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Abstract

Background: Disulfide-linked knobs-into-holes (dKiH) mutation is a well-validated antibody engineering
technique to force heterodimer formation of different Fcs for efficient production of bispecific antibodies.
An artificial disulfide bond is created between mutated cysteine residues in CH3 domain of human IgG1 Fc
whose positions are 354 of the “knob” and 349 of the “hole” heavy chains. The disulfide bond is located
adjacent to the exposed loop with allotypic variations at positions 356 and 358. Effects of the variation on the
biophysical property of the Fc protein with dKiH mutations have not been reported.

Methods: We produced dKiH Fc proteins of high purity by affinity-tag fusion to the hole chain and IdeS
treatment, which enabled removal of mispaired side products. Thermal stability was analyzed in a differential
scanning calorimetry instrument.

Results: We firstly analyzed the effect of the difference in allotypes of the Fcs on the thermal stability of the
heterodimeric Fc. We observed different melting profiles of the two allotypes (G1m1 and nG1m1) showing
slightly higher melting temperature of Gim1 than nG1m1. Additionally, we showed different characteristics
among heterodimers with different combinations of the allotypes in knob and hole chains.

Conclusion: Allotypic variations affected melting profiles of dKiH Fc proteins possibly with larger contribu-
tion of variations adjacent to the disulfide linkage.

Statement of Significance: We analyzed thermal stability of disulfide-linked knobs-into-holes mutants of
Fc with allotypic variants of human IgG1. Different melting profiles were observed with one of allotypes
showing slightly higher thermal stability. The effect was dependent mainly on the variation adjacent to
the disulfide linkage.
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Bispecific antibodies (BsAbs) specific to two different
antigens show promise as an emerging class of therapeu-
tic antibodies. BsAbs are expected to express unique and
desirable biological functions by the simultaneous bind-
ing to different molecules on a single cell or on differ-
ent cell types. Compared to conventional IgG antibod-
ies whose two identical heavy chains form homodimers,
BsAbs needs the preferential assembly of two different
antigen binding sites into heterodimers, requiring careful
protein engineering. Various techniques have been devel-
oped to generate BsAbs, both with or without Fc part
of immunoglobulin protein (1). One of the most promis-
ing strategies to generate Fc-fused BsAbs is knobs-into-
holes (KiH) method originally developed by Genentech’s
researchers (2, 3). In this engineering system, four amino-
acid mutations (T366W in the knob chain and T366S,
L368A, Y407V in the hole chain) are made into a pair of
different Fcs to preferentially form the heterodimer of the
CH3 domains of human immunoglobulin y1 (hIgG1) (2).
Further improvement with higher yield was achieved by
introducing a disulfide bond at the heterodimer interface
(S354C in the knob chain and Y349C in the hole chain) (3).
Several BsAbs based on this disulfide-linked KiH (dKiH)
mutation technique are under clinical trial at present, such
as Faricimab reacting both with angiopoietin-2 and VEGF-
A (4) or Cibisatamab linking CEA and CD3 (5).

The majority of the therapeutic antibodies currently used
in clinics contain the constant region of hIgG1 subclass
based on the associated high stability and strong potency to
induce effector functions (6). Four allotypes of hIgG1 genes
are known among human populations with slightly differ-
ent peptide sequence (6-8). Different licensed therapeutic
antibodies utilize different hIgG1 allotypes (8), and there is
no consensus about the best allotype in the development
of antibody therapeutics. However, it was reported that
allotypes of the patients influence the pharmacokinetics
of the therapeutic antibodies (9), and consequently their
development should take the selection of hIgG1 allotype
into account. In addition, important biophysical character-
istics such as stability are possibly affected by the hlgGl
allotypes of therapeutic antibodies.

One allotype, Glml, is associated with two amino acids
in the CH3 domain (D356 and L358), which is coded by
IGHG1x%01 allele (7). Another allotype with E356 and
M358 coded by IGHG1%03 gene is often classified as
nGlml (non-G1lml) isoallotype (7). We focused on the two
allotypes because their different amino acids at 356 and 358
positions are located close to the artificial disulfide bond
introduced between S354C of the knob chain and Y349C
of the hole chain in dKiH scaffold. Thus, we expected that
the variations could affect biophysical characteristics of
the disulfide-linked proteins. The closeness was evident in
the crystal structure of dKiH Fc of G1m1 allotype solved
previously (PDB ID 5HY9; Fig. 1A for overall structure
and Fig. 1B for enlarged view of the artificial disulfide bond
and the adjacent allotypic variations) (10). For clarity, a
model structure of nG1m1 isoallotype with E356 and M358
was created onto this SHY9 structure by Swiss-Model
(11) and superimposed (Fig. 1A,B; Supplementary Table
S1 for the peptide sequence). The positions of allotypic
variation of the knob chain and the introduced disulfide

bond were only about 4 A apart, and the two heterodimers
of allotypes would show specific profiles dependent on the
knob chain variation. Therefore, we produced not only the
dKiH heterodimers with the same allotypes but also the
heterodimers with different allotypes to test the hypothesis.

We generated several different dKiH-based Fc fusions
using GIlml (IGHGI1%01) and nGlml (IGHGIx%03)
allotypes and investigated their Fc regions with the thermal
stability. Specifically, four Fc fusion proteins—dKiH-Fc-
k01h01, dKiH-Fc-k03h03, dKiH-Fc-k01h03 and dKiH-
Fc-k03h01—were prepared in Expi293 cells according
to a modified method described in the literature (12).
In the naming of the Fc-fusion proteins, the numbers
followed by “k” or “h” shows the allotypes; e.g. dKiH-
Fc-k01h03 indicated dKiH-Fc protein consisting of knob
chain derived from Glml (IGHG1x01) allotype and hole
chain derived from nG1lm1 (IGHG1x03) allotype (see Sup-
plementary Table S1 for the peptide sequence). To obtain
heterodimeric dKiH-Fc proteins of high purity, fusion
proteins were designed so that N-terminus of the hole
chain contained hexahistidine tag. Initial purification was
conducted by immobilized metal-affinity chromatography
(IMAC). In this step, knob—knob mispaired side products
were removed. Expressed protein yield after IMAC did
not differ significantly by the allotypes. Each dKiH-Fc
protein was prepared by digesting the Fc-fusions with IdeS,
a specific protease to remove Fab and hinge regions (13).
This enzyme specifically recognize the tertiary structure
of Fc as the substrate (14) and hole-hole mispaired
side products are not digested (see below). Thus, flow-
through fraction of the subsequent IMAC contains only
heterodimeric dKiH-Fc products that are properly paired.
Detailed experimental procedures are described in the
Supplementary Information.

After final purification by size-exclusion chromatogra-
phy, it was confirmed that all dKiH-Fc proteins are effi-
ciently purified to near homogeneity as expected (Supple-
mentary Figure S1 and S2 for the SDS-PAGE analysis
through the purification process and the chromatogram).
To assess possibility of the contamination of hole-hole mis-
paired side products as described above, we only transfected
the hole chain and conducted the experiment using His-
tagged hole-hole Fc-fusion protein. As the result, digestion
by IdeS was incomplete and Fc protein was not obtained
in the same procedure (Supplementary Figure S3 and S4).
Thus, contamination of hole-hole side product to dKiH-
Fc was minimized. It was previously revealed that IdeS does
not digest peptidyl substrate without Fc, and a second bind-
ing site to interact with CH2 domain was suggested (14). In
a crystal structure of the hole-hole side product, Fc showed
an open conformation and CH2 domains were apart from
each other (10). Taken together with our observation, hole—
hole mispaired Fc is not suitable as the substrate for IdeS,
with inappropriate position of the second binding site.

Thermal stability of the dKiH-Fc proteins was analyzed
by differential scanning calorimetry (DSC) in phosphate
buffered saline, scanned at 60 °C/h. Denaturation curves
of dKiH-Fc-k01hO1 and dKiH-Fc-k03h03 are shown in
Fig. 1C and D, respectively. As expected, two peaks in the
thermograms corresponding to the denaturation of CH2
and CH3 domains were observed in both curves. The two
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Figure 1. Features of dKiH mutants of human IgG1 Fc with different allotypes prepared in this study. (A) Structures representing the position of amino
acids of allotypic variations of CH3 domain of human IgG1 constant region with mutations introduced in disulfide-linked knobs-into-holes (dKiH)
heterodimer. Model structure of dKiH-Fc-k03h03 was made by homology modeling and is superimposed on the crystal structure of dKiH-Fc-k01h01
(PDB ID 5HY9). CH3 heterodimer is viewed by the opposite side from CH2 domains. Green, knob-Fc (G1ml); pale green, knob-Fc (nG1ml); cyan, hole-
Fc (Glml); blue, hole-Fc (nG1m1). Drawn in the PyMOL Molecular Graphics System. Residues specific to the allotypes and dKiH mutants are shown
and labeled. (B) A close-up view of the knob chain allotypic variations and artificial disulfide bond introduced in dKiH. (C ,D) Thermal denaturation

profiles of the KiH-Fcs with different allotype analyzed in DSC. (C) dKiH-Fc-

k01h01 and (D) dKiH-Fc-k03h03. Black, experimental curves; green and

blue, fitting curves for the Ist and 2nd denaturation; red, sum of the two fitting curves.

transitions of Fc during temperature-induced unfolding are
well described with wild-type hIgG1 and Fc fragments (15—
18). Apparent difference was observed between the shapes
of melting curves of the two allotypes. In Fig. 1C (melt-
ing of dKiH-Fc-k01h01), the two peaks were separately
observed, while in Fig. 1D (melting of dKiH-Fc-k03h03)
the two peaks were close and appeared to be merged.
To compare the multiple experimental results statistically,
melting midpoint temperatures (7,’s) were obtained with
all the four dKiH-Fc proteins and listed in Table 1. These
values were calculated by fitting the curve into the sum of
two unfolding reactions (two Ty’s corresponding to the
denaturation of CH2 and CH3 are labeled Ty, and Ty,
respectively). ATy = Ty — T, which is relevant to the
observed differences in melting curves, showed small but

significant difference depending on the allotypes of the
KiH-Fc proteins (Table 1). ATy, was the largest for dKiH-
Fc-k01h01 (6.62 £ 0.17 °C) and the smallest in dKiH-Fc-
k03h03 (5.39 £ 0.13 °C), and the difference between the
two was as large as 1.2 °C. This was consistent with the
observation in the shape of melting curves. Differences were
also observed in T'py values corresponding to the CH3
denaturation. 7y» of dKiH-Fc-k01h01 CH3 was ca. 1 °C
higher than 7T, of dKiH-Fc¢-k03h03 CH3. On the other
hand, CH2 domains of all produced dKiH-Fc proteins
were the same wild-type and showed typical T at around
72.5 °C. Statistically significant difference was not observed
in T, of dKiH-Fc allotypes in the tested combinations.
Larger ATy, of dKiH-Fc-k01h01 derived from more stable
CH3 domains.
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Table 1. Melting temperatures (7'y,’s) of thermal denaturation®

Tmi (CO) T (°C) AT (°C) (ETmp — Tr1)  Knob chain variants” Hole chain variants”
dKiH-Fc-k01h01 72.53 +0.28 79.15+£0.11 6.62+0.17 D/L D/L
dKiH-Fc-k03h03 ~ 72.83 +£0.17  78.21 £ 0.29* 5.39 £ 0.13** E/M E/M
dKiH-Fc-k01h03  72.54 £0.15  78.70 £ 0.10* 6.17+0.11* D/L E/M
dKiH-Fc-k03h01 72.48 +0.32 78.39 £ 0.15*** 591 +£0.18* E/M D/L

“Tm values calculated from the fitting curves + S.D. of triplicate.
® Amino acids at positions 356 and 358.

* t-test, P < 0.05,** P < 0.01, *** P < 0.005 in comparison with the 7'y or ATy, values of dKiH-Fc-k01hO1.
AT of dKiH-Fc-k01h03 and dKiH-Fc-k03h01 showed significant differences from ATy, of dKiH-Fc-k03h03 in #-test by P < 0.005 and P < 0.05,

respectively, but P > 0.05 for the same comparison of 7'p7.

Additionally, calorimetric enthalpy (AH) of denatura-
tion and van’t Hoff enthalpy (AH,) from the same fit-
ting of the melting curves are described on Supplementary
Table S2. AH{/AHy1 > 2 and AH>/AH» < 2 for all
measured samples, which supports deviation from the two-
state model (19, 20). AH/AH, describes the ratio of the
areas of the two sigmoidal curves corresponding to the
two peaks. AH{/AH> of dKiH-Fc-k01h01 and dKiH-Fc-
k03h03 were 3.090 4 0.365 and 4.411 + 0.456, respectively.
Difference in the values was consistent with the observed
differences in the melting curves in Fig. 1C,D. The process
of cooperative denaturation of domains is likely different in
these two proteins (19).

Furthermore, ATy, and Ty values of dKiH-Fc-k01 h03
and dKiH-Fc-k03h01 fell within the 5.4-6.6 °C and
78.2-79.1 °C ranges, respectively, and were intermediate
of dKiH-Fc-k01h01 and dKiH-Fc-k03h03. An overall
assessment of all the AT, and Ty of the tested 4 KiH-Fc
proteins indicates that thermal stability is largely influenced
by variation in the knob chain compared to the hole
chain. This result was consistent with our prediction and
demonstrates the importance of the proximity between
the allotypic variations and the disulfide linkage for the
stability of dKiH molecules. Interestingly, the difference
in Tpp between dKiH-Fc-k01hO1 and -k03hO1 was
smaller than that between dKiH-Fc-k01h01 and -k03h03,
suggesting that the loop apart from the disulfide linkage
also affected the stability to a small extent.

In general, introduction of inter-domain disulfide bonds
is a promising strategy for stabilization of engineered
antibodies. Knobs-into-holes CH3 of nG1lml allotype was
reported with 7, = 69.4 °C (2), thus disulfide linkage
led to 9 °C of thermal stabilization. In another format
(EW-RVTsg), a disulfide bond also increased 3 °C of
T, resulting stabilization of the molecule (21). In many
studies, Fvs introduced with disulfide bonds also stabilize
the Fvs against heat stresses (22-25). Furthermore, as we
previously described, rabbit immunoglobulin kappa chains
naturally containing a Vk—Ck interdomain disulfide bond
show resistance to heat, measured as 3-9 °C higher T’y than
those of mutants light chains without the disulfide bond
(26). Considering the T, differences between disulfide-free
and disulfide-linked molecules in these previous studies, the
differences in the Ty of dKiH-Fc-k01h01 and -k03h03
found in the present study cannot be ignored. Because
the introduction of disulfide-bond is a common way in
the stabilization of therapeutic proteins, both germline

and somatic variations at surrounding positions should
be considered in protein engineering approaches.

In conclusion, we found different melting profiles of
allotypic variants of dKiH mutants of the Fc for bispe-
cific antibody design. The effect of allotypic variation of
human IgG1 on the thermal stability was statistically signif-
icant. For the selection of allotypes of antibody therapeu-
tics, other indexes for developability such as the immuno-
genicity and the affinity to neonatal Fc receptor to affect
pharmacokinetics should be considered in parallel (8, 9).
However, as the results of this study exemplified, variety
in the exposed residues adjacent to the disulfide linkage
significantly affected thermal stability. Thus, in protein
engineering approaches, optimization of these positions
should be considered for stable design of next-generation
therapeutics.
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