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ABSTRACT: The cell-surface receptor FcγRIIIa is crucial to the efficacy of
therapeutic antibodies as well as the immune response. The interaction of the
Fc region of IgG molecules with FcγRIIIa has been characterized, but until
recently, it was thought that the Fab regions were not involved in the
interaction. To evaluate the influence of the Fab regions in a biophysical
context, we carried out surface plasmon resonance analyses using recombinant
FcγRIIIa ligands. A van’t Hoff analysis revealed that compared to the
interaction of the papain-digested Fc fragment with FcγRIIIa, the interaction of
commercially available, full-length rituximab with FcγRIIIa had a more
favorable binding enthalpy, a less favorable binding entropy, and a slower off
rate. Similar results were obtained from analyses of IgG1 molecules and an IgG1-Fc fragment produced by Expi293 cells. For further
validation, we also prepared a maltose-binding protein-linked IgG1-Fc fragment (MBP-Fc). The binding enthalpy of MBP-Fc was
nearly equal to that of the IgG1-Fc fragment for the interaction with FcγRIIIa, indicating that such alternatives to the Fab domains as
MBP do not positively contribute to the IgG-FcγRIIIa interactions. Our investigation strongly suggests that the Fab region directly
interacts with FcγRIIIa, resulting in an increase in the binding enthalpy and a decrease in the dissociation rate, at the expense of
favorable binding entropy.

Antibodies are key players in the immune system. Due to
the development of stable scaffolds that present regions

with high specificity, antibody-based therapies are now
clinically relevant.1−3 The most abundant immunoglobulin in
blood, IgG, consists of two Fab domains and an Fc domain
linked through a flexible hinge region. The Fab portions are
vital for the capture of a specific antigen, and the Fc region is
necessary for the immune response triggered by the Fc-
mediated interactions with complement factors and Fc
receptors.4−6 Although Fab and Fc domains work in concert,
in many previous studies the biophysical functions of the
domains have been examined independently. It is difficult to
analyze the precise molecular function of intact IgG in part due
to limited knowledge of the structure of full-length IgG.7 To
gain a better understanding of the molecular function of
antibodies, the dynamics of full-length IgG occasionally with
various ligands has recently been analyzed using various
technologies, including computational methods.7−11

FcγRIIIa is an Fc receptor that mediates antibody-dependent
cellular cytotoxicity (ADCC) through the interaction with IgG
molecules.4−6,12,13 The interaction between FcγRIIIa and the
Fc region of IgG is well characterized as is the role of N-
glycosylation of the Fc region.5,12,14 The Fab regions were not
thought to be relevant to the interaction until recently when
Yogo et al. demonstrated the direct involvement of the Fab
portion in the interaction between IgG and FcγRIIIa by using
high-speed atomic force microscopy (HS-AFM) and hydro-

gen−deuterium exchange mass spectrometry (HDX-MS).15

Sun et al. confirmed these findings by molecular dynamics
(MD) simulation of the complex of full-length IgG1 with
FcγRIIIa and by using hydroxyl radical footprinting mass
spectrometry (HRF-MS).11 The MD simulation demonstrated
that one Fab portion directly interacts with FcγRIIIa regardless
of core fucosylation.
To fully comprehend the mechanism of binding of the IgG

ligand to FcγRIIIa, biophysical knowledge about the
contribution of the Fab regions to the IgG-FcγRIIIa interaction
is needed. To evaluate the impact of the Fab regions on the
interaction of IgG with FcγRIIIa in the context of kinetic and
thermodynamic parameters, we conducted the surface plasmon
resonance (SPR) analyses using maltose-binding protein
(MBP)16,17 linked to an Fc fragment as well as full-length
IgG1 and an Fc fragment. Our biophysical analyses strongly
support the hypothesis that the Fab regions contribute to the
interaction between IgG and FcγRIIIa and demonstrate that
alternative components to the Fab domains, such as MBP, do
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not stabilize the IgG-FcγRIIIa interaction. Our investigation
thus provides information about the molecular mechanism of
the IgG-FcγRIIIa interaction.

■ MATERIALS AND METHODS
Papain Digestion of Rituximab and Trastuzumab.

Commercially available rituximab (Roche) was digested with
papain in accordance with the manufacturer’s protocol from
the Pierce Fab Preparation Kit (Thermo Fisher Scientific). The
papain-digested Fc fragment was purified by using an rProtein
A Sepharose Fast Flow column (Cytiva) equilibrated with
phosphate-buffered saline (PBS, pH 7.4). The column was
washed with PBS, and the desired Fc fragment was eluted with
Pierce IgG Elution Buffer (Thermo Fisher Scientific). The
eluted fraction was neutralized by adding Tris-HCl (pH 8.0) to
a final concentration of 100 mM, and the Fc fragment was
further purified by size-exclusion chromatography using a
HiLoad 16/600 Superdex 200 pg column (Cytiva) equilibrated
with PBS (pH 7.4). Commercially available trastuzumab
(Roche) was also digested with papain. The Fc fragment was
purified using an rProtein A Sepharose Fast Flow column
(Cytiva) with the same protocol that was used for rituximab.
The Fc fragment was further purified by cation exchange
chromatography using a Resource S column (Cytiva) to
separate the Fc fragment from the Fab fragment. Mobile phase
A consisted of 20 mM sodium acetate and 20 mM NaCl (pH
5.0), and mobile phase B consisted of 20 mM sodium acetate
and 250 mM NaCl (pH 5.0). A linear gradient (from 0% to
100% B) was used (gradient length of 50 column volumes).
The Fc fragment was finally purified by size-exclusion
chromatography using a HiLoad 16/600 Superdex 200 pg
column (Cytiva) equilibrated with PBS (pH 7.4).
Expression and Purification of Wild-Type FcγRIIIa.

The DNA sequence encoding the human FcγRIIIa (V158)
ectodomain (amino acid residues 1−175) with a C-terminal
hexahistidine tag was cloned into the pcDNA3.4 vector
(Thermo Fisher Scientific). Expi293 cells (Thermo Fisher
Scientific) were transiently transfected with the vectors using
the ExpiFectamine 293 Transfection Kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The cells
were cultured by rotating at 125 rpm for 5 days after
transfection at 37 °C and 8% CO2. The culture supernatant
was collected by centrifugation at 1000g for 10 min and
filtration. The collected supernatant was loaded onto a Ni-
NTA agarose affinity column (Qiagen) after equilibration with
binding buffer [20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and
5 mM imidazole]. The resin capturing wild-type (WT)
FcγRIIIa was washed with binding buffer, and subsequently,
the protein was eluted with the buffers containing increasing
concentrations of imidazole (≤500 mM). WT FcγRIIIa was
obtained after further purification by size-exclusion chroma-
tography using a HiLoad 16/600 Superdex 200 pg column
(Cytiva) equilibrated with 50 mM Tris-HCl (pH 8.0), 500
mM NaCl, and 1 mM EDTA.
Expression and Purification of Mutant FcγRIIIa. The

human FcγRIIIa (V158) ectodomain (amino acid residues 1−
175) that has nine amino acid mutations with a C-terminal
hexahistidine tag in the pTrc99a vector (Cytiva) was used to
prepare mutant (Mut) FcγRIIIa as described previously.18,19

The expression vector was transformed into Escherichia coli
strain BL21 (DE3), and the cells were precultured in 3 mL of
Luria-Broth medium overnight at 37 °C. The cells were further
grown in 1 L of 2XYT medium at 37 °C until the OD600

reached ∼0.5. At that point, to induce protein expression, the
cells were cultured with 0.2 mM isopropyl β-D-1-thiogalacto-
pyranoside via rotation at 100 rpm overnight at 20 °C. The
cultures were centrifuged at 8000g for 10 min at 4 °C. The
harvested cell pellet was resuspended in binding buffer [20
mM Tris-HCl (pH 8.0), 500 mM NaCl, and 5 mM imidazole],
and the cells were lysed with an ultrasonic cell-disrupting UD-
201 instrument (TOMY). The cell lysate was centrifuged at
40000g for 30 min at 4 °C, and the soluble fraction was
collected and filtered. The collected supernatant was loaded
onto a Ni-NTA agarose affinity column (Qiagen) after
equilibration with binding buffer [20 mM Tris-HCl (pH
8.0), 500 mM NaCl, and 5 mM imidazole]. The resin
capturing Mut FcγRIIIa was washed with binding buffer, and
subsequently, the protein was eluted with the buffers
containing increasing concentrations of imidazole (≤500
mM). The eluted fractions containing Mut FcγRIIIa were
further purified by size-exclusion chromatography using a
HiLoad 16/600 Superdex 75 pg column (Cytiva) equilibrated
with 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 1 mM
EDTA.
Expression and Purification of Expi293-Derived Anti-

bodies. The DNA sequences of each antibody construct were
cloned into the pcDNA3.4 vector (Thermo Fisher Scientific).
Expi293 cells (Thermo Fisher Scientific) were transiently
transfected with the vectors using ExpiFectamine 293 Trans-
fection Kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. The cells were cultured by rotation
at 125 rpm for 3−4 days after transfection at 37 °C and 8%
CO2. The culture supernatant was collected by centrifugation
at 1000g for 10 min and filtration. The collected supernatant
was loaded onto an rProtein A Sepharose Fast Flow resin
(Cytiva) equilibrated with PBS (pH 7.4). The resin was
washed with PBS (pH 7.4), and subsequently, the captured
proteins were eluted with Pierce IgG Elution Buffer (Thermo
Fisher Scientific). To neutralize the acidic eluates, Tris-HCl
(pH 8.0) was added to the eluted fractions to a final
concentration of 100 mM. The final purifications of the
recombinant antibodies were performed by size-exclusion
chromatography using a HiLoad 16/600 Superdex 200 pg
column (Cytiva) in PBS (pH 7.4).
Surface Plasmon Resonance. The binding of each

antibody to FcγRIIIa was analyzed using SPR on a Biacore
T200 instrument (Cytiva). BSA-free Penta·His Antibody
(Qiagen) was immobilized on a CM5 Biacore sensor chip
(Cytiva) at 10000−13000 RU, after activation with N-
hydroxysuccinimide/N-ethyl-N′-[3-(dimethylamino)propyl]-
carbodiimide hydrochloride. After immobilization, the acti-
vated surface of the sensor chip was subsequently blocked by
treatment with 1 M ethanolamine hydrochloride (pH 8.5). To
measure the interaction of each antibody with FcγRIIIa, after
10 nM WT or Mut FcγRIIIa was captured on the sensor chip
by the immobilized Penta·His Antibody at a flow rate of 10
μL/min for around 50 RU of capture level at the beginning of
each cycle, a range of concentrations of each antibody (0.156−
10 μM) were injected at a flow rate of 30 μL/min with a 90 s
association time and a 180 s dissociation time. PBS (pH 7.4)
containing 0.005% (v/v) Tween 20 was used as the running
buffer. At the end of each cycle, the regeneration procedure
was conducted by treatment with 1 M Arg-HCl (pH 4.4). The
assay was performed at different temperatures. Using the
BIAevaluation software (Cytiva), data analysis was carried out.
A global fitting analysis assuming a 1:1 Langmuir binding
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model determined association rate constants (kon) and
dissociation rate constants (koff) for the interactions of WT
and Mut FcγRIIIa. The dissociation constant (KD) of the
interaction was calculated by the following formula:

K k k/D off on=

In addition, with regard to the interaction of WT FcγRIIIa, the
dissociation constant was also calculated by fitting the
equilibrium curve of steady-state affinity analysis for the van’t
Hoff plots. We statistically evaluated whether the differences in
each parameter determined by the SPR analysis were
significant as determined by a t test. The significant level was
set to 0.05. The changes in enthalpy (ΔH°) and entropy (ΔS°)
were calculated from the slope and intercept of the
temperature dependence of the dissociation constant deter-
mined using the van’t Hoff formula:

K H RT S Rln / /D = ° °

where R is the gas constant and T is the absolute temperature.
On the basis of the calculated change in enthalpy and entropy,
the change in Gibbs free energy (ΔG°) was determined as
follows:

G H T S° = ° °
Affinity Chromatography using a FcγRIIIa Column.

Affinity chromatography was carried out using an affinity
column [4.6 mm (inside diameter) × 75 mm] packed with a
resin on which Mut FcγRIIIa was immobilized (TOSOH) as
described previously18,19 by an AKTA explorer instrument
(Cytiva) with the measurement of absorbance at 280 nm.
Mobile phase A consisted of 50 mM sodium citrate (pH 6.3),
and mobile phase B consisted of 50 mM sodium citrate (pH
4.4). For analysis, 100 μg of each sample was applied to the
FcγRIIIa affinity column after equilibration with mobile phase
A. To elute the captured antibody ligands, the percentage of
mobile phase B was increased by a linear gradient from 0% to
100% over 40 min at a flow rate of 0.5 mL/min, followed by
100% mobile phase B for 40 min.
Glycan Analysis. The composition of the N-glycan was

determined using the analytical method with three steps:
release of N-linked oligosaccharides, labeling with 2-amino-
benzamide (2-AB), and UPLC. Using PNGase F (Roche), the
N-linked oligosaccharides were separated from proteins. After
the mixture of 20 μg of antibodies with 1 unit of PNGase F was
incubated at 37 °C for 16 h, released N-linked oligosaccharides
were applied to an Envi-Carb graphitized carbon column
(Spelco) equilibrated with 1.0 mL of acetonitrile. The column
was washed with 3.0 mL of water, and subsequently, the N-
glycan was eluted with 1.0 mL of 5 mM ammonium acetate in
50% acetonitrile. The collected eluates were dried with a
Savant SpeedVac centrifugal evaporator (Thermo Fisher
Scientific). The dried samples were mixed with 10 μL of a
labeling solution [0.37 M 2-AB and 1 M NaCNBH3 in a 70:30
(v:v) DMSO/acetic acid mixture]. The reaction mixtures were
incubated at 65 °C for 3 h, followed by gentle addition of 1.0
mL of acetonitrile. The sample was centrifuged at 15000g for
10 min, and the supernatant was discarded. The dissolved
pellet in 20 μL of distilled water containing the labeled glycan
was analyzed by UPLC using an ACQUITY UPLC BEH
amide column (2.1 mm × 150 mm, 1.7 μm) by an ACQUITY
UPLC H-class system (Waters). A total of 1 μL of sample was
injected onto the column. To elute the labeled glycans, mobile
phase A [0.1 M ammonium formate (pH 4.6)] and mobile

phase B [100% (v/v) acetonitrile] were used with a linear
gradient (25% A and 75% B to 50% A and 50% B) for 50 min.
The fluorescence signals were detected at 420 nm (excited at
330 nm). On the basis of the previously reported elution
profile,20 the structure of the glycans corresponding to each
peak was determined.
Circular Dichroism. To analyze the secondary structures

of Expi293-derived IgG1-Fc and MBP-Fc, the circular
dichroism (CD) spectra were recorded with a J-820
spectropolarimeter (Jasco) using the samples prepared at 0.1
mg/mL in PBS (pH 7.4) at 25 °C. The CD measurements
were performed at a scanning speed of 20 nm/min by
continuous scanning from 260 to 200 nm using a 1 mm path-
length quartz cell. Five scans were recorded for each sample,
and the collected data were analyzed by Spectra Analysis
software (Jasco).
Differential Scanning Calorimetry. To analyze the

thermal stabilities of Expi293-derived IgG1-Fc and MBP-Fc,
differential scanning calorimetry (DSC) measurements were
carried out using an automated PEAQ-DSC microcalorimeter
(Malvern). Samples were prepared at 20 μM (IgG1-Fc) and 10
μM (MBP-Fc) in PBS (pH 7.4). The samples were loaded into
the sample cell and heated from 10 to 100 °C at a rate of 60
°C/h. The collected data were analyzed with a non-two-state
model by MicroCal PEAQ-DSC software (Malvern).

■ RESULTS AND DISCUSSION
Comparison of the Biophysical Parameters for

Binding of Full-Length IgG1 and IgG1-Fc to FcγRIIIa.
To interpret biophysically the influence of a Fab portion on
IgG1-FcγRIIIa interaction, we carried out an SPR analysis
using commercially available full-length rituximab (Roche). We
also prepared the Fc fragment of rituximab by papain digestion
to compare with full-length rituximab (Figure S1). We first
used the recombinant WT FcγRIIIa ectodomain expressed by
Expi293 cells as a ligand, and kinetic parameters of the
interactions with full-length rituximab and rituximab-Fc were
determined on the basis of curve fitting (Figure S2A and Table
S1). Full-length rituximab had a higher affinity for WT
FcγRIIIa than did rituximab-Fc, due to a slower dissociation
rate. This result agrees with the results of previous HS-AFM
analyses comparing the binding of FcγRIIIa to the full-length
IgG and the Fc fragment.15 Similarly, for the interaction with
WT FcγRIIIa, commercially available full-length trastuzumab
(Roche) also exhibited a dissociation rate that was slower than
that of papain-digested trastuzumab-Fc (Figure S2B and Table
S1).
Furthermore, on the basis of the measured binding affinities

at different temperatures, thermodynamic parameters of the
interactions of WT FcγRIIIa were calculated from van’t Hoff
plots. We could not obtain reliable thermodynamic parameters
from the dissociation constants calculated by division of kinetic
parameters, because the linear approximation could not be
performed to van’t Hoff plots. Therefore, on the basis of the
dissociation constants calculated by the equilibrium curve
fitting of steady-state affinity analysis at several temperatures
(Figure S3A and Table S2), thermodynamic parameters of the
interactions of WT FcγRIIIa with rituximab and rituximab-Fc
were determined from van’t Hoff plots (Figure S3B,C). The
binding enthalpy of the interaction between WT FcγRIIIa and
full-length rituximab was negatively larger, namely more
favorable to stabilize the bound-state Gibbs free energy21

than that with rituximab-Fc. In contrast, the binding entropy of
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the interaction between full-length rituximab was negatively
smaller, namely unfavorable compared with that with
rituximab-Fc.
To further validate the role of the Fab domain, we carried

out an SPR analysis using Mut FcγRIIIa. Mut FcγRIIIa
contains nine mutations that increase stability in the absence of
glycosylation and was produced by E. coli as described
previously.18,19 On the basis of curve fitting, kinetic parameters
of the interactions were determined (Figure 1A and Table 1).

Full-length rituximab had a higher affinity for Mut FcγRIIIa
than did rituximab-Fc, due to a slower dissociation rate,
following the results of WT FcγRIIIa. On the basis of the
measured binding affinities at different temperatures (Table
S3), thermodynamic parameters of the interactions of Mut
FcγRIIIa were also calculated from van’t Hoff plots (Figure
1B,C). Following the results of WT FcγRIIIa, for the
interaction with Mut FcγRIIIa, the binding enthalpy was
more favorable and the binding entropy less favorable for full-
length rituximab than for rituximab-Fc.
Interestingly, WT and Mut FcγRIIIa had quite different

thermodynamic properties. When we compared the thermody-
namic parameters of binding to antibody ligands, WT FcγRIIIa
had more favorable binding entropy and a less favorable

enthalpy than did Mut FcγRIIIa. The mutated residues of Mut
FcγRIIIa are not located in the binding interface of FcγRIIIa
with IgG-Fc. Comparison of previously reported crystal
structures of glycosylated WT FcγRIIIa and nonglycosylated
Mut FcγRIIIa did not show significant differences in the
contact interface of the protein and N-glycan portions of IgG-
Fc with FcγRIIIa.18 This suggests that the different
thermodynamic parameters between WT and Mut FcγRIIIa
were due to the heterogeneous glycosylation of WT FcγRIIIa
as shown from Figure S1. On the contrary, an enthalpy gain
and an entropy loss of full-length rituximab compared with
rituximab-Fc were observed for the interactions with both WT
and Mut FcγRIIIa, indicating that the contribution of Fab
regions does not depend on the glycosylation of FcγRIIIa.
Therefore, using Mut FcγRIIIa should more clearly describe
the influence of Fab regions by separating the protein
interactions from the heterogeneous glycan interactions and
be effective in evaluation of the contribution of Fab regions to
IgG-FcγRIIIa interaction.
Interaction Analysis of the Antibody Ligands Ex-

pressed by Expi293 Cells. We further investigated the
contribution of the Fab regions of IgG to the interaction with
FcγRIIIa using three IgG1 antibodies (rituximab, trastuzumab,
and adalimumab) and the IgG1-Fc fragment. The Fc regions of
these ligands have the same amino acid sequence (Figure S4),
and all were produced by Expi293 cells. No significant
differences in separation profiles of these ligands isolated
from Expi293 cells were observed by affinity chromatography
using an FcγRIIIa affinity column packed with Mut FcγRIIIa-
immobilized resin18,19 (Figure S5), according to a glycan
analysis that showed almost no differences in the Fc
glycosylation patterns of these ligands (Figure S6).

Figure 1. Analysis of the interactions of Mut FcγRIIIa with commercially available full-length rituximab and papain-digested rituximab-Fc. (A) SPR
assay of the binding of rituximab and rituximab-Fc to Mut FcγRIIIa at 25 °C. The raw sensorgrams are shown as monochrome lines, and line
darkness indicates concentration, with the darkest line showing the highest concentration. The curve fitting profiles are shown as red lines. (B) van’t
Hoff plots of the interactions of rituximab and rituximab-Fc with Mut FcγRIIIa. The average values of KD at each temperature derived from at least
three independent SPR measurements are plotted. The average values of KD with standard errors are also listed in Table S3. R2 values are more
significant than 0.99 for both rituximab and rituximab-Fc. (C) Thermodynamic parameters of the interactions of rituximab and rituximab-Fc with
Mut FcγRIIIa. Each parameter was determined from van’t Hoff plots. Standard errors of linear fitting of van’t Hoff plots are shown as error bars.

Table 1. Kinetic Parameters of the Interaction of Mut
FcγRIIIa with Commercially Available Full-Length
Rituximab and Papain-Digested Rituximab-Fc at 25 °Ca

kon (×104 M−1 s−1) koff (×10−2 s−1) KD (×10−6 M)

rituximab 4.45 ± 0.12 4.98 ± 0.09 1.12 ± 0.03
rituximab-Fc 4.39 ± 0.23 7.21 ± 0.19 1.66 ± 0.08

aFour independent measurements were carried out. The average
values with standard errors are given.
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We previously evaluated the interactions of Expi293-derived
rituximab and trastuzumab with Mut FcγRIIIa using SPR
analysis.19 For this study, we conducted further SPR analyses
to evaluate the interactions of the antibody ligands produced
by Expi293 cells with Mut FcγRIIIa. In accordance with the
kinetic difference between full-length rituximab and rituximab-
Fc, all three full-length monoclonal antibodies dissociated
more slowly from Mut FcγRIIIa than did IgG1-Fc, but binding
affinities were not necessarily higher than that for IgG1-Fc
(Table 2). The different binding affinities of the three full-

length monoclonal antibodies might be caused by the different
amino acid sequences in the joint region connecting the Fab
portion to the upper hinge (Figure S4), as inferred from a
previous study that reported the influence of the upper hinge
region of human IgG1 on FcγRIIIa binding and ADCC
activity.22 As a side note, kinetic parameters of the interactions
of WT FcγRIIIa with the antibody ligands produced by
Expi293 cells determined by SPR analyses also indicated a
tendency similar to that of Mut FcγRIIIa (Table S4).
We next evaluated thermodynamic parameters of the

interactions between Expi293-derived antibody ligands and
Mut FcγRIIIa by van’t Hoff analysis (Figure 2 and Table S5).
In agreement with the differences between rituximab and
rituximab-Fc, three full-length monoclonal antibodies had
more favorable binding enthalpy and less favorable binding
entropy than did the IgG1-Fc fragment, regardless of the
difference in the Fab domain.

Validation of the Role of the Fab Region in FcγRIIIa
Binding Using MBP-Fc. For further interaction analysis, we
prepared an Fc fusion construct of MBP (MBP-Fc), in which
MBP replaces the Fab domain (Figure 3A and Figure S4).
MBP-Fc was produced by Expi293 cells. The secondary
structure and thermal stability were evaluated using CD and
DSC, respectively. Compared with the IgG1-Fc fragment
produced by Expi293 cells, the MBP-Fc consisted of a higher
proportion of α-helix (Figure 3B), as expected given the
known structure of the MBP portion.16,23 We observed a slight
decrease in the thermal stability of the CH2 region of MBP-Fc
compared to the IgG1-Fc fragment (Figure 3C). The
glycosylation profile of MBP-Fc was verified by affinity
chromatography using the FcγRIIIa affinity column and a
glycan analysis (Figures S5 and S6). There were almost no
significant differences in major glycoforms present on MBP-Fc
compared to those on the other Expi293-derived antibodies.
Using the MBP-Fc ligand, we carried out an SPR analysis to

evaluate the interaction with Mut FcγRIIIa. MBP-Fc had a
lower affinity for Mut FcγRIIIa than the other Expi293-derived
antibody ligands, mainly due to a slower association rate
(Table 2). This might be caused by differences in the
electrostatic attraction. Unlike the MBP portion, the Fab
regions are positively charged, which may electrostatically
contribute to the faster on rate. We further evaluated the
contributions of Fab and MBP regions to the interaction by
determining the thermodynamic parameters of the interaction
between MBP-Fc and Mut FcγRIIIa (Figure 3D,E and Table
S5). The binding enthalpy of MBP-Fc was less favorable than
those of rituximab, trastuzumab, and adalimumab but almost
commensurate with that of the IgG1-Fc fragment. This result
demonstrated that the MBP portion does not compensate for
the binding enthalpy gained by the presence of the Fab region.
MBP-Fc had shown intermediate binding entropy between
those of the three full-length antibodies and the IgG1-Fc
fragment.
Biophysical Interpretation of the Contribution of the

Fab Region to IgG-FcγRIIIa Interactions. Our results
demonstrate that the Fab region of IgG positively contributes
to the favorable binding enthalpy of its interaction with
FcγRIIIa. Several recent studies using different biophysical
methods indicated that the Fab regions influence the binding

Table 2. Kinetic Parameters of the Interaction between Mut
FcγRIIIa and Expi293-Derived Antibody Ligands at 25 °Ca

kon (×104 M−1 s−1) koff (×10−2 s−1) KD (×10−6 M)

rituximabb 3.96 ± 0.11 5.44 ± 0.11 1.38 ± 0.04
trastuzumabb 3.00 ± 0.10 5.83 ± 0.16 1.95 ± 0.05
adalimumab 4.00 ± 0.19 6.20 ± 0.37 1.55 ± 0.05
IgG1-Fc 4.78 ± 0.10 8.02 ± 0.17 1.68 ± 0.07
MBP-Fc 1.84 ± 0.05 6.35 ± 0.08 3.47 ± 0.10

aAt least five independent measurements were carried out. The
average values with standard errors are shown. bData from our
previous study.19

Figure 2. Thermodynamic parameters of the interactions between Mut FcγRIIIa and antibody ligands expressed in Expi293 cells measured by SPR.
(A) van’t Hoff plots of the interactions of Mut FcγRIIIa with rituximab (blue), trastuzumab (green), adalimumab (red), and IgG1-Fc (yellow). The
average values of KD at each temperature obtained from at least three independent SPR measurements are plotted. The average values of KD with
standard errors are also listed in Table S5. R2 values are more significant than 0.99 for all of the ligands. (B) Thermodynamic parameters of the
interactions between Mut FcγRIIIa and Expi293-derived antibody ligands. Each parameter was determined from van’t Hoff plots. Standard errors of
linear fitting of van’t Hoff plots are shown as error bars. The asterisks indicate data reported in our previous study.19
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to FcγRIIIa.11,15,24,25 The different solvent accessibilities
between unbound and receptor-bound states of IgG have
been previously assessed using HDX-MS,15,24,25 HRF-MS,11

and fast photochemical oxidation of proteins coupled with
mass spectrometry.24 The results of these analyses are
contradictory in some cases, probably because of slight
differences in the experimental conditions and analytical
methods, but it seems clear that the solvent accessibility of
the Fab region, especially the heavy chain, is decreased in the
FcγRIIIa-bound state compared with the unbound state. The
HS-AFM analysis by Yogo et al. revealed slower rates of
dissociation of FcγRIIIa from intact IgG1 molecules than from
the Fc fragment,15 as we demonstrated using SPR kinetic
analysis in this study. A breakthrough in understanding the
contribution of the Fab region to the IgG-FcγRIIIa interaction
was recently achieved by Sun et al. using MD simulation of the
full-length IgG-FcγRIIIa complex.11 In their simulations, they
observed interactions of the FcγRIIIa D1 domain with the
CH1 region of one Fab arm, in support of previous HDX-MS
and HRF-MS analyses.11,15,25 In combination with their MD-
guided mutational study, this strongly suggests that Fab-
FcγRIIIa interactions directly contribute to the modulation of
ADCC activity.11 Another MD simulation indicated that the
CH1 domain of the Fab region of IgG1 interacts with the D1
domain of the high-affinity Fc receptor FcγRI.9
The results presented here provide strong support for direct

interactions of the Fab region with FcγRIIIa from a
thermodynamic perspective. We demonstrated that interac-
tions of FcγRIIIa with full-length human IgG1 had more
favorable binding enthalpy and less favorable binding entropy
than did the interactions of FcγRIIIa with the IgG1-Fc
fragment. Fab arms of IgG molecules can adopt a wide range of
orientations due to the flexible hinge region. Given that a Fab
segment is directly associated with FcγRIIIa, the dynamics of
the Fab arm of receptor-bound IgG should be suppressed
compared with that of unbound IgG, whereas binding enthalpy
should be gained due to the additional Fab-FcγRIIIa interface
(Figure 4). The enthalpy gain with Fab portions is also

strongly supported by our finding that the enthalpy change in
binding of MBP-Fc to FcγRIIIa was no more favorable than
that of the IgG1-Fc fragment to FcγRIIIa. In contrast, the
binding entropy of the MBP-Fc-FcγRIIIa interaction was less
favorable than that of the complex of the IgG1-Fc fragment
with FcγRIIIa but more favorable than that of full-length IgG1-
FcγRIIIa interactions. This was probably due to steric
hindrance resulting from the MBP portion in the FcγRIIIa-
bound state, although the MBP region did not interact with
FcγRIIIa. Our result that the MBP portions did not contribute
to the interaction with FcγRIIIa is an important finding for
antibody engineering. This will provide an opportunity to
reevaluate the utility of the IgG format with Fab domains for
antibody drugs, while various antibodies different from IgG,
including bispecific antibodies binding to both antigens and
FcγRIIIa, are increasingly developed as antibody drugs at
present.
Our biophysical analyses demonstrated that the Fab region

enhances the binding enthalpy and reduces the dissociation
rate of IgG-FcγRIIIa interaction, resulting in the stabilization of
the interaction. In general, antibodies with slower dissociation
rates for FcγRIIIa tend to show greater ADCC activities,26,27

suggesting that the Fab region contributes to ADCC activities
through the slow off rate of IgG-FcγRIIIa interactions. It is
considered that the oligomerization and density of antigens
affect the clustering of FcγRIIIa that is required for high
ADCC activity.28 When the antigens are monomers or the

Figure 3. (A) Schematic of the MBP-Fc fusion. Purple triangles correspond to N-glycans. (B) CD spectra of MBP-Fc (black) and IgG1-Fc (gray).
(C) DSC profiles of MBP-Fc (black) and IgG1-Fc (gray). (D) van’t Hoff plots of the interaction between Mut FcγRIIIa and MBP-Fc. The average
values of KD at each temperature obtained from at least three independent SPR measurements at each temperature are plotted. The average values
of KD with standard errors are also listed in Table S5. R2 values are >0.99. (E) Thermodynamic parameters of the interaction between Mut FcγRIIIa
and MBP-Fc. Each parameter was determined from van’t Hoff plots. Standard errors of linear fitting of van’t Hoff plots are shown as error bars.

Figure 4. Model of the contributions of Fab portions to IgG-FcγRIIIa
interaction. The red ovals correspond to ectodomains of FcγRIIIa.
Purple triangles correspond to N-glycans.
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antigen density is low on the cell surface, some IgG molecules
should bind to the antigens using only one Fab portion. In that
event, the other Fab portion is expected to touch FcγRIIIa and
prevent rapid dissociation of the IgG molecule from FcγRIIIa,
leading to increased ADCC activity.
Effector functions of IgG antibodies are elicited by the

recruitment of leukocytes to antigen-presenting cells through
the interactions with both the specific antigen and Fc
receptors. There is debate regarding the intramolecular
allostery between the variable region and constant region of
IgG, which have an antigen binding function and effector
function, respectively.9,29−32 A previous study using MD
simulations showed that antigen binding reduced the flexibility
of the IgG1 antibody and resulted in a large reorientation of
the Fab domains into two dominant conformational clusters
with the open conformation of the CH2 domain ready for
FcγRI binding; this suggested that antigen binding allosteri-
cally promotes the recognition of Fc receptors.9 In accordance
with this, more recent work demonstrated that antigen binding
induces a conformational change in the Fc domain of IgG1,
resulting in the enhancement of binding to FcγRIIIa.29 Our
work validated the biophysical interactions between IgG1 and
FcγRIIIa in the absence of antigen binding. Given that the
flexibility of antigen-bound antibodies is suppressed before
FcγRIIIa binding, the interaction with FcγRIIIa antigen-bound
IgG1 must have more favorable binding entropy than unbound
IgG1. Thus, Fab portions of IgG1 are likely to contribute to
IgG1-FcγRIIIa interaction in terms of not only Fab-FcγRIIIa
contact but also antigen binding.

■ CONCLUSIONS
In summary, we assessed the contribution of the Fab region to
the interactions between IgG1 and FcγRIIIa from kinetic and
thermodynamic perspectives. The Fab region enhanced the
binding enthalpy and reduced the dissociation rate, at the
expense of favorable binding entropy. This biophysical
interpretation indicates that there is direct contact between
the Fab regions and FcγRIIIa and supports the hypothesis that
antibody-mediated effector functions could be controlled
through the modulation of the Fab region in addition to the
Fc region. Our investigation enhances our understanding of
the molecular functions of IgG antibodies with relevance to the
engineering of therapeutic antibodies.
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