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Binding of antibodies to their receptors is a core component
of the innate immune system. Understanding the precise in-
teractions between antibodies and their Fc receptors has led to
the engineering of novel mAb biotherapeutics with tailored
biological activities. One of the most significant findings is that
afucosylated monoclonal antibodies demonstrate increased
affinity toward the receptor FcγRIIIa, with a commensurate
increase in antibody-dependent cellular cytotoxicity. Crystal
structure analysis has led to the hypothesis that afucosylation
in the Fc region results in reduced steric hindrance between
antibody–receptor intermolecular glycan interactions,
enhancing receptor affinity; however, solution-phase data have
yet to corroborate this hypothesis. In addition, recent work has
shown that the fragment antigen-binding (Fab) region may
directly interact with Fc receptors; however, the biological
consequences of these interactions remain unclear. By probing
differences in solvent accessibility between native and afuco-
sylated immunoglobulin G1 (IgG1) using hydroxyl radical
footprinting–MS, we provide the first solution-phase evidence
that an IgG1 bearing an afucosylated Fc region appears to
require fewer conformational changes for FcγRIIIa binding. In
addition, we performed extensive molecular dynamics (MD)
simulations to understand the molecular mechanism behind
the effects of afucosylation. The combination of these tech-
niques provides molecular insight into the steric hindrance
from the core Fc fucose in IgG1 and corroborates previously
proposed Fab–receptor interactions. Furthermore, MD-guided
rational mutagenesis enabled us to demonstrate that Fab–
receptor interactions directly contribute to the modulation of
antibody-dependent cellular cytotoxicity activity. This work
demonstrates that in addition to Fc–polypeptide and glycan-
mediated interactions, the Fab provides a third component
that influences IgG–Fc receptor biology.

Monoclonal antibodies (mAbs) are the fastest growing class
of biotherapeutic agents, many of which are of the human
immunoglobulin G1 (IgG1) isotype (1–3). The IgG1 antibody
structure consists of two homodimeric heavy chain (HC)–light
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chain (LC) pairs that are linked together in a parallel fashion
with both noncovalent interactions and disulfide linkages
(reviewed in (4)). The IgG structure consists of the fragment
antigen-binding (Fab) domain and the Fc receptor–binding
region (Fc), both of which contain discrete structural features.

One of the most important structural features of the Fc
region for an mAb is the conserved post-translational modi-
fication of the N-glycosylation site at asparagine 297 (N297,
EU numbering) (5). This N-linked glycan typically consists of a
complex-type oligosaccharide, with a GlcNAc core, and vary-
ing degrees of sugar extensions made up of fucose (Fuc),
mannose, galactose, and sialic acid (6). It has been shown that
N-linked glycans are required for Fc receptor–facilitated
antibody-dependent cellular cytotoxicity (ADCC) (7) and
afucosylated antibodies display an increase in ADCC activity
via an increase in affinity to FcγRIIIa (8). ADCC can be either
favorable or unfavorable for biotherapeutic mAbs depending
on the desired mechanism of action (9, 10); therefore, under-
standing the role of the N-linked glycan on effector function is
critical for therapeutic design of mAbs.

Before the acquisition of structural data, there was little
understanding of the clustering event for the Fcγ receptor that
occurs during effector function. Woof and Burton (11)
postulated the possible structural scenarios that would lead to
the clustering event required for ADCC. They noted that the
positioning of the receptor’s binding site at the CH2 domain
would require the antibody to adopt a “bent” conformation
with a dimerization of the Fc domain to enable engagement
between the target and effector cell and facilitate a clustering
synapse. Their pictorial representation depicts bivalent antigen
binding on the cell surface, with no comparison to monovalent
binding. This difference in binding may be of significance
because cell-surface antigen expression and copy number
viability have shown to be associated with ADCC efficiency
(12).

Structural analysis has since shown that truncation of the
IgG1 to the Fc-only region retains binding to FcγRIIIa. A
crystal structure of this complex has been solved (13, 14),
revealing that FcγRIIIa appears to interact with the CE` loop (a
region containing N297) through primarily protein–protein
rather than protein–glycan interactions. While intermolec-
ular glycan interactions between both proteins were observed,
these interactions did not appear to be required for binding
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(15, 16). More recent work by Subedi et al., has shed insight on
the role of the CE` loop, hypothesizing that N297 glycosylation
restricts CH2 domain conformation, thereby preorganizing the
binding site in an orientation that is preferred for receptor
binding (17, 18). It has since been shown that site-directed
mutagenesis in the CH2 domain could modulate effector
function activity regardless of the glycan (19–21), indicating
that both Fc polypeptide–mediated and glycan-mediated in-
teractions can influence Fc-receptor biology.

Through further crystal structure analysis, Ferrara et al.
(15) eloquently described a hypothesis for the role of fuco-
sylation on the molecular interactions that appear to
contribute to the difference in binding affinity toward
FcγRIIIa. Comparison of the fucosylated (native) versus
afucosylated Fc crystal structures revealed that an N-linked
glycan on FcγRIIIa (N162) is oriented toward N-linked core
Fuc on the antibody, thereby requiring a large conforma-
tional change to accommodate glycan-mediated binding.
Thus, the current hypothesis proposes that steric hindrance
caused by the Fc-region core Fuc is responsible for weak-
ening the glycan-mediated interactions, leading to a signifi-
cant decrease in affinity.

In addition to static-phase information gained from crys-
tallography, there has been extensive effort to understand
antibody–FcγRIIIa solution-phase interactions. Both
hydrogen–deuterium exchange (HDX) and the emerging
technology of hydroxyl radical footprint (HRF)-MS have been
used to study the IgG1–FcγRIIIa interaction. Both technolo-
gies revealed conformational changes in the Fc region outside
CE` loop upon binding to the receptor (22, 23). In addition,
both technologies provided structural evidence of potential
interactions between the Fab and receptor; however, there was
conflicting evidence between the two different HDX studies,
and neither study investigated the role of afucosylation on
FcγRIIIa binding directly. More recently, Yogo et al. (24) used
a combination of atomic force microscopy and HDX to probe
Fab–FcγRIII interactions, leading to the suggestion that the
Fab may stabilize the clustering event at the cell surface.
However, the extent that these interactions contribute to the
binding of FcγRIII and the biological role (if any) on ADCC,
remains unknown.

HDX is a well-established technology for elucidating protein
dynamics and protein–protein interactions; however, HRF is
an emerging technology for these applications (25, 26). Unlike
HDX, which utilizes deuterium uptake to provide information
on the protein amide backbone, HRF utilizes the diffusion of
hydroxyl radicals to oxidize amino acid side chains in a pro-
tein. In this study, we utilize fast photochemical oxidation of
proteins to generate the hydroxyl radicals (27). Hydroxyl
radicals are similar in both the size and polarity to those of
aqueous water, which enables diffusion to solvent-exposed
regions for protein labeling. The extent of protein modifica-
tion is a function of both solvent-accessible surface area
(SASA) and the intrinsic reactivity of the labeled amino acid
side chain. Indeed, previous data have shown that a quanti-
tative correlation between HRF data and the protein regional
SASA can be achieved (28, 29). However, because side-chain
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reactivity is also a major factor, HRF is best used in a direct
comparative analysis in which the amino acid sequence of the
region of interest remains unchanged (e.g., fucosylated versus
afucosylated, receptor-bound versus unbound).

Our current solution-phase studies attempt to expand our
understanding of fucosylation on the molecular mechanism of
FcγRIIIa binding. We utilize HRF to probe the solvent acces-
sibility difference in the native (fucosylated) versus afucosy-
lated IgG1 and assess how these structural differences are
reflected in the receptor-bound states. In addition, we used
molecular dynamics (MD) simulations to determine the dif-
ference in molecular interactions in the absence of Fuc for the
bound IgG1 structure. The corroborative data between HRF
and MD enabled rational mutagenesis to probe the role for the
Fab on receptor binding and ADCC activity. This work is the
first to provide solution-phase data that corroborate the steric
hindrance hypothesis, to show the in silico molecular detail of
IgG1–receptor interactions and demonstrate that Fab–
receptor interactions can modulate ADCC activity.

Results

Overview of HRF analysis of native and afucosylated IgG1
molecules

Crystal structure analysis has shown that the N-linked
glycan is significantly perturbed by 2.6 Å when in its native,
fucosylated state; however, the overall alignment of the native
versus afucosylated Fc–receptor complex structures (3SGK
and 3SGJ) results in a modest RMSD = 0.414 (PyMOL align-
ment) (15). This suggests that the perturbation required to
accommodate the Fuc sugar has little impact on the overall Fc
region conformation in the bound state. However, the effect of
Fuc on IgG structure in the unbound state remains unknown.

To this end, we were first interested in determining if HRF
could detect solvent accessibility differences after the removal
of Fuc from the native glycan population. This required gen-
eration of a native and afucosylated IgG1 with identical glycan
heterogeneity to eliminate the potential for confounding HRF
data interpretation. Using a native and Fuc -transferase KO
Chinese hamster ovary (CHO) cell lines, we obtained the
native and afucosylated IgG molecules, respectively, with
nearly identical glycan heterogeneity (Fig. S1A). We performed
additional product quality assessment to ensure similar levels
and/or distribution of product-related variants (e.g., aggrega-
tion, charge variants) and observed no significant differences
(data not shown). These data indicate that both the primary
sequence and the primary post-translational modification for
these IgG1 molecules were nearly identical, and thus, our HRF
data should reflect SASA differences of the IgG1 molecules
that result from the Fuc glycan.

Fc fucosylation differentially affects the Fab and Fc regions of
the unbound IgG1 molecules

HRF analysis provides information on the SASA of peptides
based on their susceptibility for oxidation. Therefore, differ-
ences observed in the oxidative footprints (the collection of
peptides and their respective oxidation levels) of the unbound
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native and afucosylated IgG1 molecules represent changes in
the protein structure because of the presence or absence of the
core Fuc. While the oxidative footprints are nearly identical for
both populations of molecules (Fig. S1B), indicating that the
Fuc does not induce gross structural changes in the IgG1,
there are distinct differences between the two molecules in the
Fab and Fc regions (Fig. 1A). Specifically, the afucosylated
IgG1 displays a significant increase in SASA for one tryptic
peptide in the LC variable region (residue 61–102, sequential
numbering for all HRF data) and a significant decrease in
SASA in two tryptic peptides in the Fc region (254–260 and
422–444). Both of the tryptic peptides in the Fc region are
distal from the FcγRIIIa binding site and contain residues
known to interact with the neonatal Fc receptor (30). These
data suggest that afucosylation results in distal changes and a
more compact Fc region.
Conformational effect of the IgG1 structure in the bound state

HRF is an ideal tool for determining the binding interfaces
between two molecules by comparing the oxidative footprints
Figure 1. Structural analysis of IgG1 by HRF-MS. The bar graph comparing t
state (A) and the bound states for the native (B) and afucosylated (C) IgG1. Ful
the molecular model. The asterisk denotes significant changes in % modificatio
IgG1, immunoglobulin G1; ns, not significant.
of the unbound and bound states. Peptides that demonstrate
reduced SASA in the bound state relative to the unbound
states provide evidence of the binding interface (25, 31, 32).
Thus, we utilized HRF to analyze the solvent accessibility
differences in the unbound versus FcγRIIIa-bound states for
both the native and afucosylated IgG1 molecules to determine
if there are differences in the IgG1–receptor interactions
because of the removal of Fuc.

The receptor-bound oxidative footprints of the IgG1 show
that there are only a few regions on the protein that display
reduced SASA (Fig. S1, C and D). The most interesting
observation is that the same 2 Fc-region tryptic peptides that
showed differences in the unbound states (residues 254–260
and 422–444) also display differences upon FcγRIIIa binding,
but only when the Fc region contains Fuc (Fig. 1B, peptides
highlighted in green and blue). In the absence of Fuc, there are
no significant changes in these Fc-region tryptic peptides upon
FcγRIIIa binding (Fig. 1C). Notably, these peptides appear to
have similar SASA in both the native and afucosylated Fc re-
gions when comparing receptor-bound states. Taken together,
these observations provide two significant insights into the role
he oxidative labeling footprint of the select tryptic peptides in the unbound
l oxidative footprints are shown in Fig. S1. D, mapping of the HRF data onto
n obtained from triplicate samples (p < 0.05). HRF, hydroxyl radical footprint;
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of Fuc on receptor binding: (1) Fc regions with glycans lacking
the Fuc appear to require minimal structural changes to
accommodate receptor binding; (2) the Fc regions, irrespective
of core Fuc, end up in highly similar conformations once in the
receptor-bound state. The former observation is consistent
with structural hindrance hypothesis, and the latter is consis-
tent with the calculated SASA for the two Fc peptides in the
crystal structures (Fig. S2).

The HRF data also indicate that regardless of the Fuc, there
is a Fab peptide in the CH1 region (residues 153–215) that
exhibits significantly reduced solvent accessibility in the bound
state (Fig. 1, B and C, peptide highlighted in orange). This
peptide is in the same region of the IgG that was previously
observed to have changes by Houde et al. (22) using HDX and
by Shi et al. (23) using HRF. Therefore, we further investigate
the role of this CH1 peptide in subsequent studies described in
the MD simulations reveal insight into IgG1–FcγRIIIa
molecular interactions section below.

Conformational effect of FcγRIIIa structure in the bound state

The HRF data for the receptor are nearly identical when
bound to either the native or afucosylated IgG1, indicating that
the decrease in the solvent accessibility appears to be inde-
pendent of the IgG1 core Fc Fuc (Fig. 2). Specifically, we could
distinguish eight tryptic peptides of the receptor, representing
�80% of the receptor sequence coverage. Seven of the peptides
showed reduced SASA in the bound state, albeit the modifi-
cation levels were too low for two peptides to indicate statis-
tical significance. The interactions for peptides containing
Figure 2. Structural analysis of FcγRIIIa receptor by HRF-MS. A, oxidative
bound and afucosylated IgG-bound states. The asterisk denotes significant c
mapping of the HRF data onto the molecular model. Glycans shown as stick rep
HRF, hydroxyl radical footprint; IgG, immunoglobulin G.

4 J. Biol. Chem. (2021) 297(1) 100826
residues 71 to 97 and 132 to 143 are consistent with the crystal
structures (13, 15) and previously HRF data (23). The peptide
containing the N-linked glycan at N162 does not appear to
change upon binding (Fig. 2, red peptide). This is consistent
with the idea that polypeptides on the receptor do not play a
major role in binding affinity and thus reduced SASA would
not be expected. However, the second N-linked glycan at N45
(orange) that is not involved in binding does display similar
levels of reduced SASA in both complexes. This likely reflects
distal conformation changes in the receptor that occur simply
from IgG binding, independent of the Fc fucosylation.

The fact that changes in solvent accessibility for nearly all of
the FcγRIIIa peptides in the bound state are independent of
the IgG1 core Fc Fuc suggests that the receptor does not
structurally accommodate the IgG1 fucosylation. Rather, the
native IgG1 Fc region undergoes conformational structural
changes to accommodate receptor binding.

MD simulations reveal insight into IgG1–FcγRIIIa molecular
interactions

Using published crystal structures, we generated two virtual
molecules of the receptor-bound IgG1 with (PDB: 3SGJ) and
without (PDB: 3SGK) the core Fuc. The full-length IgG1
structures were constructed by covalently attaching the Fab
homology models to the Fc domains and modifying the rela-
tive positions of the Fab and Fc domains such that the ca-
nonical Y-shape conformation was obtained (see Experimental
procedures). The IgG1 molecules were constructed with an
N297 G0 glycan (shown in pink in Fig. 2B), and the receptor
footprint of the tryptic peptides from FcγRIIIa in the unbound, native IgG-
hanges in % modification obtained from triplicate samples (p < 0.05). B,
resentation: IgG N279 (pink), receptor N45 (orange), and receptor N162 (red).
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was constructed with N45 and N162 glycans consistent with
the PDB files (shown in Fig. 2B as orange and red, respec-
tively). Extensive MD simulations were performed to generate
a total of 6 μs trajectories for each structure. Figure 3A shows
the full-length fucosylated IgG1–FcγRIIIa complex used for
the MD simulations. Figure 3, B and C provide an expanded
view of the intermolecular glycan interactions between the
IgG1 (cyan and yellow spheres) and the receptor (red spheres)
for the fucosylated and afucosylated complexes, respectively.
Because the receptor binds the Fc region of the IgG1 asym-
metrically, we have separately denoted the two Fc chains as
Fc1 and Fc2 and their corresponding Fab domains as Fab1 and
Fab2. For simplicity, we denote Fc1 as the HC containing the
core Fuc (magenta) that is in direct proximity to the receptor
glycans (Fig. 3B).

To understand the role of the core Fuc on the intermo-
lecular glycan interactions, we first calculated the probability
distribution of the minimum distance between the glycans in
the two bound forms (Fig. S3). We observed that the pres-
ence of Fuc significantly increases the average distance
within the intermolecular glycan interactions. As seen in
Figure 3B, the Fc1 Fuc (magenta) is positioned directly be-
tween the rest of the Fc1 glycans (cyan spheres) and the
receptor glycans (red spheres). This is the site of the hy-
pothesized steric hindrance, which likely results in the in-
crease in average distances between the glycans. Figure 3C
visually depicts a more compact intermolecular glycan
interface in the absence of Fuc, consistent with afucosylated
data in Fig. S3.
Figure 3. Model of IgG1–FcγRIIIa complex. A, IgG1–receptor model used for
the fucosylated Fc region. C, expanded view of intermolecular glycan interac
panels B and C correspond to the most populated states obtained from the pr
combined MD trajectories (see Fig. S3). IgG1, immunoglobulin G1.
To best visualize the difference of intermolecular in-
teractions within the two complexes, all of the polypeptide
and glycan interactions between the two proteins were
plotted on a 2D contour map (Fig. 4A). To distinguish which
polypeptide chains are interacting with the receptor, the
contour map is divided into the Fab1/Fc1 and Fab2/Fc2 for
the fucosylated and afucosylated IgG–receptor complexes.
Plotting the data in this fashion enabled multiple global
differences to be observed.

First, the Fab regions for both complexes appear to be nearly
identical. There are minimal LC–receptor interactions, and the
Fab2 domain appears to contribute to Fab–receptor in-
teractions (Fig. 4A, region 1). This indicates that the Fab–
FcγRIIIa molecular interactions are similar for both IgG1
molecules, consistent with our HRF data. Second, the in-
teractions in the Fc1 domain are similar between the mole-
cules (Fig. 4A, region 3), albeit with expected differences in
glycan–glycan interaction between the antibody and receptor
(Fig. 4A, region 4). Finally, there are apparently more poly-
peptide interactions between the receptor and afucosylated
Fc2 domain (Fig. 4A, region 2). This suggests that the Fc2
domain may play a role in contributing to the overall in-
teractions in the absence of Fuc. Each of these regions are
discussed in detail below.

The differences in intermolecular glycan interactions due to
the Fuc are shown in region 4 of the contour map (Fig. S4).
Because there appears to be no significant Fc2–receptor glycan
interactions, and as expected, no interactions with the N45
glycan, these regions were removed for clarity in Figure 4B.
MD simulations. B, expanded view of intermolecular glycan interactions with
tions with the afucosylated Fc region. Representative structures shown in
obability distribution of the intermolecular glycan distances calculated from
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Figure 4. Contour representation of MD simulation data. A, full contour map of all of the IgG–receptor intermolecular polypeptide and glycan in-
teractions. Numbering 1 to 4 depicts regions of interest. B, expanded view of region 4 showing intermolecular glycan interactions, with the inset providing
pictorial representation of G0 glycan.
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Region 4 data demonstrate a shift from Fuc-dominated glycan
interactions to a more dispersed contact surface area between
the proteins in the afucosylated state. The N-linked GlcNAc
appears to be much more involved in interaction with the
receptor glycans with the removal of Fuc.

Regions 1 to 3 of the contour map (Fig. 4A) depict the
polypeptide interactions between the IgG and receptor, all of
which are detailed in Figure 5 (glycans removed for clarity).
Region 3 of the contour map shows that the primary Fc1–
receptor interactions are conserved between the two IgG
molecules. These interactions include the hinge region (res-
idue 234–239), B/C loop (residue 264–269), and C’/E loop
(residue 294–299) (Fig. S5A). However, two ionic interactions
in this region become significantly stronger in the absence of
Fuc: Fc1(E269):FcγRIIIa(K149) and Fc1(D265):FcγRIIIa(K138)
(Fig. 5, region 3, and Fig. S5A).

Region 2 of the contour map (Fig. S5B) shows that the
absence of the core Fuc appears to facilitate multiple interactions
between the receptor and the Fc2 domain at the hinge region
(residue 234–239), F strand (residue 315–322), and F/G loop
6 J. Biol. Chem. (2021) 297(1) 100826
(residue 328–338). Specifically, we observed three interactions,
Fc2(K320):FcγRIIIa(T134), Fc2(K333):FcγRIIIa(T134,A135), and
Fc2(E233):FcγRIIIa(R127), which are only present in the absence
of Fuc (Fig. 5, region 2, and Fig. S5B).

Region 1 of the contour map (Fig. S6) not only confirms the
previously identified Fab–receptor interactions (24) but also
provides the molecular details into the exact nature of these
interactions (Fig. 5, region 1). Regardless of the core Fuc, the
major interactions appear to be conserved at the CH1 domain
(residue 157–167 and residue 192–217) on the Fab2 arm. This
is consistent with the HRF data that indicate this CH1 region
has reduced solvent accessibility in the bound states.

It is interesting to note that the Fab–receptor interactions
are primarily with the Fab2 domain, whereas the Fc–receptor
interactions are primarily with the Fc1 domain. This is likely
due to the 2-fold access of symmetry of the IgG1 molecule, in
which the two HCs spiral around each other in a helical
fashion. Because the receptor only binds in a 1:1 stoichiometry,
the two HCs appear to interact with receptor through different
domains (Fab1 and Fc2). This implies that heterogeneity of the



Figure 5. Structural visualization of MD simulation data. Expanded view of IgG1–receptor interactions for regions 1 to 3. Glycans removed for clarity.
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HC homodimers could potentially effect IgG–receptor
interactions.

Mutational analysis demonstrates Fab–FcγRIIIa binding
interactions directly affect ADCC

Using rational mutagenesis of the novel Fab–receptor
interface identified above, we next sought to assess the
potential impact to ADCC. As shown in Table S1, 20+
different mutants were generated based on the potential
Fab–FcγRIIIa interface and/or sequence alignment
comparing IgG isotypes with known reduced ADCC ac-
tivity (IgG1 versus IgG2/4). It is well established that each
glycoform has unique affinity properties toward the re-
ceptors; however, the level of afucosylation has been
shown to be nearly linear with ADCC activity (33). This
means that afucosylation will likely dominate the affinity
effects. Therefore, the major challenge to determine the
role of site-specific mutations on Fc-effector function is
ensuring that glycosylation heterogeneity for the individual
mutants remains consistent.

Unfortunately, the mutants we generated exhibited signifi-
cant variability in the levels of afucosylation and in the
commensurate ADCC activity. These results obfuscate any
potential impact the site-specific mutations have on ADCC. To
circumvent this inherent challenge, we can take advantage of
the knowledge that the WT protein has a direct correlation in
the levels of afucosylation (normalized G0-F [nG0-F]) and the
ADCC activity for our in-house ADCC assay (R2 value >0.97,
data not shown). Therefore, if the nG0-F is the primary
contributing factor to ADCC, the mutants should show a
linear correlation. As seen in Fig. S7, the nG0-F levels of the
mutants poorly correlate with ADCC (R2 value=0.57),
implying the mutations themselves may be influencing the
ADCC activity.

We were, however, fortunate to obtain two triple mutations
that have nearly the exact same level of glycan heterogeneity as
to the WT control protein (Table S2), enabling direct com-
parison their effect on ADCC. The two mutant proteins were
generated from perceived polypeptide interactions shown in
Figures 4 and 5 (region 1). Unexpectedly, both mutants
(N201A/N203A/K210A and N201G/N203D/K210A) exhibit
an increased ADCC activity (Table 1). The mutants displayed
no distinguishable effect on the individual antigen or receptor
binding, indicating that the increased ADCC activity is not
directly related to the antigen or receptor binding. We antic-
ipated the disruption of the apparent salt bridge between
Fab1(K210) and FcγRIIIa(E54) would lead to reduced receptor
binding affinity and a commensurate loss in ADCC, making
these results puzzling. This leads us to surmise that the in-
crease in ADCC may be due to mechanistic events occurring
during ADCC (such as clustering), rather than IgG-receptor
affinity. Nonetheless, these were the most convincing results
we obtained that demonstrate Fab–receptor interactions can
directly modulate ADCC.

Discussion

There has been extensive effort to elucidate the role of
IgG1 N-linked glycans and their associated fucosylated gly-
coforms on the binding interactions with FcγRIII receptors.
Early studies analyzing crystal structures of a native IgG1
have shown that the IgG1–FcγRIIIa binding site is located at
the top of the CH2 domain (13, 14). The binding is primarily
J. Biol. Chem. (2021) 297(1) 100826 7



Table 1
Biological characterization of WT mAb1 and the mutants

Mutation aNormalized G0-F ADCC potency FcγRIIIa-binding affinity, KD (nM) Antigen-binding affinity, KD (nM)

WT 6.52% 100.0 ± 6.7% 266 ± 3 113
HC: N201A,N203A,K210A 6.43% 111.5 ± 3.5% 274 ± 8 119
HC: N201G,N203D,K210A 6.41% 120.5 ± 0.5% 273 ± 8 125

a Normalized G0-F = [G0-F ÷ (G0-F + G0)] × 100%; detailed glycosylation profile is shown in Table S2.
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through polypeptide interactions that require the CH2
domain to be glycosylated (7). Ferrara et al. (15) subse-
quently compared the crystal structures of the fucosylated
versus afucosylated Fc fragments bound to FcγRIIIa and
hypothesized that the increase in affinity of afucosylated
IgG1 toward FcγRIIIa is facilitated by intermolecular glycan
interactions. The differences in these two crystal structures
also indicated that the intermolecular glycan interactions
would likely require significant conformational structural
changes in the Fc to accommodate a fucosylated N-glycan.
Further solution-phase data suggested there is a direct
interaction between the Fab and receptor (22–24), but the
biological implications of this interaction have not been
shown.

In this report, we probed the IgG1–FcγRIIIa structure–
function relationship with multiple solution-phase techniques
to further the understanding of the role of Fuc and Fab–receptor
interactions. Using HRF analysis, we observed that the core Fuc
increases the solvent accessibility in a region of the Fc that is
directly affected upon receptor binding. However, the overall
SASA for the CH2-CH3 region for the unbound afucosylated Fc
is nearly identical to that of the bound native form. This implies
that in the absence of Fuc, the Fc region may be sampling
conformations that require fewer conformational changes to
accommodate receptor binding. In the bound states, the re-
ceptor appears to have identical interactions with the IgG
regardless of Fuc, indicating that the receptor does not conform
to the presence of a core Fuc, but rather that the native IgG1
must structurally accommodate receptor binding.

In addition, our HRF data support previous findings of direct
Fab–receptor interactions and indicate these interactions are
independent of the fucosylated state. It is important to note that
HRF data reflect the average % modification for each peptide in
the bound and unbound states. There are two Fab tryptic pep-
tides (one from each HC/LC pair) that are included in the
calculation of %modification. Because FcγRIIIa binds at a 1:1M
ratio with 50% probability of binding either side of the IgG1
(leaving the other side unbound), half the population of this
CH1 peptide would not be interacting with FcγRIIIa. This, in
effect, lowers the apparent % modification calculation if the
receptor bound both sides of the IgG. Therefore, the change in
the SASA from the CH1–receptor interaction is likely more
pronounced than our HRF data is indicating because half of the
peptide is not interacting with the receptor.

Using MD simulation, we are able to provide the molecular
details of how fucosylation (or the absence of) affects IgG1–re-
ceptor interactions. In Figure 4A, region 4 of the contour plot
shows that Fuc dominates the intermolecular glycan interactions,
which corroborates the steric hindrance hypothesis. The absence
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of Fuc not only increases the number of distinct intermolecular
glycan interactions but also leads to the engagement of the Fc2
domain (region 2) into the receptor polypeptide interactions. The
contributions of the Fc2 domain to affinity is unclear, but these
data suggest increased interactions via the F strand and F/G loop.
The MD data also show that the IgG–receptor polypeptide in-
teractions in the Fc1 domain and Fab domain are nearly identical
regardless of the core Fuc. This indicates that the affinity differ-
ence between a native and afucosylated IgG appears to be pri-
marily driven by the Fc–glycan/Fc2–domain intermolecular
interactions with the receptor.

Finally, the rational design of Fab mutants has provided
the first direct evidence that Fab–receptor interactions can
modulate biological activity. Our triple-mutant molecules
showed unexpected increase in ADCC while exhibiting
virtually no effect on the individual affinities of the antigen
and soluble receptor. One possible explanation is that during
ADCC, multiple Fc receptors are recruited at ADCC syn-
apses, which may amplify any Fab-induced affinity differ-
ences at cellular level. In addition, the Fab may modulate
ADCC through other factors beyond affinity such as clus-
tering of the IgG on the cell the surface as previously sug-
gested (24). A third factor to consider is the monovalent
versus bivalent antigen binding, briefly discussed in the
beginning of the text. As illustrated in Figure 6, the Fab–
receptor interaction may be more pronounced during
monovalent binding simply because of the flexibility and
degrees of freedom for the unbound Fab arm. The WIL2-S
cell used in this study is known to have relatively higher
level of expression of CD20 than other CD20-expressing B
cells (34), but it is unknown whether monovalent or bivalent
(or combination of) antigen binding is occurring during
ADCC for the current work.

The totality of evidence across decades of research indicates
that the levels of afucosylation is the primary driver for
determining IgG1–FcγRIIIa affinity. Mutations in the Fc re-
gion have been shown to modulate effector function; however,
to our knowledge, these are the first data showing that the
CH1 domain can as well directly modulate ADCC activity.
Thus, with the contributions from this work, it is becoming
apparent that Fab-, Fc-, and glycan-mediated interactions
likely work in concert to drive biological activity of Fc-gamma
receptor biology.
Experimental procedures

All chemicals were purchased from Sigma-Aldrich unless
otherwise noted. Guanidine HCl and formic acid (FA) were
purchased from Pierce.



Figure 6. Structural renderings of Fc–receptor clustering. A, depiction of monovalent antigen binding for the low-density surface antigen. B, depiction of
bivalent antigen binding for the high-density surface antigen.
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Protein expression and complex formation

The FcγRIIIa-V158 (high affinity) protein (with C-terminal
histidine purification tag), the native IgG1, and afucosylated
IgG1 were expressed in CHO-derived IgG1 molecules and
purified at Genentech, Inc to clinical-quality drug substance.
The latter protein was expressed in Fuc transferase KO CHO
cell line (35). All samples were buffer exchanged into PBS for
HRF-MS analysis. The IgG1–FcγRIIIa complexes were
generated by mixing the IgG1 and Fc receptor in a 1:1 M ratio
and incubating at 37 �C for 30 min to facilitate binding.

Glycan analysis

Glycan analysis was performed as previously described (36)
with the exception that the fluorescently labeled glycans were
separated using a Waters Acquity H-Class UPLC chromatog-
raphy with a Waters Acquity UPLC Glycan BEH Amide Col-
umn (1.7 μm, 2.1 mm × 150 mm).

HRF labeling procedure with fast photochemical oxidation of
protein

IgG1 and FcγRIIIa, unbound and bound complexes, were
subject to laser-induced HRF as previously described in detail
(37, 38). This work utilizes our previously described “equal-
weight” strategy (39, 40) in which the total amount of protein
for each sample was kept constant (0.5 mg/ml) to minimize
any differences in oxidative potential between the unbound
and bound antigen solutions.

LC-MS/MS analysis

Samples were diluted with 300-μl denaturing buffer (6 M
guanidine HCl, 360 mM Tris, 2 mM EDTA, pH 8.6), reduced
using DTT (10 mM, 45 �C for 10 min), s-carboxymethylated
with sodium iodoacetate (25 mM, 45 �C for 5 min), and
quenched with DTT (50 mM, room temperature). Samples
were then desalted using NAP-5 columns with an elution
volume of 800-μl PBS, digested with 1:20 w/w ratio of pro-
tein:trypsin (37 �C for 1 h), deglycosylated with 0.15-μg
PNGaseF (37 �C for 30 min), and quenched with 100% FA.
Tryptic peptides (10 μg) were separated using a Waters H-
Class UPLC with Waters Acquity UPLC CSH130 C-18 col-
umn (1.7 μm, 2.1 × 150 mm). Peptide separation occurred
across a gradient from 100% solvent A (water and 0.1% FA) to
35% solvent B (acetonitrile and 0.1% FA) over 60 min at a flow
rate of 0.3 ml/min and column temperature of 77 �C. MS
analysis was performed with a Thermo Fisher Q Exactive
mass spectrometer operating in a positive mode, performing
MS2 on top-10 most abundant peaks in a data-dependent
mode.

Data analysis

Peak identification and quantitation of percent oxidation for
each peptide were performed using Biologic Software Suite
(Protein Metrics Inc). All samples were analyzed in triplicate.
In addition, each sample had a corresponding “no laser” con-
trol, a sample run through the HRF system without the laser
pulsing, to account for background oxidation by H2O2. The
extracted-ion chromatograms for the oxidized peptide species
and the parent peptide (in bound and unbound states) were
used to calculate the percent oxidation with the equation as
previously described (25, 37, 40). The current HRF-MS data
analysis, all of the observed charge states, was included in the
calculation for each peptide. Percent oxidation is presented as
the average of triplicate runs after subtraction of the “no laser”
background oxidation control. Error bars represent the sta-
tistical analysis by single-sample t test using a 95% confidence
J. Biol. Chem. (2021) 297(1) 100826 9
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interval. Nonoverlapping error bars have p < 0.05 (or other-
wise denoted) and are considered significant differences.

Molecular modeling and simulations

The software Molecular Operating Environment (41) from
Chemical Computing Group was used to build Fab domain
models for each antibody. A full-length homology model was
then produced by covalently attaching the two Fabmodels to the
hinge region of the native and afucosylated Fc–receptor complex
structures (3SGK and 3SGJ), and the structures were manually
adjusted to obtain a Y-shape conformation. The protonation
states at pH 7.4 were assigned using the PDB2PQR tool (42).

FF14SB force field was used for proteins (43) and the
Glycam06 force field for carbohydrates (44). To assign
Glycam06 force fields, residues were renamed according to
accepted GLYCAM (45). The bond connections were
defined in the tleap script (45) to connect the residues in
the glycans. The systems were then solvated using TIP3P
water molecules (46) in a rectangular box extending 10 Å
from protein edges. Counter ions of Na+ and Cl− with the
concentration of 0.15 M were added to neutralize the sys-
tem. Parameters derived by Joung and Cheatham were used
for Na+ and Cl− (47).

The graphical processing unit implementation of Amber
2016 MD software package (45) with the SPFP precision model
(48) was used for the MD simulation using the following
protocol. First, the structure was relaxed with 2000 steps of
conjugate-gradient energy minimization, using harmonic
restraining potential with the force constant of 10 kcal/mol/Å2

to restrain the solute to the initial structure. Then, the solvent
molecules were allowed to move using NPT ensemble with a
temperature of 300 K. Another step of conjugate-gradient
energy minimization was performed with 2000 steps while
removing all the restrains. Next, the pressure was maintained
at 1 atm and the thermostat temperature increased to 300 K
over the course of 500 ps, while harmonic positional restraint
of strength 10 kcal/mol/Å2 was applied to the solute. The
system was then equilibrated for 1 ns with a restraint force
constant of 1 kcal/mol/Å2. All restraints were removed for the
production stage. The hydrogen mass repartition option of
Amber was used, allowing a time step of 4 fs (49). A 10 Å
cutoff radius was used for range-limited interactions, with
Particle Mesh Ewald electrostatics for long-range interactions.
The production simulation was carried out using NPT con-
ditions. Langevin dynamics (50) was used to maintain the
temperature at 300K with a collision frequency of 3 ps

ˇ

−1. The
production stage of the MD simulation was performed for
300 ns. During dynamics, the SHAKE algorithm (51) was
applied to constrain all bonds involving hydrogen atoms.
Default values were used for all other simulation parameters.
The protocol described above was repeated to generate 20
independent replicates of 300-ns trajectories, adding up to 6-
microsecond trajectories for each structure.

TheCPPTRAJ tool (52) available inAmberTools 2016 (45)was
used to calculate the distance between groups of residues (i.e., Fc
and receptor glycans), as well as the number of contacts between
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residue pairs (using “nativecontact” command inCPPTRAJ). The
“savenonnative” keyword was also applied to keep track of non-
native contacts (the contacts formed over the course of the MD
simulations), in addition to the ones present in the starting
structure. The contacts were determined by a simple distance
cut-off (5 Å), that is, two residues were considered in contact if at
least two atoms from the two residues were closer than 5 Å at a
given frame. The circle sizes and colors in the 2D contour plots
represent the total fraction of frames that the corresponding
residues were in contact over the course of the simulations.

ADCC reporter assay

ADCC reporter assay was performed using NK-92 NFAT-
Luc reporter cell line as effector cells, and target cells. The
effector:target cell ratio was 1:2. Briefly, the effector/target cell
mixture was plated in a 96-well white-bottom assay plate at
100,000 cells per well, followed by incubation with serial di-
lutions of antibodies. After incubation at 37 �C for 3 h,ONE-Glo
Luciferase Assay Reagent (Promega) was added and lumines-
cence was determined using SpectraMax Paradigm. The re-
porter signals of samples and controls were plotted against the
antibody concentrations. The dose–response curves were fitted
with a four-parameter model using the GraphPad Prism 8.0. For
comparison, relative potency and relative efficacy of test anti-
bodies were calculated using the following formulas: ADCC
activity=EC50 of control/EC50 of sample.

Binding assay

A Biacore T200 instrument (GE Healthcare) was utilized to
determine the kinetic characteristics and binding affinities of
IgG1 and mutants to the FcγRIIIa receptor. The His-tagged
FcγRIIIa receptor was captured on a CM5 sensor chip via
immobilized anti-His antibody. Various concentrations of the
test antibodies were injected during multiple cycles at a flow
rate of 50 μl/min for 120 s and dissociated for 60 s. After each
injection, the chip surface was regenerated by acidic condition.
Analysis was performed after an in-line reference cell correc-
tion and followed by buffer sample subtraction. The dissoci-
ation equilibrium constant (KD), dissociation rate constant
(kd), and association rate constant (ka) were calculated using
the Biacore BIAevaluation software (version 4.1; GE Health-
care) with a 1:1 binding model.

Analysis of binding affinity to the target antigen was similar
to that of binding to the FcγRIIIa receptor, except the target
protein was biotinylated on the C terminus and immobilized
on an SA sensor chip.
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