunoblot to investigate product
homogeneity, and purified product was analyzed by a thermo-
fluor assay to determine thermal stability. We show that the
light chain can form an inter-LC-CH1 disulfide bond with a Cys
when present at several positions on the upper hinge (positions
227–230) and that such engineered disulfide bonds can conse-
quently increase theFabdomain thermal stability between3and
6.8 °C. The IgG4 disulfide mutants displaying the greatest
increase in Fab thermal stability were also the most homogene-
ous in terms of disulfide bond arrangement and antibody spe-
cies present. Importantly, mutations did not affect the affinity
for antigen of the resultant molecules. In combination with the
previously described S241P mutation, we present an IgG4 mol-
ecule with increased Fab thermal stability and reduced product
heterogeneity that potentially offers advantages for the produc-
tion of IgG4 molecules.

IgG is the most abundant antibody in human sera and is
subdivided into four subclasses: IgG1, IgG2, IgG3, and IgG4.
The Y-shape global topology consists of two heavy chains
(HC),2 each covalently bonded to a light chain (LC) and to each

other by inter-HC disulfide bonds (DSBs) in the hinge region.
The IgG1 inter-LC-CH1 DSB is formed between Cys-214
(Kabat numbering) (1) of the LC � and Cys-233 at the C termi-
nus of the constant heavy chain domain 1 (CH1). In contrast, in
IgG2, -3, and -4, this bond is formed between Cys-214 and Cys-
127 at the N terminus of the CH1 (2, 3) (Fig. 1). In addition to
differences in DSB arrangements, isotypes show the greatest
sequence diversitywithin the hinge region and in the number of
interhinge DSBs (Table 1). IgG1 and IgG4 both have two inter-
hinge DSBs, IgG2 has four interhinge DSBs, and IgG3 has 11
interhinge DSBs. IgG1 and IgG3 are generally described as
active isotypes because they perform antibody-dependent cell-
mediated cytotoxicity and complement-dependent cell-medi-
ated cytotoxicity. This is because these isotypes have the great-
est affinity to Fc� receptors (4–6), whereas complement 1q
binds strongly to CH2 of these two isotypes (7, 8). Conversely,
IgG2 and IgG4 bind poorly to these effector molecules, result-
ing in relatively low effector function induction.
When employing an IgG as a biotherapeutic agent, the dif-

ferential functionality described above is a key consideration in
isotype selection. IgG1 is currently the most widely used as a
therapeutic due to its long half-life (9) and enhanced antibody-
dependent cell-mediated cytotoxicity and complement-depen-
dent cell-mediated cytotoxicity induction. These characteris-
tics are beneficial when employed against cancer targets (10). In
cases where the target antigen only needs to be neutralized
without cell killing, IgG2 or IgG4 could also be used. In addition
to effector functions and stability and biophysical characteris-
tics, analytical and regulatory aspects are important selection
criteria for such monoclonal antibodies (mAbs) destined for
clinical use. Further, it is well known that during manufactur-
ing, purification, formulation, and storage, the isotypes behave
differently in terms of their sensitivity to pH or temperature,
aggregation propensity, and susceptibility to degradation (11–
13). With regard to monitoring or predicting stability, thermal
stability is increasingly accepted as a convenient surrogate
measure of global stability. Garber and Demarest (14) showed
that IgG isotypes can be ranked based on their CH2 thermal
stabilities as follows: IgG1 � IgG2 � IgG4. Comparisons
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between IgG1 and IgG4 have also consistently shown that IgG4
molecules have lower Fab domain thermal stability compared
with IgG1.3
IgG4molecules are unique compared with other human IgG

isotypes in that they can form functionally monovalent bispe-
cific molecules through amechanism called “Fab arm” or “half-
molecule” exchange (15–19). The interhinge DSBs at positions
239 and 242 have been shown to be liable to form intrahinge
DSBs generating half-molecules that can covalently reassociate
with an IgG4 half-molecule of the same or a different variable
region (20, 21). This phenomenon is known to involve CH3 (22)
and the core hinge of the antibody (20), but themechanism that
drives this process is not well understood or characterized. In
vivo, this may be advantageous in natural antibody responses
but less desirable when IgG4 is employed as a biotherapeutic. It
has been shown that the core hingemutation S241P can greatly
diminish the formation of the intrahinge DSBs (20). Thismuta-
tion was also later shown to have a protective effect against
freeze/thaw-induced aggregation of IgG4 (23). Domain
exchange experiments of IgG4 CH3 with an IgG1 (22) or spe-
cific mutations in CH3 have been shown to further minimize
the rate of Fab arm exchange (24, 25). Other stabilizing muta-
tions of IgG4 within CH3 were described by Nobuaki andHide-
aki (26) that reduced their sensitivity to low pH, resulting in an
IgG4 producing less aggregate.
Here we report the generation of a more thermally stable

IgG4 by altering the inter-LC-CH1 DSB arrangement to mimic
that of an IgG1. The mutants were analyzed for DSB heteroge-
neity by SDS-PAGE and for thermal stability using a thermo-
fluor assay. We show that the Cys-214 (on the LC) is capable of
being promiscuous in bonding to Cys residues in theHC at four
different positions but exhibits some preference for bonding at
position 229. When bonded to a Cys residue in the C terminus

of the CH1, the Fab stability was shown to increase by up to
6.8 °C. In combination with the previously reported S241P
mutation (20), we present an IgG4moleculewith reduced levels
of productDSB heterogeneity and increased Fab domain stabil-
ity compared with IgG4WT.

EXPERIMENTAL PROCEDURES

Generation ofMutant Plasmids, Expression, and Purification—
Site-directed mutagenesis was performed using the
QuikChange� system (Stratagene,Wokingham, UK) according
to the manufacturer’s instructions. Oligonucleotides were
designed to mutate C127S at the N terminus of IgG4 and sub-
stitute residues at positions 227, 228, 229, and 230 with Cys
residues. To introduce a space between the introducedCys-230
and hinge Cys-239, either a 3-residue Ala (∧AAA) or Gly
(∧GGG) was introduced to the protein sequence and called
spacers. In addition, hinge mutations C239S and C242S were
also incorporated into selectedmutants. (SeeTable 2 for a list of
mutants.) Mutants with no inter-HC or inter-LC-CH1 DSB for
IgG1 and IgG4 WT were also generated. Mammalian single
gene vectors (UCB) containing either the HC or LC were co-
transfected into CHO-K1 cells (ATCC, Teddington, UK) to
transiently express the IgG4mutant antibodies. Cells were cul-
tured in CD CHO medium (Invitrogen) supplemented with 2
mM Glutamax (Invitrogen) at 37 °C and 5% CO2. To generate
material for immunoblot analyses, small scale transfections
were performed using Lipofectamine2000 (Invitrogen). To
generate larger amounts of material for purification, antibody
DNAwas transfected into CHOK1 cells by electroporation. For
this, HC and LC DNA were diluted to 3.2 �g/ml, and 50 �l of
HC and 50 �l of LC DNA was added to 3.2 � 108 cells, which
were resuspended in 700 �l of Earle’s balanced salt solution
(Sigma). The cell/DNAmixeswere then electroporated into the
cells. For each mutant antibody, three cuvettes were electropo-
rated and added to 250 ml of CD CHO culture medium (Invit-
rogen), supplemented with 2 mM Glutamax (Invitrogen). In
addition to transfection of IgG1 and IgG4 WT DNA, Table 2
lists the combinations of mutant HC and LC DNA that were
used for transfections. On day 3, sodium butyrate was added to
the cultures to a final concentration of 3mM.Cell culture super-
natants were harvested once the cells’ viability dropped below
40% or on day 14 post-transfection (whichever occurred first).
Supernatants were purified on a 5-ml HiTrap MabSelect SuRe
protein A column (GE Healthcare). Samples were loaded onto
the column at 2 ml/min. The column was then washed with
PBS, pH 7.4, at 2 ml/min, and bound material was eluted with
0.1 M sodium citrate, pH 3.4, at 2 ml/min, and 1-ml fractions
were collected. The eluted protein was detected by absorbance
at 280 nm. Peak fractions were neutralized by adding 0.2ml of 2
M Tris-HCl (pH 8.5) to each. Purified material was buffered
exchanged into PBS, pH 7.4, and stored at 4 °C for further
analysis.
Immunoblot Analysis—Expressedmaterial in crude superna-

tants was run on Tris-Gly gels (Invitrogen) and analyzed by
immunoblot. Samples were centrifuged at 1200 rpm for 5 min
to pellet the cells. Using protein A biosensors, the supernatant
antibody concentration was determined on an OCTET instru-
ment (ForteBio,Menlo Park,UK).Appropriate volumes of anti-
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FIGURE 1. Schematic representation of the arrangement and number of
DSBs of the human IgG isotypes. The dotted and solid lines indicate inter-
and intra-DSBs, respectively.
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body were calculated to load 30 ng onto the gel. Antibody, 5 �l
of 4� LDS loading buffer (Invitrogen), 2 �l of 100 mMN-ethyl-
maleimide (Thermo Scientific, Basingstoke, UK), and PBSwere
prepared to a final volume of 20 �l. Samples were boiled for 3
min at 95 °C, and SDS-PAGE was performed. Gels were run at
150 V for 1 h. Following protein transfer (8 min) to a nitrocel-
lulose membrane using the iBlot dry transfer system (Invitro-
gen), membranes were blocked for 1 h at room temperature in
blocking buffer (0.1% (v/v) Tween 20, 5% (w/v) skimmedmilk in
PBS) with agitation. Rabbit anti-human IgG Fc HRP-conju-
gated antibody (Jackson Immunoresearch, catalog no. 309-
001-008) and goat anti-human � light chain HRP-conjugated
antibody (Bethyl, catalog no. A80-115P) were diluted in PBS
plus 0.1% Tween 20 (PBS-T) to 1:1000 and were used to
probe the membranes for 1 h with agitation. The membranes
were then washed three times for 5 min each with PBS-T.
The migration patterns were visualized using a metal-en-
hanced DAB substrate kit according to the manufacturer’s
instructions (Pierce).
Size Exclusion Chromatography (SEC) HPLC—SEC HPLC

was performed to monitor covalently and non-covalently asso-
ciated purified antibody. Samples were run on an analytical
Superdex 200 10/30 Tricorn column (GE Healthcare) at a flow
rate of 1ml/min in PBS, pH 7.4. UVdetectionwas set at 214 and
280 nm. IgG size was determined by using gel filtration stand-
ards (Bio-Rad).
Thermal Stability—Athermofluor assaywas used tomonitor

the thermal stability of purified antibody. The reaction mix
contained 5�l of purifiedmAbat 1mg/ml, 5�l of 30� SYPRO�
orange dye (Invitrogen), and 40 �l of PBS. 10 �l of the mix was
dispensed in triplicate into a 384 PCR optical well plate and
analyzed on a 7900HT fast real-time PCR system (Agilent
Technologies, Wokingham, UK). This PCR system contains a
heating device for accurate temperature control set at 20–99 °C
at a ramp rate of 1.1 °C/min; a charged coupled device moni-
tored the fluorescence changes in the wells.
Antigen Affinity Measurement—Antigen affinity (KD) was

determined on a Biacore 3000 instrument using a CM5 sensor
chip with anti-hIgG (Fc fragment-specific) immobilized on the
surface, which captured recombinant antibody from the tran-
sient culture supernatant. Human cytokine was then titrated
across the captured antibody surface, and binding kinetics was
determined. Differences in KD of more than 2-fold compared
with IgG4WT were considered significant.

RESULTS

Generation and Expression of IgG4 Molecules—From a
sequence alignment of IgG1 and IgG4 (Table 1), residueswithin
the IgG4 CH1 were identified to investigate their ability to form
an alternative inter-LC-CH1 DSB after mutation to a Cys resi-

due (Table 2). Position 230 seemed most analogous to that
found in IgG1, but positions 227–229 were also mutated. The
contribution of the hinge length was also included in the anal-
ysis by introduction of either a 3-Ala or 3-Gly spacer. After
sequence verification, plasmids coding for the desired muta-
tions were transfected into CHO-K1 cells to allow transient
antibody expression. Expression levels ranged from 5 to 7�g/ml,
but no differences in expression levels of antibody were observed
between these mutants andWT IgG4 and IgG1 (Fig. 2).
Immunoblot Analysis of IgG4 Molecules with Altered Inter-

LC-CH1 DSB Arrangements—Analysis by immunoblot under
non-reducing conditions of the expressed material in cell cul-
ture supernatants showed a number of distinct bands. These
bands were assigned to molecular forms, as shown in Table 3.
Fully intact antibody was assigned (HCLC)2, HC dimer was
assigned (HC)2, two HC with one LC covalently associated was
assigned (HC)2LC, one HC covalently associated with one LC
was assigned HCLC, free HC was assigned HC, LC dimer was
assigned (LC)2, and free LC was assigned LC. The identities of
thesewere confirmed by taking each band observed on both the
anti-hFc and anti-� blots and subjecting them to N-terminal
sequencing (data not shown).
Fig. 3A shows an overlay of the IgG4WT and mutant 1 (M1,

C127S/G230C) SEC traces. No difference was observed
between the two samples, which means that despite the multi-
ple banding patterns observed after immunoblotting, the par-
ent molecular species formed intact (HCLC)2 in solution, but
the polypeptides were not exclusively covalently bonded. Fig. 3,
B andC, shows themigration pattern of IgG1WT (lane 1), IgG4
WT (lane 2), and mutants 1–6 (M1–M6). IgG1 WT has the
simplest banding pattern, consisting largely of intact (HCLC)2,
with low levels of (HC)2LC, (LC)2, and free LC. In comparison,
IgG4WT had substantially more HCLC and increased levels of
(LC)2 and free LC. M1 (C127S/G230C) showed a greater DSB
heterogeneity than IgG4WT, and increased amounts of (HC)2,
HC, (LC)2, and LCwere also present. M2 (C127S/Y229C) had a
banding pattern similar to that of IgG4WT except for an addi-
tional (HC)2 band that was observed and increased levels of
HCLC. Compared with IgG4WT,M3 (C127S/K228C) also had
an additional (HC)2 band, and the band intensity of the HCLC
band was much greater. In M4 (C127S/S227C), the additional
(HC)2 band was also observed alongside some free HC. The
HCLC band was considerably more intense compared with
IgG4 WT for mutants M3 and M4. The M5 mutant (C127S/
G230C ∧AAA) samples had a banding pattern most similar in
its migration pattern to the IgG4 WT pattern. However, low
levels of (HC)2 were also present inM5 (C127S/G230C ∧AAA)
as well as increased levels of HCLC.M6 (C127S/G230C∧GGG)
samples also contained the additional (HC)2 band, but it was
more intense than M5, as was the HCLC band. Overall, these
data show that themolecules with the simplest banding pattern
are the M2 (C127S/Y229C) and M5 (C127S/G230C ∧AAA)
mutants.
Thermal Stability Analyses of IgG4 Molecules with Altered

Inter-LC-CH1 DSB Arrangements—A thermofluor assay can be
used to determine thermal unfolding events of IgG domains
and was performed to determine the contribution of the
LC-CH1 DSB to the thermal stability of the Fab domain. In the

TABLE 1
Alignment of human IgG1 and IG4 genetic hinge sequences (Kabat
numbering)
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case of a mixed population of antibody disulfide isoforms in
solution, an average of the thermal stabilities of the different
species is necessarily calculated. The IgG4 WT Fab stability
(76.8 °C) was more than 8 °C lower than the IgG1 Fab stability
(85.2 °C) (Fig. 4). An increase in Fab stability of 3.3 °C was
observed between IgG4 WT and the M1 (C127S/G230C)
mutant. This improvement was even greater at 6.2 °C when

comparing theM2 (C127S/Y229C) mutant to IgG4WT. Alter-
native positions of the Cys on the CH1 resulted in a much
smaller increase in Fab stability of 4.3 and 2.5 °C for M3
(C127S/K228C) and M4 (C127S/S227C), respectively, com-
pared with the IgG4 WT Fab stability. The Fab stabilities of
M5 (C127S/G230C ∧AAA) and M6 (C127S/G230C ∧GGG)
showed an increase above the IgG4 WT Fab stability of
almost 7 °C. To investigate the intrinsic stability of both
IgG1 and IgG4 stability, mutants that have no (predicted)
inter-LC-CH1 DSB due to the mutation of both LC and CH1
Cys to Ser were investigated. The IgG4 molecule with no
inter-LC-CH1 DSB (M7) had a lower Fab stability compared
with IgG4 WT by 3 °C at 73 °C, whereas the IgG1 Fab stabil-
ity decreased by 10 °C when no inter-LC-CH1 DBS is present
(M8) to 75.4 °C. Fab stability of the IgG1 molecule remained
greater than that of the IgG4 molecule by �2 °C. These
results in combination with the results observed when alter-
ing the DSB arrangement of the IgG4molecule show that it is
the DSB arrangement that very substantially contributes to
the increased Fab stability of IgG1 compared with IgG4.
Introduction of an IgG1-like DSB arrangement increased the
stability of the Fab domain of an IgG4 but to a varying extent

TABLE 2
Mutations (in boldface type) and insertions (boldface and italic type) made in either the heavy chain or � chain and the predicted inter LC-CH1
DSB (Kabat numbering)
“x” indicates that no DSB is predicted to form between LC and HC.

FIGURE 2. Expression analysis of IgG1 WT, IgG4 WT, and IgG4 mutants as
determined by using protein A biosensors in an OCTET detection system
(n � 3). Error bars, S.D.
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dependent on both position of the Cys in CH1 and the length
of the upper hinge.
Contribution of the S241P Core Hinge Mutation to DSB Het-

erogeneity and Fab Thermal Stability—Fig. 5, A and B, shows
that the incorporation of the S241P mutation reduced the level
of HCLC observed when samples were analyzed by immuno-
blotting under non-reducing conditions. This is in agreement
with previous studies (20). Comparison of the IgG4WT band-
ing pattern tomutantM12 (IgG4 S241P) showed a large reduc-
tion in the level of HCLC. Compared with IgG4 WT, M2
(C127S/Y229C) had increased levels of (HC)2 and HCLC.
Introduction of the S241P mutation to this mutant (M13,
C127S/Y229C/S241P) reduced the level of HCLCbut not to the
same extent as observed between IgG4 WT and M12. The
introduction of an Ala spacer (M5, C127S/G230C ∧AAA)
increased the relative amounts of HCLC compared with IgG4
WT, but upon the introduction of S241P (M14), the levels of
HCLC observed after immunoblotting were similar to M12
(IgG4 S241P). Thermal stability analyses (Fig. 6) showed no
significant difference in Fab stability of IgG4 WT and selected
mutants with or without the S241P mutation. Fab domain sta-
bility of M12 (IgG4 S241P) remained the same at 76 °C com-
pared with IgG4 WT. Fab domain stability of M2 (C127S/
Y229C) increased by �6 °C compared with IgG4 WT, but
introduction of the S241P mutation (M13) did not alter this
increase in Fab thermal stability. Similarly, an increase of 6 °C
was also observed when comparingM5 (C127S/G230C ∧AAA)
to IgG4 WT, and the further introduction of S241P (M14) did
not affect the increased stability.
Thermal Stability Analyses of IgG4 Molecules with Mutated

Interhinge Arrangements—To investigate the intrinsic Fab
domain stability of an IgG4 with an altered DSB arrangement,
hinge Cys residues were mutated to Ser residues to prevent
interhinge or alternative LC-HC DSB formation. Upon SDS-
PAGE analysis of suchmutants, only HCLCwas observed (data
not shown). Fig. 4B shows Fab thermal stabilities of previously
described mutants M1, M2, and M5 lacking interhinge DSBs.
An increase in Fab stability was observed when comparing M1

(C127S/G230C) with its corresponding mutant M9 (C127S/
G230C/C239S/C242S) from 80 to 82 °C. However, when com-
paring the stability of M2 (C127S/Y229C) and M5 (C127S/
G230C ∧AAA) with the stability of their respective hinge
mutants, M10 (C127S/Y229C/C239S/C242S) and M11
(C127S/G230C∧AAAC239S/C242S), the stabilities were com-
parable. M2 and M10 had respective Fab thermal stabilities of

TABLE 3
Description of antibody species observed in immunoblot analysis
Thick dark lines indicate HC, and thick gray lines indicate LC. Thin black lines
indicate interchain DSBs.

FIGURE 3. SEC HPLC and immunoblot of IgG4 molecules with altered DSB
arrangements toward an IgG1-like DSB, including mutants with a 3-res-
idue spacer within the hinge region. All mutants include C127S in addition
to the mutation noted. A, SEC HPLC trace comparison of IgG4 WT and M1
(C127S/G230C). B, comparison of IgG4 WT with mutants that had a Cys intro-
duced at different positions in the CH1. Samples were run under non-reduc-
ing conditions and probed with an anti-human Fc antibody. C, comparison of
the same samples, also run under non-reducing conditions but probed with
an anti-human � antibody. For both A and B, thick black lines indicate HC, thick
gray lines indicate LC, and red lines indicate DSBs.
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83 and 82.7 °C. M5 and M11 had Fab stabilities of 83.6 and
82.4 °C, respectively.
Antigen Affinity—Antigen affinity analysis was performed to

ensure that mutation of the IgG4 DSB arrangement did not
affect the affinity to the target antigen. A less than 2-fold change
in affinity was regarded as insignificant using this assay. The
results showed that the affinity of IgG4WT to antigen was 114
pM, and the affinities of the mutants were 87, 121, and 131 pM
for M1, M2, and M5, respectively (Table 4). These fall within
the range of error for the BIAcore assay; hence, the altered DSB
arrangements investigated were considered not to affect affin-
ity to the antigen.

DISCUSSION

We have altered the DSB arrangement of an IgG4 to mimic
that of IgG1, and our results show that the LC Cys-214 residue
can form a DSB with the HC if the HC Cys is at position 227,
228, 229, or 230. In addition, we have also shown that such an
altered DSB arrangement can increase the Fab domain thermal
stability of an IgG4 molecule. These results are in agreement
with those of Heads et al.,3 who demonstrated an improvement
of Fab thermal stability when replacing the IgG4 hinge with the
IgG1 hinge. In addition, replacement of the IgG1 hinge with
that of an IgG4 resulted in a decrease in IgG1 Fab thermal
stability.3

For all of the different mutants described and investigated in
this study, the manipulation of an IgG4 molecule to form an
inter-LC-CH1 DSB at position 229 (M2) or at position 230 in

combination with an Ala spacer (M5) showed the least product
heterogeneity when samples were analyzed by non-reducing
SDS-PAGE. M2 (C127S/Y229C), M5 (C127S/G230C ∧AAA),
and M6 (C127S/G230C ∧GGG) also benefit from the greatest

FIGURE 4. Comparison of the thermal stability of the Fab domains of
selected mutants determined by the thermofluor assay (n � 3). Error bars,
S.D.

FIGURE 5. Investigating the effect of introducing the S241P mutation
within the core hinge of IgG4 WT of selected mutants. A, immunoblot
analysis under non-reducing conditions with (�) or without (�) the S241P
mutation. The membrane was probed with an anti-human FC antibody. B, the
membrane was probed with an anti-human � antibody. For both A and B,
thick black lines indicate HC, thick gray lines indicate LC, and red lines indicate
DSBs.

FIGURE 6. Thermal stability of the Fab domains of IgG4 and mutant IgG4
with (�) or without (�) the S241P mutation as determined by the ther-
mofluor assay (n � 3). Error bars, S.D.
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increase in Fab domain thermal stability compared with the
IgG4 WT molecule, as we might expect from the more homo-
geneous populations. Improved stabilities of Fab domains or of
CH2have been correlated to improved yields inEscherichia coli;
higher levels of properly folded, functional protein; and
increased levels of monomer (27–29). It is possible that the
increase in Fab domain stability that we observe for the modi-
fied IgG4 molecules could potentially decrease the propensity
to form aggregate that may be valuable in antibody production
processes and long term storage.
IgG4 has also been shown to be liable to undergo Fab arm

exchange, and the presence of HCLC after running IgG4 on
SDS-PAGE has been well described (15, 17, 18, 20). The hinge
flexibility and its tendency to form intra-DSBs can be limited by
the introduction of S241P to the core hinge (20, 21, 30). The
addition of N-ethylmaleimide during sample preparation can
further minimize the formation of HCLC by preventing DSB
scrambling (32, 33). Our results are consistent with these find-
ings, and the level of HCLC observed on a gel when introduced
to either IgG4 WT or mutants thereof (M2 or M5) was
decreased. However, for M2, this decrease is somewhat less
than for other S241P mutants, and we suggest that the S241P
mutation in the context of an altered DSB arrangement at posi-
tion 229 diminishes the positive impact of S241P because of a
possible slight conformational change to the IgG4 molecule.
Our data also show that LC can formDSBs with Cys residues

at several positions on the HC. IgG1 is unique in its DSB
arrangement because LC Cys-214 forms an inter-LC-CH1 DSB
with HC Cys-233, whereas this DSB is formed with Cys-127 in
IgG2, -3, and -4 (3). Although these Cys residues are at different
positions in linear sequence, spatially they are in close proxim-
ity to one another (29). By introducing Cys residues at different
positions on the HC of an IgG4 molecule, we investigated if LC
Cys-214 has a preference in bonding to an alternative Cys posi-
tion. Previous work performed on IgG2 demonstrated that this
isotype can form functional isoforms by LC Cys-214, forming
DSBs with Cys residues at both the C and N termini of the HC
(31, 34, 35). In the context of an IgG4 molecule, we suggest,
based on the level of (HCLC)2 and the simplicity of each
mutant’s banding pattern, that one can rank the preference of
the LCCys-214 to form aDSBwith aCys on theHC in the order
127� 230 (if a spacer is present)� 229� 228� 227� 230. An
increase in Fab domain thermal stability of �6.5 °C over IgG4
WT was observed for M2 (C127S/Y229C), and we suggest that
the preferential bonding of LC Cys-214 to Cys-229 compared
with 228 and 227 is related to the improved Fabdomain thermal
stability.
The more complex banding pattern observed for M1

(C127S/G230C) compared with IgG4 WT suggests that Cys-

214 (on � LC) forms aDSBwith otherHCCys residues and that
there is a mixed population of covalently associated IgG4, non-
covalently associated “correct” IgG4, and a small percentage of
covalently associated IgG4 with incomplete or unusual DSB
arrangements expressed with this mutant. One possible
arrangement is that the LC Cys-214 forms a DSB with Cys-239
(in the core hinge) instead of the introduced Cys-230; hence,
the introduced Cys-230 may form an inter-HC DSB with
another HC Cys-230. Alternatively, Cys-230 and both hinge
Cys residues all form DSBs with their corresponding residues
on another HC, evident from the more intense (HC)2 band
observed on a gel. In this case, the LC must be non-covalently
associated with the HC in solution to form (HCLC)2, as is illus-
trated by the SEC data (Fig. 3A). The increase in Fab thermal
stability forM1 (C127S/G230C) to 80.5 °C comparedwith IgG4
WT (76.4 °C) is an average of the proposed disulfide isoforms in
solution. One possible disulfide LC-CH1 isoform that increased
the average Fab thermal stability is between Cys-214 (LC) and
introduced Cys-230 (HC). IgG4 mutant M9 (C127S/G230C/
C239S/C242S) contains a LC-CH1DSBdirected to this position
and has a Fab thermal stability of 82 °C (Fig. 4B).

Inappropriate LC-CH1 DSB formation of M1 (C127S/
G230C) was apparently improved by the introduction of a
three-residue spacer, as observed from the reduced DSB het-
erogeneity of M5 (C127S/G230C ∧AAA) and M6 (C127S/
G230C ∧GGG). We hypothesize that the introduced residues
generate a distance betweenCys-230 andCys-239, reducing the
ability of LC Cys-214 to form an inappropriate DSB with Cys-
239. Again such an increase in theDSBhomogeneity resulted in
a concomitant increase in Fab domain stability. The increased
intensities of lower molecular weight species in M6 (C127S/
G230C ∧GGG) compared with M5 (C127S/G230C ∧AAA)
show that the type of amino acid residue used in the spacer can
also contribute to antibody DSB formation and HC and LC
assembly.
Although we have demonstrated that the altered DSB

arrangement of IgG4 can substantially improve the Fab thermal
stability relative to IgG1 Fab thermal stability, the largest
increase in stability (M2, M5, and M6) of the most stable IgG4
mutants is still �2 °C less than that of the IgG1 WT. The rela-
tive smaller increases in Fab thermal stability of M3 (C127S/
K228C) and M4 (C127S/S227C) at 81 and 79 °C, respectively,
suggest that the positioning of the DSB is a contributing factor
to Fab domain stability. In addition, M10 (C127S/Y229C/
C239S/C242S) and M11 (C127S/G230C ∧AAA C239S/C242S)
show that the Fab thermal stability is not influenced by the
interhinge DSBs if a relatively homogenous disulfide isoform
population is expressed. Furthermore, work at UCB has shown
that the 7 residues that differ between IgG1 and IgG4 in theCH1

TABLE 4
Antigen affinity of IgG1 WT, IgG4 WT, and selected IgG4 mutants to their cytokine

IgG ka kd KD

M�1s�1 s�1 pM
IgG1 WT 2.77E�06 3.54E�04 128
IgG4WT 2.87E�06 3.26E�04 114
M1 (C127S/G230C) 3.13E�06 2.73E�04 87
M2 (C127S/Y229C) 2.07E�06 2.50E�04 121
M5 (C127S/G230C ∧AAA) 2.16E�06 2.82E�04 131
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do not contribute to Fab thermal stability.3We have also shown
a difference of 3 °C in the intrinsic Fab stability of IgG4 and
IgG1 with no inter-LC-CH1 DSBs (M7 and M8), which could
support the apparent discrepancy of 2 °C observed between
IgG1 and IgG4 mutants with an IgG1-like DSB arrangement.
In summary, we have shown that it is possible to increase

the Fab stability of an IgG4 by altering the DSB architecture
of the molecule. However, such changes can have an effect
on the final product heterogeneity, and it was by placing a
Cys at position 229 as a single mutation or at position 230 in
combination with a 3-Ala spacer that a more homogenous
antibody population was observed when expressed from
CHO cells. Data from antigen binding studies confirmed
that the alternative DSB arrangements investigated do not
influence affinity to antigen. These findings emphasize the
importance of the spatial position, orientation, andmicroen-
vironment for complete DSB formation during IgG assem-
bly. We propose that these mutations and this antibody for-
mat can be used during themanufacturing of IgG4molecules
for biotherapeutic processes to yield a more homogeneous
and stable product.

Acknowledgments—We thank S. Heywood, R. Adams, and J. Heads
for helpful discussions and technical assistance.

REFERENCES
1. Kabat, E. A., Wu, T. T., Gottesman, K. S., and Foeller, C. (1991) Sequences

of Proteins of Immunological Interest, 5th. Ed., United States Public Health
Service, National Institutes of Health, Bethesda, MD

2. Frangione, B., Milstein, C., and Pink, J. R. (1969) Structural studies of
immunoglobulin G. Nature 221, 145–148

3. Schur, P. H. (1972) Human �-g subclasses. Prog. Clin. Immunol. 1, 71–104
4. Fries, L. F., Hall, R. P., Lawley, T. J., Crabtree, G. R., and Frank, M. M.

(1982) Monocyte receptors for the Fc portion of IgG studies with mono-
meric human IgG1. Normal in vitro expression of Fc � receptors in HLA-
B8/Drw3 subjects with defective Fc �-mediated in vivo clearance. J. Im-
munol. 129, 1041–1049

5. Kurlander, R. J., and Batker, J. (1982) The binding of human immunoglob-
ulin G1 monomer and small, covalently cross-linked polymers of immu-
noglobulin G1 to human peripheral blood monocytes and polymorpho-
nuclear leukocytes. J. Clin. Invest. 69, 1–8

6. Woof, J. M., Partridge, L. J., Jefferis, R., and Burton, D. R. (1986) Localiza-
tion of the monocyte-binding region on human immunoglobulin G.Mol.
Immunol. 23, 319–330
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