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ABSTRACT
Manufacturability of immunoglobulin G4 (IgG4) antibodies from the Chemistry, Manufacture, and 
Controls (CMC) perspective has received little attention during early drug discovery. Despite the success 
of protein engineering in improving antibody biophysical properties, a clear gap still exists between 
rational design of IgG4 candidates and their manufacturing suitability. Here, we illustrate that undesirable 
two-peak elution profiles in cation-exchange chromatography are attributed to the S228P mutation (in 
IgG4 core-hinge region) intentionally designed to prevent Fab-arm exchange. A new scaffolding platform 
for engineering IgG4 antibodies amenable to bioprocessing and bioanalysis is proposed by introducing an 
“IgG1-like” single-point mutation in the hinge or CH1 region of IgG4S228P. This work offers insight into 
the design, discovery, and development of innovative therapeutic antibodies that are well suited for 
robust biomanufacturing and quality control.
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Introduction

Human IgG4 and Fc-null IgG1 are the preferred therapeutic 
antibody isotypes when Fc-mediated effector functions are 
undesirable.1 However, in vivo studies have shown that 
human wild-type IgG4 can crosslink two different antigens2 

by swapping its half-molecule with another half-molecule from 
a different antibody, a process known as antigen-binding frag-
ment (Fab)-arm exchange,3 leading to random bispecific IgG4 
molecules. The susceptibility to Fab-arm exchange can be 
a major disadvantage of wild-type IgG4 human immunothera-
pies, causing unpredictable specificity, pharmacokinetics, effi-
cacy, and pharmacodynamics.4

Fab-arm exchange propensity of wild-type IgG4 monoclo-
nal antibodies (mAbs) is due to their relatively flexible hinge 
region, which allows rapid intra-chain disulfide scrambling.5 

To avoid IgG4 Fab-arm exchange, the amino-acid sequence of 
IgG1 hinge region is referenced to substitute a proline for 
a serine in the hinge region of wild-type IgG4 mAbs, where 
the core-hinge motif CPSC is changed to CPPC (i.e., S228P) for 
improved structural rigidity.6,7,8 This strategy has been applied 
to several marketed anti-programmed death-1 IgG4 
therapeutics,8,9,10 including nivolumab (OPDIVO®) and pem-
brolizumab (KEYTRUDA®), and a number of other IgG4 
mAbs in preclinical or clinical studies.11

Despite its biological advantages, the S228P design has 
a major drawback in bioprocessing of IgG4 mAbs. Here, we 
report our investigation of a chromatographic phenomenon 
associated with the core-hinge design, and provide 
a molecular-level understanding to effectively mitigate the 

issue by engineering new IgG4 scaffolds and performing mole-
cular modeling.

Results

Impact of core-hinge CPPC design

It has been observed that the CPPC motif of IgG4S228P mAbs 
poses challenges to biologics manufacturing during the cation- 
exchange chromatography (CEX) step,12,13,14,15 where purified 
product can elute in two distinct peaks (i.e., two-peak elution, 
TPE) instead of one smooth peak as normally expected (SI 
Appendix, Fig. S1). Among the mAbs (six IgG1 and six IgG4) 
evaluated here, only IgG4S228P mAbs displayed the TPE behavior 
(Figure 1b), whereas all six IgG1 mAbs (Figure 1a) and the two 
wild-type IgG4 mAbs containing the CPSC motif (e.g., mAb7-w, 
and mAb12-w) (Figure 1c) showed the single-peak CEX elution 
behavior. It should be noted that the small shoulder peak to the 
lower right of the main peak (e.g., mAb4, mAb12, and mAb12-w) 
was due to minor charge variant species. For IgG4S228P mAbs, an 
isocratic elution condition corresponding to that for the early 
eluting peak (lower salt or conductivity) often leads to severe 
tailing and a large product pool volume (SI Appendix Fig. S2), 
affecting product manufacturability. However, an isocratic elution 
condition corresponding to that for the late eluting peak (higher 
salt or conductivity) often leads to inadequate impurity removal 
(SI Appendix Table S1), affecting product quality. In addition, 
results from our study revealed that the relative mass ratio of the 
two peaks is sensitive to even small changes in CEX operating 
conditions (e.g., pH) (SI Appendix Fig. S3). The dynamic TPE 
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phenomenon may indicate the presence of mutually convertible 
product populations of different conformations, adding another 
degree of complexity to process control during commercial man-
ufacturing. The TPE behavior of IgG4S228P mAbs also causes 
difficulties in characterizing product charge variants when ion- 
exchange-based analytical methods are used for quality control. 
This issue manifests itself even more for combination therapies 
(SI Appendix Fig. S4), which have shown to be a promising new 
therapeutic platform presented to patients as the combination of 
two or more mAbs in a single vial.16,17,18

Using mAb11, an IgG4S228P mAb, the two CEX elution 
peaks (Figure 1b) were fractioned and characterized. These two 
fractions were found to have the same molecular size and 
purity by size exclusion chromatography (SEC) (SI Appendix 
Fig. S5), as well as very comparable charge variant profiles by 
imaged capillary isoelectric focusing (iCIEF) analysis (SI 
Appendix Fig. S6). In a similar study using mAb9, also an 
IgG4S228P mAb, intact mass analysis (data not shown) 
revealed no differences in product mass identity between its 
two CEX elution peaks. Moreover, once re-loaded onto the 
CEX column, each of the two peaks continued to show the 
same TPE pattern as that for the original load material (SI 
Appendix Fig. S7). These results suggested the co-existence of 
structurally distinct but thermodynamically interchangeable 
mAb conformations that differ in CEX retention properties.

Identification of critical mAb region

Enzyme digestion (see Materials and methods section) using 
pepsin- and papain-immobilized agarose resins was performed 
to generate mAb11 F(ab’)2 and Fab fragments, respectively, in 
order to evaluate the contribution of different mAb regions to 

the observed TPE behavior. High-purity F(ab’)2 and Fab frag-
ments, as confirmed by SEC-HPLC (SI Appendix Fig. S8), 
were separately loaded onto the CEX column, where only the 
F(ab’)2 displayed the TPE behavior (Figure 2a). The similar 
peak retention times between mAb11 and mAb11 F(ab’)2 
indicated that the Fc region is not much involved in the bind-
ing events that determine the overall mAb-resin interactions. 
Scapin et al.8 hypothesized that the shorter and more compact 
hinge region of IgG4S228P (compared with the IgG1 hinge), as 
well as the steric constraints to which the hinge is subjected, 
causes an approximately 120° rotation of the CH2 domain and 
solvent-exposure of the glycan structures. Our results are con-
sistent with the notion that the CH2 domain wrapped with 
hydrophilic and neutral glycans substantially reduces the invol-
vement of the Fc region in charge-mediated mAb adsorption to 
CEX resins. The single-peak elution profile (Figure 2a) of the 
mAb11 Fab (with no hinge) and the TPE profile of the F(ab’)2 
(Figure 2a) suggested that the Fab alone does not contribute to 
the TPE behavior. The single-peak elution profile of a fusion 
protein comprising an IgG4-Fc region and the CPPC core- 
hinge motif (Figure 2a) suggested that the Fc region coupled 
with CPPC-core hinge is not contributing to the TPE behavior 
either. The above observations collectively indicated that the 
TPE behavior is directly associated with F(ab’)2 where both the 
Fab and CPPC-core hinge play critical roles.

Conformational energy modeling

Molecular modeling was used to provide possible mechanistic 
explanation for the TPE phenomenon by comparing the con-
formational energies for IgG4S228P and the two IgG types (i.e., 
IgG1 and wild-type IgG4) that did not have the TPE behavior. 

Figure 1. S228P mutation in hinge region of IgG4 mAbs led to the two-peak elution (TPE) behavior in CEX. (a) Single-peak elution was observed for IgG1 and (c) wild- 
type IgG4 mAbs. (b) The TPE behavior was observed for all the IgG4S228P mAbs studied. The small shoulder peak to the lower right of the main peak (e.g. mAb4, 
mAb12, and mAb12-w) was due to minor charge variant species. The CEX-HPLC column was packed with Propac SCX-10 resin (Thermo Fisher Scientific), with a column 
volume of 0.8 mL and an average particle size of 10 µm. The salt gradient elution was from 20 mM MES, pH 5.0 to 20 mM MES, 1 M NaCl, pH 5.0 in 60 mins at a flow rate 
of 0.25 mL/min with a constant injected protein mass of 10 µg.
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Conformational ensemble (see Materials and Methods 
section)19 results suggested that there are two dominant popu-
lations of the conformational energy distribution for 
IgG4S228P, but only one major population for IgG1 and wild- 
type IgG4 (Figure 2b and SI Appendix Fig. S9a). In addition, 
the two energy populations of IgG4S228P largely correspond to 
two major conformational categories, termed qualitatively as 
T-shaped and Y-shaped antibody structures (data not 
shown).20 It is hypothesized that the relatively rigid core- 
hinge region of IgG4S228P hinders the dynamic interchange 
among the mAb structures different in conformational energy 
levels owing to high activation energy barrier. Instead, the 

more flexible hinge region of IgG1 and wild-type IgG4 allows 
the conversion among conformational intermediates to occur 
more readily. Overall, we infer that, due to the lack of hinge 
region flexibility, the two distinctive energy states of 
IgG4S228P molecules affect the inherent CEX retention char-
acteristics of this mAb subtype and ultimately lead to the 
observed TPE behavior.

Strategies for solving the TPE issue

In an effort to improve the manufacturability of IgG4S228P 
mAbs, we performed single-point mutagenesis to generate 

Figure 2. Design of next-generation therapeutic IgG4 mAbs using protein engineering. (a) CEX-HPLC chromatogram for mAb11, mAb 11 fragments and a fusion protein 
containing a fully human IgG4-Fc region and the CPPC core-hinge motif. The two-peak elution (TPE) behavior was observed for mAb11 and mAb11 F(ab’)2, but not for 
mAb 11 Fab and the Fc-fusion protein, suggesting that the TPE behavior may be primarily attributed to F(ab’)2. (b) Conformational energies for IgG1 (mAb1) and 
IgG4S228P (mAb12). Two distinct conformational energy levels were observed for IgG4S228P (mAb12), while only one was observed for IgG1 (mAb1). (c) Sequence 
alignment of the constant heavy chain 1 (CH1) and hinge region for IgG1, IgG4S228P, and two wild-type IgG4 (mAb7-w and mAb12-w) with the CPSC motif in the core- 
hinge region. Twelve amino acid differences were found between IgG1 and IgG4S228P mAbs. C131 in IgG4 forms the inter-chain disulfide bond between heavy and 
light chains, thus cysteine was not mutated to the corresponding serine to preserve intact IgG4 structure. The other eleven amino acids in IgG4S228P were mutated 
individually to the corresponding amino acids in IgG1 to evaluate their CEX behavior. Additionally, K196 was further mutated to K196R and K196P to generate mAb12- 
4b and mAb12-4c in addition to mAb12-4a.
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variants of mAb12 (an IgG4S228P mAb) using IgG1 as the 
amino-acid sequence template. Mutations were designed based 
only on the sequence alignment of the hinge and CH1 regions 
between all the IgG4S228P and IgG1 mAbs studied in this 
work. Other mAb regions, such as the Fc, kappa light chain, 
and variable heavy chain (VH), were not considered for single- 
point mutagenesis because: 1) results in Figure 2a indicated the 
Fc region is not much involved in the IgG4-CEX interac-
tions; 2) all the IgG4S228P and IgG1 mAbs in Figure 1 share 
the same constant kappa light chain despite their different CEX 
elution behaviors; and 3) each mAb regardless of subtype has 
a unique VH, therefore, this region is unlikely to cause the 
subtype-dependent TPE behavior.

Engineering IgG4 scaffolds

In the hinge and CH1 regions, 12 amino-acid differences were 
found between the IgG4S228P and IgG1 mAbs, as shown in 
Figure 2c. IgG4S228P C131 forms the inter-chain disulfide bond 
between heavy and light chains, and thus it was not mutated in 
order to preserve the intact IgG4 structure. The other identified 
differences were studied individually by single-point replace-
ment of the amino acids in IgG4 with the corresponding ones 
in IgG1, and the resulting mAb12 mutants were examined for 
their CEX elution behavior. In addition, K196 was mutated to 
K196R and K196P to further explore the impact of amino-acid 
side chain characteristics on the molecular property of interest. 
DNA sequencing (data not shown) and mass spectrometry (MS) 
analysis (SI Appendix Fig. S10) confirmed the correct identity of 
the mutants. Five of the 13 mutants, one with mutation in the 
CH1 domain (mAb12-4c) and four in the hinge region (mAb12- 
7, mAb12-9, mAb12-10, and mAb12-11), surprisingly showed 
the single-peak CEX elution behavior (Figure 3a), while the 
others still displayed the TPE pattern (SI Appendix Fig. S11).

Subsequently, in vitro studies were performed to evaluate 
the Fab-arm exchange propensity for these five mutants exhi-
biting the single-peak CEX elution behavior. Using mAb12-w 
and mAb12 as positive and negative controls, respectively, 
mAb12-4c, mAb12-7, mAb12-9, mAb12-10, and mAb12-11 
were each mixed with mAb7-w in equal amounts, and tested 
with liquid chromatography (LC)-MS for bispecific antibody 
formation after a 24-hr incubation at 37°C with and without 
0.5 mM reduced glutathione (GSH). As reported 
previously,3in vitro Fab-arm exchange between two wild-type 
IgG4 mAbs requires the presence of 0.5 mM GSH. The mixture 
of mAb12-w (148404 Da) and mAb7-w (major N-glycan spe-
cies: G0F/G0F of 147166 Da, G0F/G1F of 147328 Da, and G1F/ 
G1F of 147489 Da) showed no additional mass species without 
GSH (Figure 3b); however, intermediate masses (147784 Da 
and 147986 Da) were found in the presence of GSH (Figure 3c), 
providing clear evidence of Fab-arm exchange.21 These two 
intermediate species had the expected masses of mAb12-w/ 
mAb7-w G0F and mAb12-w/mAb7-w G1F bispecific antibo-
dies, respectively. LC-MS data of the mAb12/mAb7-w mixture 
(Figure 3d) confirmed that the S228P mutation of mAb12 
indeed prevented in vitro Fab-arm exchange owing to the 
rigid CPPC core-hinge motif. In comparison, mutants 
mAb12-4c, mAb12-7, mAb12-9, mAb12-10, and mAb12-11 
not only effectively prevented Fab-arm exchange (Figure 3e– 
i), but also exhibited the single-peak CEX elution profile repre-
senting improved manufacturability. Unlike IgG4S228P, these 
five mAb12 mutants showed one major energy population (SI 
Appendix Fig. S9b and S9c) as seen for IgG1s (Figure 2) and 
wild-type IgG4s (SI Appendix Fig. S9a) by the molecular 
modeling. Mutants mAb12-4 c, mAb12-9, mAb12-10, and 
mAb12-11 maintained comparable antigen-binding activity 
(enzyme-linked immunosorbent assay (ELISA) binding mea-
surements) to that of the control (mAb12), while mutant 
mAb12-7 showed a slightly lower potency (46%) (Figure 3j, 

Figure 3. Successful design of IgG4 mutations with improved manufacturability and bioanalytical characteristics. (a) Single-peak CEX elution behavior was observed for 
mAb12-4c, mAb12-7, mAb12-9, mAb12-10, and wild-type mAb12-w (mAb12 without the S228P mutation in the core-hinge region). The TPE behavior was observed for 
mAb12. (b) The mixture of mAb12-w/mAb7-w was incubated for 24 hrs in the absence of 0.5 mM GSH at 37°C, and subsequently analyzed by LC-MS. The wild type 
mAb7-w contained various glycosylation species (G0F/G0F, G0F/G1F and G1F/G1F). The mixtures of mAb12-w/mAb7-w (c), mAb12/mAb7-w (d), mAb12-4c/mAb7-w (e), 
mAb12-7/mAb7-w (f), mAb12-9/mAb7-w (g), mAb12-10/mAb7-w (h), and mAb12-11/mAb7-w (i) were incubated for 24 hrs in the presence of 0.5 mM GSH at 37°C, and 
subsequently analyzed by LC-MS. (j) ELISA binding potency of the mutants. Absorbance at 450 nm was plotted against log ng/mL of mutant concentration, with error 
bars obtained from duplicate measurements. The relative potency for each mutant was calculated and shown in SI Appendix Table S2.
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Table S2). Considering that these single-point mutations only 
occurred in the hinge or CH1 region, the Fc mediated effector 
functions are not expected to be significantly altered.20,22 This 
was confirmed by the IgG4-FcγRI interaction studies using 
biolayer interferometry (BLI). The BLI data (SI Appendix 
Fig. S12) suggested that the binding affinity of these five 
mAb12 mutants to FcγRI is very similar to that of mAb12-w.

Discussion

While the current generation of IgG4S228P mAbs effectively 
avoids Fab-arm exchange, the IgG4S228P design leads to the 
undesired TPE behavior in CEX, creating substantial chal-
lenges to biologics manufacturing and analytical development. 
The next-generation IgG4 design reported here can mitigate 
these issues by incorporating single-point mutations in the 
hinge or CH1 (K196P) region. As single-point mutations in 
IgG4S228P may change molecular properties, the developabil-
ity of IgG4 candidates should be carefully assessed for CMC 
during molecular design and discovery of IgG4 candidates. 
Targeted mutations against other subclasses may be an effec-
tive strategy to improve molecular properties by acquiring 
unique features of other IgG subclasses.

Materials and methods

CEX-HPLC method

Analytical CEX-HPLC was performed using a ProPac SCX-10 
LC column from Thermo Fisher Scientific (Wilmington, DE, 
USA) installed on a Waters HPLC system from Waters 
Corporation (Milford, MA, USA). The method used was 
a salt gradient elution from 20 mM MES, pH 5.0 to 20 mM 
MES, 1 M NaCl, pH 5.0 in 60 min at a flow rate of 0.25 mL/min 
with a constant injected protein mass of 10 µg. The eluted 
protein was monitored by UV 280 nm.

SEC method for purity and size analysis

Analytical SEC was performed using a TSKgel G3000SWXL 
column (14 mL and an average particle size of 5 µm) from 
Tosoh Bioscience (King of Prussia, PA, USA) installed on 
a Waters HPLC system from Waters Corporation (Milford, 
MA, USA). The method used a mobile phase containing 
100 mM sodium phosphate, 100 mM sodium sulfate, pH 6.8, 
at a flow rate of 1 mL/min, with a constant injected protein mass 
of 100 µg. The eluted protein was monitored by UV 280 nm.

Chromatography instrumentation and methods

All chromatography runs were performed on a GE Healthcare 
ÄKTA avant system installed with Unicorn software version 
6.3 (Piscataway, NY, USA). POROS XS resin was packed in 
Omnifit® columns (0.66 cm I.D × 10 cm bed height) purchased 
from Fisher Scientific (Hampton, NH, USA). The packed and 
conditioned column was equilibrated with 5 column volumes 
(CV) of 25 mM MES buffer, pH 5.0. The CEX column was 
loaded to a loading of 1 mg/mL resin at pH 5, followed by a 30 
CV 0–1 M NaCl gradient in 20 mM MES buffer at pH 5. The 

column was regenerated with 3 CV of 1 M NaCl, sanitized with 
3 CV of 1 M NaOH, and stored in 0.1 M NaOH. Protein 
concentration was measured using a NanoDrop 2000 pur-
chased from Thermo Fisher Scientific (Wilmington, DE, 
USA). All runs were performed at room temperature.

iCIEF method

iCIEF was performed using an iCE280 Analyzer (Convergent 
Bioscience, Toronto, Canada) to quantify product charge var-
iants. The separation cartridge along with capillary was pur-
chased from Convergent Bioscience. This capillary was fixed 
onto a glass substrate and separated from the catholyte and 
anolyte by two pieces of hollow fiber membrane. An IgG sample 
was prepared by mixing 2 mg/mL IgG with various pI markers, 
1% methyl cellulose solution, and pharmalyte 3–10, before 
diluted with deionized water. The mixture was centrifuged 
and supernatant was focused in station for varied lengths of 
time to achieve the optimum resolution. The final image of the 
IEF trace was captured by the 280 nm deuterium lamp detector.

Preparation of F(ab’)2 domain of mAb11 using pepsin 
digestion

Agarose-immobilized pepsin was purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). The mAb11 sample 
was digested by pepsin-agarose (0.25 mL pepsin-agarose per 
20 mg mAb11) at pH 4.5 in a 37°C water bath for 4 h. The 
digested product was adjusted to pH 7.0 and then purified by 
flowing through a Protein A column (packed with MabSelect 
Sure resin) pre-equilibrated at pH 7.0. The small Fc fragments 
were washed away during 10 mM Tris•HCl, pH 7 buffer wash, 
and the F(ab’)2 was collected during 25 mM sodium phos-
phate, 150 mM sodium chloride, pH 7.2 buffer wash. The 
undigested mAb and Fc fragments were retained on the col-
umn and stripped with an acetic acid solution. Then, the 
column was sanitized with a solution containing 20 mM 
sodium hydroxide and 1.0% benzyl alcohol buffer.

Preparation of Fab domain of mAb11 using papain 
digestion

Agarose-immobilized papain was purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). The mAb11 sample 
was digested by papain-agarose (0.25 mL papain agarose per 
10 mg mAb11) in 20 mM sodium phosphate, 20 mM 
cysteine•HCl, 10 mM EDTA at pH 7 in a 37°C water bath for 
4 h. The Fab was separated from undigested mAb and Fc 
fragments using a Protein A column packed with MabSelect 
SuRe resin (GE Healthcare).

Cell line and culture conditions

ExpiCHO-S cells (Thermo Fisher Scientific) were grown in 
defined and serum-free ExpiCHO expression medium 
(Thermo Fisher Scientific) and passaged in shake flasks every 3 
d. Cells were incubated at 130 rpm on an orbital shaker platform 
in a 37°C incubator with a humidified atmosphere of 8% CO2.
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Mutant construction and transient expression of mAbs in 
Chinese hamster ovary cells and purification

Site-directed mutagenesis and antibody transient expression were 
performed as previously described.23 In brief, the template DNA of 
mAb12 plasmid was methylated prior to the mutagenesis reaction, 
in which two overlapping primers were used and one of them 
contained the target mutation. The mutagenesis products were 
transformed into E. coli competent cells, where unmethylated 
linear mutated DNA was circularized and replicated. Plasmid 
DNAs were isolated and purified with a PureLink Hi Pure 
Plasmid Maxiprep kit (Thermo Fisher Scientific). For each anti-
body or mutant, 50 µg of plasmid DNA were used to transfect 
50 mL of ExpiCHO-S culture in a 250 mL shake flask using 
ExpiFectamine CHO Reagent (Thermo Fisher Scientific). The 
transfected culture was fed with ExpiCHO Feed (Thermo Fisher 
Scientific) and ExpiCHO Enhancer (Thermo Fisher Scientific), 
accordingly. Both mAb12 and its mutants were robustly expressed 
in ExpiCHO-S transient expression system, indicating that amino- 
acid replacements in the target regions did not affect IgG4 synth-
esis. All mAbs expressed in Chinese hamster ovary cells were 
purified using a Bristol Myers Squibb platform Protein A affinity 
chromatography method from cell harvest. Purified mAbs were 
subject to further studies.

ELISA binding assay

The assay plates were coated with 100 µL (2 µg/mL) of human 
mAb12 murine IgGb2 (prepared in-house) in bicarbonate buf-
fer for 1 hr at room temperature. The plates were then blocked 
with 300 µL of SeaBlock solution (Pierce # 37527) for 1 hr at 
room temperature. Reference material and the samples were 
diluted to 1 µg/mL in Teknova assay diluent buffer (Teknova- # 
D5120) followed by two-fold serial dilutions.

The blocking buffer was decanted and plate washed three 
times with 300 µL of wash buffer phosphate-buffered saline- 
0.1% Tween (PBS-T). The samples and reference standards 
(100 µL) were added to the plate and incubated for 1 hr at 
room temperature. After three washes the 100 µL of Secondary 
Antibody (anti-human IgG4 Fc, HRP; 1:1000 in Teknova dilu-
ent), purchased from Thermo Fisher (Cat# MH1742), was 
added and incubated for 1 hr at room temperature.

After washing, 100 µL of Dako TMB was added and incubated 
for 10 min. The reaction was stopped with 100 µL of 1 N sulfuric 
acid. The absorbance was read at 450 nm with 650 nm as back-
ground correction using Softmax software on M5 plate reader 
(Molecular Devices). The EC50 values were calculated from the 
absorbance values vs. log concentrations of samples and reference 
at each dilution. The percent relative binding potency was calcu-
lated by dividing the reference material EC50 by the test sample 
EC50 as a percentage.

Non-reduced intact mass analysis

The LC-MS was performed with an Acquity UHPLC coupled with 
a quadrupole time-of-flight (Q-ToF) mass spectrometer (Waters, 
Milford, MA). The capillary voltage for the Q-ToF was set at 
3000 V and the sample cone voltage at 80 V. The method for 
analysis was the same as described previously.24 The sample was 

injected at 0.5 μg onto a reversed phase column (10 µm, 
2.1 × 100 mm POROS®, Applied Biosystems, Foster City, CA) 
equilibrated with 20% acetonitrile containing 0.1% formic acid, 
followed by a gradient elution from 20% to 50% acetonitrile in 
25 min, at a flow rate of 0.25 mL/min. The mass spectra were 
scanned from m/z 500 to 4000; the combined data were then 
deconvoluted using MaxEnt1 algorithm (Waters, Milford, MA).

Fab-arm exchange condition: mAb12 mutation was mixed 
with mAb7-w and incubated with 0.5 mM GSH (Sigma) in 
degassed PBS (pH 7.2). The final concentration of both mAb12 
mutation and mAb7-w was 20 μg/mL. The mixtures (70 μL) 
were incubated at 37°C for 24 h. The samples were then stored 
at 4°C before intact mass testing.

FcγR binding measurements

BLI experiments were performed on an Octet QK96 (ForteBio, 
Fremont, CA) instrument at room temperature. After a 60-s 
equilibrium step of a Protein A-coated sensor (Part Cat 
18–5010), mAb12-w, its mutants, and mAb1 with a fixed concen-
tration of 20 µg/mL were immobilized for 60 seconds on the 
protein A-coated surface. Nonspecific interacting mAb was 
washed away to the same baseline during a 60-s wash step. The 
immobilized mAbs were associated to FcγRI recombinant protein 
with a series of 7 concentrations from 6 to 185 μM for 100 seconds, 
followed by a 150-s dissociation step. The binding between FcγRI 
and the mAb samples were plotted and analyzed using an Octet 
data analysis software version 7.0 (ForteBio, Fremont, CA). 
Reference was used with FcγRI loaded Protein A-coated surface 
incubated in the assay buffer instead of the analyte (mAb samples).

Ensemble generation and analysis for mAbs

Ensembles of conformation of IgG1, IgG4, and IgG4 mutants were 
generated with RANCH program, which is a program that gen-
erates a pool of independent models based upon sequence and 
structural information.25 Symmetry was set as P1 in all runs. 
Previous structural studies suggested the hinge region flexibility 
of IgG1 is higher than that of IgG4.8,20 The length of IgG hinge 
region and its proline composition also suggest that this region is 
more flexible in IgG1. IgG1 and IgG4 were set as three domains 
including two Fab domains and one Fc domain. The three 
domains, allowed to move in conformation pool generation, 
were linked to the core-hinge region with the CPPCP motif in 
IgG1 and the PPCPPCP motif in IgG4. Hinge regions were fixed in 
conformation generation. Each conformation generation run gen-
erated 10000 conformations. The conformational energy of each 
conformation was calculated using all atom force field OPLS- 
AA.19 Conformational energy was statistically analyzed using an 
energy level of 1.4 kcal/mol, which is the hydrogen bond energy 
level at room temperature.26 The number of conformations in 
each energy level was plotted as a function of conformational 
energy levels.
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