Fig. S3. Influence of VIII-2236 on the APTT-shortening
activity of rpoFVIII, ACE910 or rhFVIII in human
FVIlI-deficient plasma. In the absence of VIII-2236,
rpoFVIIL, ACE910 and rhFVII concentration-depen-
dently shortened the APTT of human FVIII-deficient
plasma.

Fig. S4. Pharmacodynamic study and multiple dosing
simulations of rpoFVIII in cynomolgus monkeys.
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ABSTRACT

Enhancing the effector function by optimizing the interaction between Fc and Fcvy receptor (FcyR) is a
promising approach to enhance the potency of anticancer monoclonal antibodies (mAbs). To date, a vari-
ety of Fcengineering approaches to modulate the interaction have been reported, such as afucosylation in
the heavy chain Fcregion or symmetrically introducing amino acid substitutions into the region, and there
is still room to improve FcyR binding and thermal stability of the C;;2 domain with these approaches.
Recently, we have reported that asymmetric Fc engineering, which introduces different substitutions
into each Fc region of heavy chain, can further improve the FcyR binding while maintaining the thermal
stability of the Cy2 domain by fine-tuning the asymmetric interface between the Fc domain and FcyR.
However, the structural mechanism by which the asymmetrically engineered Fc improved FcyR binding
remained unclear. In order to elucidate the mechanism, we solved the crystal structure of a novel asym-
metrically engineered Fc, asym-mAb23, in complex with FcyRIlla. Asym-mAb23 has enhanced binding
affinity for both FcyRIlla and FcyRlla at the highest level of previously reported Fc variants. The struc-
tural analysis reveals the features of the asymmetrically engineered Fc in comparison with symmetric Fc
and how each asymmetrically introduced substitution contributes to the improved interaction between
asym-mAb23 and FcyRllla. This crystal structure could be utilized to enable us to design a more potent
asymmetric Fc.

© 2013 The Authors. Published by Elsevier Ltd. Open access under C¢ BY-NC-NI> ficense.

1. Introduction

number of reports about engineering the heavy chain Fc region to
improve the binding affinity for FcyRs by methods such as afuco-

Effector functions including antibody-dependent cell-mediated
cytotoxicity (ADCC) and antibody-dependent cell-mediated phago-
cytosis (ADCP) significantly contribute to the efficacy and potency
of anticancer therapeutic monoclonal antibodies (mAbs) (S¢ott
er al., 2012). According to cumulative evidence, the potency of the
antlbodles can be enhanced by improving the binding affinity for
Fcy receptors (FcyRs), which are expressed on effector cells such
as NK cells and macrophages (S¢oti et al., 2{112). There have been a

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; ADCP,
antibody-dependent cell-mediated phagocytosis; A/l ratio, activating FcyR bind-
ing to inhibitory FcyR binding; asym-mAb23, a novel asymmetrically engineered
Fc: FcyR, Foy receptor; mAb, monoclonal antibody; PDB, Protein Data Bank; PBMC,
peripheral blood mononuclear cells; rms, root-mean-square; SPR, surface plasmon
resonance.

* Corresponding author at: 1-135 Komakado, Gotemba, Shizuoka, Japan.
Tel.: +81 550 87 6734; fax: +81 550 87 5326
E-mail address: igiv

sylation of the N-linked glycan attached to Asn297 (Shieids et al.,

2002; Shinkawa er al, 20073) or symmetrically introducing amino
acid substitutions into the heavy chain Fcregion with or without the
N-linked glycan attached to Asn297 (Creen ef &b, 2002: jung et al,
20105 Lazar et f, 2006; Richards et al, 2008; Sazinsky er al., 2008;
Stavenhagen et al, 2007). These engineered Fc variants enhanced
the binding affinity for FcyRIla and FcyRIlla or improved the ratio of
activating FcyR binding to inhibitory FcyR binding (A/Iratio), which
resulted in enhanced ADCP and ADCC activity. However, these sym-
metric Fc engineering approaches cannot achieve a high affinity for
both FcyRIlla high- and low-affinity allotypes and improve the A/l
ratio and maintain thermal stability of the Cy2 domain at the same
time. Recently, we have reported a novel potent Fc variant that
maximized the effector function by an asymmetric Fc engineer-
ing approach (Mimoie ¢t al, 2873). We introduced different amino
acid substitutions into each heavy chain Fc region in an asymmet-
ric manner to optimize the asymmetric interface between the Fc
region and FcyR to successfully design an asymmetric Fc variant
that had the highest affinity for both FcyRlIlla high- and low-affinity
allotypes, had superior or at least comparable ADCC with the pre-
viously reported symmetrically engineered antibody, and had the

— 579 —



F. Mimoto et al. / Molecular Immunology 58 (2014) 132-138 133

highest A/l ratio. However, the mechanism by which the asymmet-
rically introduced substitutions contribute to the improved FcyR
binding remained unclear.

Here we report a crystal structure of the novel asymmetrically
engineered Fc variant, asym-mAb23, in complex with FeyRIlla. In
contrast to the previously reported asymmetrically engineered Fc
variant (Mimoto of gl 20172), asym-mAb23 enhanced the binding
affinity for both FcyRllla and FcyRlla to a level comparable with
that of previously reported Fc variants for both FcyRllla (Lazar
ef al. 2006) and FeyRIa (Richards ot al, 2008). This is the first
report describing the structure of asymmetrically engineered Fc
variant with increased affinity for FcyRs. This crystal structure
sheds light on the molecular mechanisms behind the interaction
between FcyRs and asymmetrically engineered Fc variant, which
will be beneficial for further designing a more potent asymmetric
Fc variant.

2. Materials and methods
2.1. Preparation of antibodies and FcyRs

The antibody variants used in the experiments were expressed
transiently in FreeStyle™ 293 cells (Life Technologies) transfected
with plasmids encoding heavy and light chains and purified from
culture supernatants using rProtein A Sepharose 4 Fast Flow or
rProtein G Sepharose 4 Fast Flow (GE Healthcare), as previously
described (Mimoio et al. 2013). Asymmetrically engineered Fc
variants contained knobs-into-holes substitutions, Y349C/T366W
in one of the heavy chains and D356C/T366S/L368A/Y407V in the
other, to facilitate heterodimerization (Klein ¢ al., 2012).

The FcyRs used in the experiments were also expressed tran-
siently in FreeStyle™ 293 cells (Life Technologies), as previously
described (Mimoio et al, 2013).

2.2. Surface plasmon resonance (SPR) analysis

The kinetic analysis of antibody variants for human FcyRs
was monitored by SPR analysis using a Biacore 4000 instrument
(GE Healthcare), as previously described (Mimnto ev al., 2013).
A recombinant protein A/G (Thermo Scientific) was immobilized
on a CM5 sensor chip (GE Healthcare) using a standard primary
amine-coupling protocol. HBS-EP+ (GE Healthcare) was used as
the running buffer. Antibody variants were captured on the chip,
followed by injection of FcyRs. The assay concentrations are from
0.001 nM to 16 nM for FcyR], from 0.49 nM to 2000 nM for FcyRlla,
from 2.0 nM to 8000 nM for FcyRIIb, and from 0.12 nM to 2000 nM
for FcyRllla. The experiments were conducted independently, in
triplicate.

2.3. ADCC assay

Cytotoxicity of antibody against antigen A was measured using
a standard calcein-AM release assay, as previously described
(Mimoto et al, 2013). We used DLD-1 cells expressing tumor anti-
gen A as target cells for the assay. Peripheral blood mononuclear
cells (PBMC) were purified from whole human blood of healthy
donors and used as effector cells. Antibody solution was mixed with
the target cells (1 x 104 cells) and then the effector cells were added
to the solution at a ratio of 50:1 PBMC to target cells.

2.4. Preparation of Fc fragments and FcyRIlla for crystallization

We cloned a recombinant Fc fragment of asym-mAb23, Fc
(asym-mAb23), corresponding to the heavy chain residues from
216 (EU numbering) to C-terminus for the crystallization. Cys220
was replaced with Ser so that the free cysteine would not make

Table 1
Data collection and refinement statistics.

Fc (asym-mAb23)-FcyRlIlla

Data collection

Space group P2,
Cell dimensions
a, b, c(A) 75.03, 72.49, 163.48
o, 6, () 90, 91.15,90
Resolution (A) 2.78 (2.85-2.78)°
Rsym 0.078 (0.614)
1ol 13.9(2.1)
Completeness (%) 98.1(98.2)
Redundancy 3.8(34)
Refinement
Resolution (A) 25-2.78
No. reflections 41,404
Rwork/Rfree 23.6/27.4
No. atoms 9961
Average B factors 54.7
rms deviations
Bond lengths (A) 0.005
Bond angles (*) 0.962
Ramachandran statistics
Most favored (%) 96.4
Additional allowed (%) 3.3
Disallowed (%) 0.3

Number of crystals for each structure is one.
4 Values in parentheses are for highest-resolution shell.

disulfide bonds. FeyRIlla with N35Q, N71Q, and N166Q substitut-
ionswas prepared as previously described (Ferrara et al, 2011). The
complex of Fc (asym-mAb23) and FcryRIlla was prepared by mixing
the Fc fragment with a little excess of FcyRIlla, and purified by size
exclusion chromatography.

2.5. Crystallization

Diffraction-quality crystals were obtained by 1:1 mixing of the
10 mg/ml protein complex of Fc (asym-mAb23) and FcyRlIlla with
0.1 M Bis-Tris pH 6.25,0.2 M sodium iodide, and 14.5% PEG 3350 in
hanging drop vapor diffusion setups with streak seeding at 20°C.

2.6. Data collection

For data collection, crystals were flash frozen at 95K in pre-
cipitant solution containing 20% ethylene glycol. Diffraction data
to 2.78 A were collected using the Photon Factory beamline BL-
NE3A. Data were processed with Xia2 (Winter, 2{1(), XDS Package
(Kabsch, 2010), and Scala (Evans, 2006).

2.7. Structure determination

The crystals belong to the space group P2; with cell parameters
of a=75.03 A, b=72.49A, c=163.48 A, and B=91.15°. The structure
was determined by molecular replacement with PHASER (&icCoy
et al, 2007) using the structure of I1gG1-Fc fragment, Fc (1gG1),
and FcyRIlla complex (PDB: 3SGJ) as a search model. The asym-
metric unit contains two 1:1 complexes of Fc (asym-mAb23) and
FcyRIlla. A model was built with the program Coot (Emsiey et al.,
2410) and refined with the program REFMACS (341 dov et al,
24311). Data collection and refinement statistics are summarized in
Table 1. When numbering, the standard EU numbering was used
for the heavy chain Fc region. For FcyRllla, the FcyRII numbering
system was used like PDB entry 1E4K (Sondermans et al, 2000). To
convert to standard NCBI numbering, it is necessary to add three
to the amino acid residue number of FcyRIlla. All graphical presen-
tations were prepared with PyMOL (3¢lane, 2002), Superposition
and calculation of root-mean-square (rms) differences were done
by LSQKAB (Kabsch, 1976)in CCP4 program suite. Coordinates and
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Fig. 1. Affinity analysis of antibody Fc variants for FcyRs by SPR. Fold increase of
the binding affinity for each FcyR was calculated by the equation, Kp (control)/Kp
(Fc variants). As the control, the Kp value of IgG1 is used for afucosyl mAb and the
Kp value of 1gG1 with knobs-into-holes substitutions is used for ADE variant, DLE
variant, and asym-mAb23. The Kp used for the calculation is the mean value of the
triplicate independent experiments. Bar colors are as follows: white, afucosyl mAb;
light gray, ADE variant; dark gray, DLE variant; and black, asym-mAb23.

structure factors have been deposited at the Protein Data Bank
(PDB) with the codes 3WNS5.

3. Results and discussion
3.1. SPR analysis of FcyR binding affinity and ADCC

We optimized Fc variants asymmetrically to increase the
binding affinity for both FcyRIlla and FcyRIla by utilizing the com-
prehensive mutagenesis in FcyR binding sites of the Cy2 domain,
as we explained in our previous report (Mimota et al, 2013).
As a result, we obtained a variant, asym-mAb23, by introducing
L234Y/L235Y/G236W/S239M/H268D/S298A/A327D substitutions
into one heavy chain Fc region and D270E/K326D/A330K/K334E
substitutions into the other heavy chain Fc region, which enhanced
binding affinity for FcyRlIla by 67-fold and for FcyRlIlla by 1000-
fold compared with wild-type mAb, as shown in Fig. 1. The kinetic
parameters (ka, kg, and Kp) of each antibody are shown in supple-
mentary Table 1 and representative sensorgrams are depicted in
supplementary Fig. 1. The FcyRlla binding affinity of asym-mAb23
was comparable with that of the most potent symmetrically engi-
neered Fc variant with G236A/S239D/1332E (ADE) substitutions
(Fig. 1). The FcyRIlla binding affinity of asym-mAb23 was also com-
parable with that of the most potent symmetrically engineered Fc
variant with S239D/A330L/I332E (DLE) substitutions (Fig. 1). Asym-
mAb23 achieved the most potent binding to FcyRlla and FcyRllla
at the same time, which could not be achieved by symmetrically
engineered Fc variants.

The ADCC activity of asym-mAb23 was compared with that
of wild-type IgG1 and afucosyl mAb using human PBMC. Asym-

mAb23 showed greater ADCC activity than IgG1 and slightly higher

or comparable activity with afucosyl mAb (¥ig. 2).

3.2. Overall structure of the asymmetrically engineered Fc variant
in complex with FcyRllla

The 2.78 A resolution crystal structure was determined for the
complex of Fc (asym-mAb23) with human FcyRIlla. In an asymmet-
ric unit of the crystal, two 1:1 complexes of Fc (asym-mAb23) and
FcyRIlla, complex 1 (Fig. 3A)and complex 2 (Fig. 3B), were observed.
In both of the complexes, Fc (asym-mAb23) binds to FcyRlIlla at the
lower hinge region and Cy2 domains, as observed in the previously
reported crystal structures of Fc and FcyR complexes (Ferrara et al,

70
60 -
50 |
40
30 A
20 |
10 1
0 +

-10 T v T T
1E-05 0. 0001 0.001 0.01 01 1 10

Antibody concentration (ug/mL)

Cytotoxicity (%)

Fig. 2. ADCC of antibody Fc variants. ADCC of IgG1, afucosyl mAb, and asym-mAb23
was determined by percent lysis of DLD-1 cells expressing opsonized tumor antigen
A at varying concentrations of antibody Fc variants to tumor antigen A, using PBMC
as effector cells. Square, 1gG1; triangle, afucosyl mAb; and circle, asym-mAb23.
Mean £ S.D. of triplicate wells.

2011 Sondermann ef ak, 2000 Radaev et al, 2001 Ramsland et &
24311), one of which (PDB ID: 3SGJ) is shown in #ig. 3C. The rms
difference of the whole main chain atoms between the two com-
plexes in the asymmetric unit is slightly large, at 2.03 A. However,
the rms difference of the main chain atoms in the binding region
consisting of domain 2 of FcyRIlla and the Cy2 domains of the Fc
(asym-mAb23)is 1.60 A.

Theoretically, an asymmetrically engineered Fc variant is
able to interact with FcyRs in two different orientations, since
the Fc region recognizes the FcyR asymmetrically from each
side of the region. However, in this crystal structure, Fc (asym-
mAD23) has the same asymmetric binding orientation toward
FcyRlilla in each complex. The chain of Fc (asym-mAb23) with
D270E/K326D/A330K/K334E substitutions binds to the side of
FcyRIlla that comprises W87, W110, and K158, and the other
chain with L1234Y/L235Y/G236W/S239M/H268D/S298A/A327D
substitutions binds to the other side of FcyRIlla that comprises
K117, Y129, and H131. This result suggests that asym-mAb23
recognized FcyRlIlla or FcyRila only in a favorable manner.

Between the FcyRIlla and Fc (IgG1) complex (PDB ID: 3SGJ) and
complex 1 of the Fc (asym-mAb23) and FcyRIlla in this crystal, rms
difference of the main chain atoms in the binding region is 1.65 A
and between the FcyRlilla and Fc (IgG1) complex and complex 2,
that is 1.03 A. This result indicates that the protein structure of
complex 2 is more similar to the FcyRIlla and Fc (IgG1) complex
than complex 1 is. Most of the key interactions observed between
Fc(IgG1) and FcryRIlla are conserved. For example, P329 in the Cy2-
Aof complex 1 and complex 2 forms tight hydrophobic interactions
with W87 and W110 of FcyRlIlla, and D265 in the Cy2-B of both of
the complexes forms a potent electrostatic interaction with K117
of FcyRlIlla in a similar way to the reported FcyRIlla and Fc (IgG1)
complex structures.

The structure of the carbohydrate chains attached to N159 of
FcyRllla is different between the complexes. In complex 1, the
electron density of five branched sugar moieties of FcyRIlla was
observed, similar to that seen in the FcyRIlla and Fc (IgG1) complex
(Ferrara et al, 2011), and those sugar moieties are involved in the
interaction with a carbohydrate chain of Fc (asym-mAb23). On the
other hand, in complex 2, the electron density of only three sugar
moieties was observed, and these are not involved in the interaction
with Fc (asym-mAb23).

These differences observed in the two complexes in an asym-
metric unit may suggest that Fc (asym-mAb23) could bind to
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Fc (asym-mAb23) / FcyRllla

Complex 1 Complex 2
A Jy FeyRllia B ./ FcyRllla c
géi;gomainQ .
gzié} ~ g_pdomain 1 . domain 1
Cu2-B Cu2-A

Fc

135

Fec (IgG1) / FeyRllla
(PDB ID: 3SGJ)

Fig. 3. The overall structure of Fc (asym-mAb23) and FcyRllla complexes in the asymmetric unit in comparison with a known Fc (IgG1) and FoyRllla complex. (A) The Ca
trace of Fc (asym-mAb23) and FeyRIlla complex 1. Complex 1 consists of two Fc fragments and FeyRIla. The Fe fragment with D270E/K326D/A330K/K334E substitutions is
shown in green (Fc fragment A) and the other Fc fragment with L234Y/1235Y]G236W/[S239M/H268D(S298A/A327D substitutions in cyan (Fc fragment B). FcyRilla is shown
in magenta. (B) The Ca trace of Fc (asym-mAb23) and FcyRlIlla complex 2. Complex 2 consists of two Fc fragments and FeyRHla, Fc fragment A is shown in red and Fc fragment
B in blue. FcyRllla is shown in orange. (C) The Ca trace of a known Fc (IgG1) and FeyRIlla complex (PDB ID: 35G)). The complex consists of two Fc fragments and FcyRllla, Fo
fragment A and B are corresponding to those of Fc (asym-mAb23) and FcyRilla complex. Both of the Fc fragments are shown in yellow and FeyRilla in gray. The substituted
residues in Fc (asym-mAb23) and the corresponding residues in Fc (1gG1) are shown by spheres. The carbohydrate chains of the heavy chain Fc region and of FeyRlIlla are

shown by sticks.

FeyRIla in several different manners, although the difference may
also be influenced by the crystal packing environment.

3.3. Structural implication of the contribution of each
substitution of asym-mAb23 to the improved FcyRIlla binding

The interfaces between the Cy2-A of Fc (asym-mAb23)
and FcyRIla in complexes 1 and 2 are depicted in Fig. 4.
In the Cu2-A of Fc (asym-mAb23), four substitutions,
D270E[K326D/A330 K/K334E, are introduced. Structural super-
position of the Cy2-A of FcyRIlla and Fc (1gG1) complex (PDB ID:
3SGJ) with the Cy2-A of complex 1 and complex 2 results in 0.75A
and 0.67 A rms differences of the main chain atoms, respectively.
These substitutions do not affect the main chain structure of the
Cy2-A, but affect the side chain structures around the residues.

In the Cy2-A, all of the substituted residues are charged, which
would improve long-range electrostatic interactions with FcyRIIla.
In both of the complexes in this crystal, D270E would optimize
the electrostatic interaction with K111 of FcyRIlla (¥ig. 4A and B);
K326D would change electrostatic repulsions with K19 of FcyRIlla
to electrostatic attractions (¥iz. 4A and B); A330K would make a
new electrostatic interaction with E163 of FcyRIlla and enhance
van der Waals contacts with 185 of FcyRIlla (Fig. 4A and B). The
conformation of these side chain residues and the distances of
ion-pairs are slightly different between the two complexes. This
might reflect the weakness of these long-range electrostatic inter-
actions. The contribution of K334E to the enhancement of FcyRIlla
binding seems mediated by a different mechanism from those of
other substitutions. K334E makes a hydrogen bond with the car-
bohydrate chain attached to N297 of the Cy2-A of complex 1 and
complex 2 (Fig. 4C and D), which could result in changing and sta-
bilizing the carbohydrate chain conformation. The carbohydrate
chain of the heavy chain Fc region is known to be critical for the
binding to FcyRs (Ferrara et al, 2011, Krapp et al, 2003), so mod-
ifying and stabilizing the carbohydrate chain conformation could
contribute to enhancing the binding activity to FcyRs.

The interfaces between the Cy2-B of Fc (asym-mAb23) and
FcyRIla in complex 1 and 2 are depicted in ¥ig. 5. The substitut-
ions introduced into the Cy2-B domain of Fc (asym-mAb23),
L234Y/L235Y/G236W/S239M[H268D/S298A/A327D, affect not

only the side chain structures around the substituted residues,
but also the main chain structure of the lower hinge region, loop
265-273, and loop 325-331. Structural superposition of the Cy2-B
of complex 1 with the Cy2-B of FeyRlIIla and Fc (IgG1) complex (PDB
ID: 35G]) results in 1.13 A rms difference of the main chain atoms.
The lower hinge and some of the loops show larger deviations;
with regard to residues 235-237 in the lower hinge, loop 265-273,
and loop 325-331, the largest rms differences of the main chain are
observed at Y235, P271, and D327, respectively, and their values
are 4.85A,2.18 A, and 3.91 A, respectively. Similar lower hinge and
loop deviations are observed in the Cy2-B of complex 2. Structural
superposition of the Cy2-B of complex 2 in this crystal structure
with the Cy2-B of FcyRllla and Fe (IgG1) complex (PDB ID: 35G])
results in 0.77 A rms difference of the main chain atoms. On the
other hand, with regard to residues 235-237 in the lower hinge,
loop 265-273, and loop 325-331, the largest rms differences of
the main chain are observed at the same residues as in the Cy2-B
of complex 1 (Y235, P271, and D327, respectively) and their values
are 3.00A, 2.59A, and 2.27A, respectively. Compared with the
FcyRIlla and Fe (1gG1) complex, the electron density of the lower
hinge is not well observed, especially in the Cy2-B. In both of the
complexes, the conformation of L234Y and the preceding residues
are not defined.

Some structural differences are observed around L235Y and
G236W between the Cy2-B of complex 1 and complex 2; the main
difference being that the two residues are interchanged between
the two complexes and adopt conformations that are both differ-
ent from that of the FcyRIlla and Fc (IgG1) complex. In complex 1,
W?236 is involved in a hydrophobic core of the Cy2-B domain with
P238, L328, V323, and 1332 of the same domain, which can shift
loop 325-331 considerably from the corresponding loop observed
in the Fc (1gG1) and FcyRlila complex. L235Y of Cy2-B in complex 1
forms a van der Walls contact with K117 and edge-to-face interac-
tions with H116 and H132 of FeyRIlla (Fig. 5A). On the other hand,
in the Cy2-B domain of complex 2, W236 is not involved in the
hydrophobic core of the same domain, as is observed in the Cy2-B
of complex 1. Instead, it forms a stacking interaction with H116 of
FeyRIlla, with L235Y of Cy2 making contact with L328 and P329
in the same domain (¥ig. 5B). In complex 1, H268D would make
a new electrostatic interaction with K128 of FcyRIlla. Moreover,
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Complex 1

Vo

FcyRllla

Complex 2

Fig. 4. The binding interfaces between the C42-A of Fc (asym-mAb23) and FcyRIlla in complexes 1 and 2. The binding interfaces between the Cyy2-A (shown in green) of Fc
(asym-mAb23) and FcyRllla (shown in magenta) in complex 1 and the corresponding binding interfaces between the Cy2-A (shown in red) of Fc (asym-mAb23) and FcyRIlla
(shown in orange) in complex 2 are depicted in (A) and (B), respectively. The binding interfaces of another angle between the Cy2-B of Fc (asym-mAb23) and FcyRllla in
complex 1 and 2 are depicted in (C) and (D), respectively. The corresponding Cy2 domain structure of the Fc (IgG1) (PDB ID: 35G]J) (shown in yellow) is superimposed on the

Cy2-A domain of Fc (asym-mAb23).

H268D may change the side chain conformation of neighboring
residues E269 and E294 in Cy2-B of complex 1 and thus may con-
tribute to optimizing the electrostatic interactions of those residues
with K128 and K125 of FcyRllla, respectively (¥ig. A). On the other
hand, in complex 2, the conformations of K125 and K128 of FcyRIlla
are not completely defined because their electron density is poor
(Fig. 5B), and this suggests that the long-range electrostatic inter-
actions related to H268D might be weaker than others. As shown in
Fig. 5A and B, in complex 1 and complex 2, S298A reduces the size
of the side chain of the residue, which might result in optimizing a
van der Waals interaction with FcyRlIlla to achieve closer binding
in the whole binding surface of the C;2-B in the Fc region. S239M
makes new van der Waals contacts with K117 of FcyRIlla and with
the carbohydrate chain attached to N297 of the Cy2-B of complex 1
and complex 2 (¥ig. 5C and D). This mutation might also contribute
to stabilizing the carbohydrate chain conformation and enhancing
the binding activity for FcyRs. The direct contribution of A327D
to the improved binding affinity to FcyRlIlla is not obvious from
the structural analysis, because even the nearest possible partner
residues in FcyRllla, K117 and K128, are too far (approximately
14A) to form effective electrostatic interactions in either of the
complexes. In the Fc (IgG1) and FcyRIlla complex, A327 is located
close enough to D270, so A327D might introduce an electrostatic

repulsion with D270 to trigger the conformational change of loop
265-273 and loop 324-331. This would be the reason why the side
chain of D270 of Fc (asym-mADb23) forms a hydrogen bond with the
side chain of H131 of FcyRIla, which was not observed in Fc (IgG1)
bound to FcyRIIla. As a result, this substitution may contribute to
the improvement of binding activity to FcyRIlla.

As described above, the X-ray crystal structure suggests that the
contribution of each substitution to the binding affinity is mod-
erate. This is indicated by the distant electrostatic interactions
(4-9A) observed in the structure and is also suggested by the fact
that two types of binding mode were observed in some parts of
the interface between Fc (asym-mAb23) and FcyRllla. Some of the
substitutions seem to contribute to the binding enhancement indi-
rectly by stabilizing the carbohydrate chains of the heavy chain
Fc region or changing the loop conformation. Nevertheless, asym-
mAb23 showed approximately 1000-fold enhanced binding affinity
for FeryRllla. This would be achieved by the cumulative effect of
these weak direct effects and the indirect effects caused by the sta-
bilization of the carbohydrate chain conformation and the change
of loop conformation.

A previous report suggested the difficulty of maintaining the
high stability and improving the binding affinity for FcyRs at the
same time by protein-engineering of Fc region (Ogarnesy:
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Complex 1

Complex 2
B FcyRllla

o

Fig. 5. The binding interfaces between the Cyy2-B of Fc (asym-mAb23) and FcyRllla in complexes 1 and 2. The binding interfaces between the Cy2-B (shown in cyan) of Fc
(asym-mAb23) and FcyRllla (shown in magenta) in complex 1 and the corresponding binding interfaces between the Cy2-B (shown in blue) of Fc (asym-mAb23) and FcyRllla
(shown in orange) in complex 2 are depicted in (A) and (B), respectively. The binding interfaces of another angle between the Cy2-B of Fc (asym-mAb23) and FcyRilla in
complex 1 and 2 are depicted in (C) and (D), respectively. The corresponding Cyy2 domain structure of the Fc (IgG1) (PDB ID: 3SGJ) (shown in yellow) is superimposed on the

Cy2-B domain of Fc (asym-mAb23).

206%). However, asymmetric Fc engineering can minimize the
number of total substitutions in the Fc region, as we discussed in the
previous report (Mimote et al, 2013). In other words, asymmetric
Fc engineering enables us to utilize a large number of substitut-
ions and to exploit their contributions, even those conferring weak
enhancement.

4. Conclusion

This is the first report describing the crystal structure of an
asymmetrically engineered Fc variant in complex with FcryRIlla. The
structural analysis suggested that the asymmetrically introduced
substitutions fine-tuned the interaction in each interface between
the Cy2 domain and FcyRIlla. Thus, the application of asymmetric
Fc engineering would enable us to optimize the interaction in each
interface independently and thus design Fc variants with a vari-
ety of FcyRs binding profiles more precisely. This crystal structure
could be utilized when we design a more potent asymmetric Fc
variant.
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