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ABSTRACT: Reduction of the aﬃnity of the fragment crystallizable (Fc) region with immune receptors by substitution of one or a
few amino acids, known as Fc-silencing, is an established approach
to reduce the immune eﬀector functions of monoclonal antibody
therapeutics. This approach to Fc-silencing, however, is problematic as it can lead to instability and immunogenicity of the
developed antibodies. We evaluated loop grafting as a novel
approach to Fc-silencing in which the Fc loops responsible for
immune receptor binding were replaced by loops of up to 20
amino acids from similar local environments in other human and
mouse antibodies. Molecular dynamics simulations of the designed variants of an Fc region in a complex with the immune receptor
FcγIIIa conﬁrmed that loop grafting potentially leads to a signiﬁcant reduction in the binding of the antibody variants to the
receptor, while retaining their stability. In comparison, standard variants with less than eight substituted amino acids showed possible
instability and a lower degree of Fc-silencing due to the occurrence of compensatory interactions. The presented approach to Fcsilencing is general and could be used to modulate undesirable side eﬀects of other antibody therapeutics without aﬀecting their
stability or increasing their immunogenicity.

■

INTRODUCTION
Biological drugs are increasingly used in modern medicine as
an eﬀective alternative to conventional small-molecule drugs.
The concept of biological drugs refers to all medicines derived
from biological sources such as plants or blood. However,
more narrowly, this term applies to recombinant therapeutic
proteins. Perhaps the most well-known therapeutics from this
group are monoclonal immunoglobulin G1 (IgG1) antibodies.
In recent decades therapeutic antibodies have shown great
success in the treatment of cancer. The main advantage of
monoclonal antibodies compared to classical chemotherapeutic agents is their ability to speciﬁcally bind to target proteins
that are expressed on the surface of the cells of the immune
system, activating them to ﬁght cancer.1
Immunoglobulin G antibody is a heterotetramer protein
composed of two heavy chains and two light chains and has a
dual role in the immune system.2 A part of an antibody is the
so-called fragment crystallizable (Fc) region, whose role is to
interact with various native receptors. The Fc region is further
divided into CH2 and CH3 domains, and the CH2 domain
interacts directly with various immune Fcγ receptors (FcγRs).
Binding to FcγRI, FcγRIIa, FcγRIIc, FcγRIIIa, FcγRIIIb, and to
the complement component 1q (C1q) induces pro-inﬂammatory responses, such as antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity, while the
binding to the FcγRIIb induces an anti-inﬂammatory
response.2,3
© 2020 American Chemical Society

In the therapeutic use of recombinant monoclonal antibodies, the involvement of the Fc mediated cytotoxicity may be
considered desirable or undesirable.4−9 Activation of this
cytotoxic response is undesirable in the case of antibodies with
known Fc-mediated side eﬀects, e.g., platelet aggregation,10 or
those that are designed to block receptors without activating
the immune system, the so-called “benign blocker” antibodies,
or in the case of antibody-drug conjugates, where unforeseen
interactions with nontumor cells can be harmful.11 Unwanted
cytotoxic responses can be eliminated at least partially through
so-called Fc-silencing. This involves substituting amino acid
residues in the binding site for FcγRs, speciﬁcally in the loops
BC, C′E, and FG in the CH2 domain, to reduce the binding to
FcγRs. The eﬀects of such substitutions involving a single
amino acid or several amino acids within the Fc region of IgGs
have been studied.5,12−14 Various Fc variants can increase or
decrease the antibody’s binding aﬃnity for diﬀerent FcγRs and
consequently increase or decrease its eﬀector function.
Mutations of amino acid residues in the hinge region
connecting the CH2 and CH1 domains can achieve a similar
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Figure 1. Workﬂow for the design and evaluation of Fc silent antibodies used in this study. The new approach is marked in red.

eﬀect.15 However, such artiﬁcial amino acid sequences may be
immunogenic or exhibit diminished stability. Thus, mutations
based on the natural diﬀerence in aﬃnity to FcγRs between
IgG1 (high aﬃnity) versus IgG2 and IgG4 (low aﬃnity)
antibody subclasses were explored.16 Another way to achieve
the silencing of IgG1-based therapeutic antibodies is to use
isolated Fab regions that do not cause cytotoxic responses
through the activation of FcγRs. This approach however can
lead to impaired serum half-life.17 Removal of glycan from IgG
also results in lower aﬃnity of binding to FcγRs but can
subsequently impair other properties of such antibodies.3,18,19
Loop grafting involves substitution of loops, so that a loop is
transplanted from a donor protein to the acceptor protein.20
Loop grafting adds properties of the donor protein to the
acceptor protein and has been used to prepare humanized
antibodies with reduced immunogenicity21 and to modulate
binding in the CH3 domain.22,23 However, loop grafting has
not yet been used in the CH2 domain to achieve Fc-silencing.
We present a novel approach to Fc-silencing based on loop
grafting (Figure 1). Using the ProBiS algorithm24−28 that
enables accurate detection of local structural similarities in
proteins independent of their fold-similarity, the loops were
transplanted to the Fc region of a therapeutic antibody from
similar local environments in diﬀerent antibodies. Since the
grafted loops have been optimized by evolution for stability but
not for FcγRs binding, the designed Fc variants should be
stable and Fc-silent. We applied the new approach to the Fc
region of an IgG1 type therapeutic antibody, and using
molecular dynamics simulations, we showed that the
developed Fc variants potentially exhibit a considerably higher
level of Fc-silencing on average compared to variants prepared
using the standard approach of amino acid substitutions. Two
of the loop grafted variants also retained similar stability to that
of the wild-type Fc region making them promising candidates

for achieving completely Fc-silent and stable immunotherapeutics.

■

MATERIALS AND METHODS
The glycosylated human IgG1 antibody Fc region noncovalently bound to the human FcγIIIa receptor (FcγRIIIa)
structure (PDB ID: 3SGJ)29 was used as the reference X-ray
crystal structure.
Loop Grafting for Fc-Silencing. As the database of
template protein structures we used the Protein Data Bank
(PDB) (downloaded Jan 2019),30 in which we replaced the
protein structures that consisted of Cα atoms with full-atom
structural models from the ModBase database. 31 The
structures were ﬁltered for antibodies by performing a text
search in each of the downloaded PDB ﬁles using antibody and
immunoglobulin keywords, and only ﬁles that contained either
of these keywords were kept. The binding site for FcγRIIIa on
the Fc region (3SGJ, chain A) was deﬁned as the amino acid
residues of the Fc region that were within 7 Å of the FcγRIIIa
(chain C). Using the ProBiS algorithm,24−27 this binding site
was then structurally compared in terms of its geometry and
physicochemical properties with the template protein
structures, in which structurally similar regions were identiﬁed.
Rotation-translation matrices that superimposed the query
binding site to the similar local structures found in other
proteins were generated. As candidates for grafting, we
considered loops that were structurally similar to the query
BC and FG loops in their start and end sections but whose
middle sections diﬀered from these query loops. Based on the
generated superimpositions, we then transposed the found
similar loops to the query Fc region structure and attached
them in place of the original loops that had been cut out of the
Fc region. In each loop grafted Fc variant, we replaced the BC
loop (residues 265−274) and the FG loop (residues 323−
5476
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importance for complex association. The interactions of the Fc
region variants with the FcγRIIIa were estimated by calculating
the average number of hydrogen bonds between the Fc region
and the receptor over the time of each simulation using the
COOR HBOND command in CHARMM. An interaction was
considered to be a hydrogen bond if the distance between a
hydrogen atom and an acceptor atom was less than 2.4 Å.
Using the COOR CONT command we calculated the van der
Waals (vdW) interactions as the average number of Fc region’s
atoms <3 Å from the FcγRIIIa atoms. The obtained average
values were used to compare the designed Fc variants with the
control simulation of the wild-type Fc region in a complex with
the FcγRIIIa. The stability of individual hydrogen bonds was
estimated using occupancy, representing the fraction of the
total simulation time in which an interaction is present.
Cumulative occupancies were reported, which are the sum of
individual hydrogen bond occupancies between a residue and
another residue, where a value >1.0 denotes that more
hydrogen bonds occurred between the two residues. We also
calculated the relative binding free energies for the Fc-FcγRIIIa
complexes using the Molecular Mechanical/Generalized Born
Surface Area (MM/GBSA) approach.37,38 Here, the binding
free energy (ΔGbind) is calculated as the sum of the changes in
the molecular mechanical energy of the gas phase, ΔEMM, the
solvation free energy, ΔGsol, and the conformational entropy of
the system during binding, −T·ΔS:

332), since these formed most of the interactions with the
FcγRIIIa.
Standard Approach to Fc-Silencing. For comparison to
loop grafting, we produced four Fc variants, each consisting of
one or several amino acid substitutions that are known to
result in Fc-silencing. The substitutions used were L234F,32
G237A,33 and P238S12 in the hinge region that are known to
reduce binding aﬃnity to all FcγRs and S239A, which reduces
aﬃnity to FcγRIIIa only.12 The substitution D265A12 in the
BC loop reduces binding to all FcγRs, and S267A12 shows
increased binding to FcγRIIb, which represents an additional
Fc-silencing mechanism complementary to the reduction of
FcγRIIIa binding. H268A improves binding to FcγRIIs and
reduces binding to FcγRIIIa,12 and D270A12 reduces binding
to FcγRIIs and FcγRIIIa. Substitution of A327G12 in the FG
loop reduces binding to FcγRIIIa but has no eﬀect on FcγRII,
and P329S12 reduces binding to all FcγRs, while the
combination of A330S and P331S33 substitutions eliminates
aﬃnity for all FcγRs and the C1q complement protein.
Molecular Dynamics Simulations of the Fc-Fcγ
Receptor Complexes. To assess the performance of both
the novel and the standard approach to Fc-silencing, we
employed molecular dynamics (MD) simulations. These
allowed determination of the quality of the designed Fc
variants measured in terms of their remaining receptor binding
aﬃnity and their stability. Molecular dynamics simulations
were conducted using the CHARMM molecular simulation
program.34 The standard CHARMM36 force ﬁeld parameters35 were used for the protein part of the molecule and for
carbohydrates.36 Disulﬁde bonds were modeled as they appear
in the crystal structure 3SGJ, that is, two disulﬁde bonds within
each chain of the Fc region, two within the FcγRIIIa, and one
in the hinge region connecting the chains A and B of the Fc
region. The complexes were solvated using the rigid TIP3P
water model, where the dimensions of the water box were 155
× 120 × 105 Å. The systems were neutralized with sodium
chloride corresponding to a 0.1 M concentration. Before each
production run, the systems were equilibrated for 1 ns using
the constant number of particles, volume, and temperature
(NVT) ensemble. Production runs were performed using a
constant number of particles, pressure, and temperature
(NPT) ensemble, in which each simulation continued for at
least 200 ns; analysis was performed from the 100th ns to the
end of each simulation. In this time interval the complexes
have reached equilibrium judging from their RMSD plots.
From the trajectories obtained by MD simulations we
evaluated and ranked the Fc variants according to their
stability and the strength of their binding to FcγRIIIa.
Stability Analysis of the Designed Fc Variants. To
estimate the structural stability of the CH2 domain, we
calculated the root-mean-square ﬂuctuation (RMSF) of each of
its Cα atom positions with respect to its average position
during the MD simulation. Root mean square deviation
(RMSD) of the whole Fc region provided the estimate of the
conformational changes of the designed Fc variants induced by
the diﬀerences in binding to FcγRIIIa. It was calculated
between the initial structure of the Fc region (chains A and B)
and the snapshots of the Fc region at regular time intervals
from the MD simulation trajectories.
Interactions and Binding Aﬃnity of the Designed Fc
Variants. Molecular dynamics simulations enabled us to
observe the behavior of the designed variants in a complex with
the FcγRIIIa and to determine the interactions and their

ΔG bind = ΔH − T ·ΔS ∼ ΔEMM + ΔGsol − T ·ΔS

(1)

ΔEMM = ΔEinternal + ΔEelectrostatic + ΔEvdW

(2)

ΔGsol = ΔGGB + ΔGSA

(3)

In eq 2, ΔEMM is the sum of ΔEinternal (bond, angle, and
dihedral energy), ΔEelectrostatic (electrostatic energy), and ΔEvdW
(van der Waals energy); in eq 3, ΔGsol is the sum of
electrostatic solvation energy, ΔGGB (polar contribution), and
nonelectrostatic solvation component, ΔGSA (nonpolar contribution). The polar contribution to the desolvation free
energy was calculated using the analytical Generalized Born
using Molecular Volume (GBMV) model,39,40 while the
nonpolar energy was estimated using the solvent accessible
surface area calculation implemented in the GB module. We
assumed that the entropy changes upon binding are similar in
all complexes, since they all have similar binding sites.
Accordingly, we neglected the entropy term (−T·ΔS) when
calculating the relative binding free energies.

■

RESULTS
To evaluate loop grafting as a novel approach for Fc-silencing,
we constructed Fc variants T1−T4 using loop grafting by local
structural alignment. For comparison, we also constructed Fc
variants S1−S4 using a standard approach by combining amino
acid substitutions known to reduce receptor binding. The
stability and FcγIIIa receptor (FcγRIIIa) interactions of the
designed variants were determined using molecular dynamics
simulations and compared with each other and to the wild-type
(WT) Fc region in complex with the FcγRIIIa.
Loop Grafting between Similar Local Environments.
We found loops in antibody domains other than Fc regions
with similar physicochemical properties at their N- and Cterminal ends to the BC and FG loops in the Fc region (Figure
2A−D; Table S1, Supporting Information). In the T1 variant,
we grafted the loops from the constant light chain (CL)
5477
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domain of the Fab region of an IgG1 monoclonal mouse
antibody (PDB ID: 5WTT),41 and in the T2 variant we
obtained the loops from the mouse IgG2b-derived constant
heavy chain domain (CH1) of the Fab region of a chimeric
monoclonal antibody structure (5OCK).42 The T3 variant was
constructed by grafting the loops from the human Fab
fragment, speciﬁcally from the immunoglobulin light chain
lambda constant domain (CL-lambda) of a monoclonal IgM
rheumatoid factor (2J6E),43 and in variant T4, we grafted the
loops from the light chain of the Fab region of a human
secretory IgA2 antibody (3CM9).44
Benchmarking the MM/GBSA Method for Predicting
Binding Aﬃnity of Fc Variants for FcγRIIIa. To evaluate
the ability of the MM/GBSA method to predict experimental
binding aﬃnities, we have selected known Fc variants from
Table 1 in ref 12, each of which has an experimentally
measured ratio of binding (rexp) to FcγRIIIa relative to that of
the WT Fc region (Table S11). The calculated binding free
energies are generally consistent (r2 = 0.45) with the
experimental ratios (Figure 3). This correlation is comparable

Figure 3. Comparison of the calculated binding free energies (ΔGbind)
with experimental binding ratios (rexp) of standard Fc variants to
FcγRIIIa with respect to the wild-type Fc region from Table 1, ref 12.
Each dot represents an energy value calculated from a 150 ns MD
simulation of an Fc variant in complex with FcγRIIIa; the blue line is
the ﬁtted model.

to previous benchmarks of this method.45 The variant D265A,
which is known to signiﬁcantly reduce the binding to FcγRIIIa
(rexp = 0.09), has the second highest calculated binding free
energy of all standard variants at −45.6 kcal/mol. On the other
hand, the variant K334A that most improves the binding to
FcγRIIIa (rexp = 1.39) has the binding free energy of −66.2
kcal/mol, which is slightly lower than the wild-type Fc region.
A ﬁtted model

Figure 2. Designed Fc variants. A−D) Structural superpositions of the
wild-type Fc region BC and FG loops (white) with the loops from
diﬀerent antibodies (green), based on which the loop grafted variants
T1−T4 were constructed. Z-scores denote the degrees of local
structural similarity between the binding site for FcγRIIIa on the Fc
region and other antibody structures (PDB and Chain IDs)
determined by ProBiS. E) Alignments of the wild-type (WT) amino
acid sequence with the sequences of standard Fc variants (S1−S4,
red) and the sequences of the loop grafted Fc variants (T1−T4,
green). The sequence alignments for the latter were determined based
on the structural alignments between the wild-type and the grafted
loops.

−ln(rexp) = 0.11 ·ΔG bind + 7.16

(4)

allows us to predict the binding ratios (rpred) of the constructed
standard and loop grated variants described below.
To test whether interaction energy would be suﬃcient to
predict the binding ratios, we calculated the interaction energy
between Fc variants and FcγRIIIa after initial minimization
(Figure S1). The r2 of 0.07 indicates that this energy does not
correlate with experimental binding ratios; however, other
5478
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Figure 4. Interactions in the wild-type complex between the Fc region and the FcγIIIa receptor seen in the crystal structure (PDB ID: 3SGJ) and
formed during molecular dynamics simulation.

group of Gly129R. A salt bridge is formed between Glu269A
and Lys131R, and a stacking interaction occurs between
Pro329 in chain B of the CH2 domain (Pro329B) and Trp90R
and Trp113R so that Pro329B is stacked between the two
tryptophans. Stacking interactions between prolines and
tryptophans are known to stabilize protein−protein complexes.33,47 In addition, the N-glycan covalently attached to
Asn297A and the N-glycan attached to Asn162R form a
hydrogen bond by their N-acetyl-D -glucosamine sugar
moieties. Hydrogen bonds are also formed between Asp265
in chains A and B and the amino group of the N-acetyl-Dglucosamines attached to Asn297.

specialized molecular modeling tools that use empirical force
ﬁelds may give better results.46
Interactions in the Wild-Type Fc-FcγIIIa Receptor
Complex. We identiﬁed the interactions between the wildtype CH2 domain of the Fc region and the FcγRIIIa, as can be
seen from the crystal structure 3SGJ and during MD
simulation (Figure 4). In the crystal structure, hydrogen
bonds are formed between the main chain oxygen of Gly237 of
chain A (Gly237A) and the side chains of Ser239A and
Asp265A in the CH2 domain and Lys120 in the FcγRIIIa
(Lys120R). The main chain oxygen of Asp265A hydrogen
bonds with the side chain nitrogen of His134R, and the main
chain oxygen of Tyr296A interacts with the main chain amino
5479
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Figure 5. Fc-silencing potential and structural stability of the designed standard (red) and loop grafted (green) Fc variants in comparison to the
wild-type Fc-FcγIIIa receptor complex (gray columns in A−C, black lines in D and E). A) Relative binding free energies between the Fc region and
the FcγIIIa receptor, where the height of columns indicates binding aﬃnity for the receptor (lower columns indicate reduced aﬃnity); B) Average
number of hydrogen bonds and C) van der Waals contacts formed between the Fc region and the FcγIIIa receptor. The N-glycan bound to Asn297
in the Fc region and the N-glycan bound to Asn162 in the FcγIIIa receptor were included in this calculation; D) Root mean square ﬂuctuations
measuring the stability of individual amino acid residues in the CH2 domain. Blue vertical ribbons indicate the hinge region and the BC and FG
loops; E) Root mean square deviations measuring the conformational changes in the Fc region during molecular dynamics simulations.

Figure 6. Compensatory interactions formed by the standard Fc variants with the FcγIIIa receptor (A−E).
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(WT: 0.05, S2: 0.84). This compensation was due to the
rearrangement of the binding site caused by the elimination of
the interaction of Asp265A with Lys120R, which brought the
Leu235A and Lys120R closer together. The N-glycan attached
to Asn297 hydrogen bonded with the fucose moiety with the
manose of the receptor’s N-glycan (S2: 1.48) (Figure 6C).
This interaction was not observed in the WT, where the
hydrogen bond of the Fc N-glycan’s ﬁrst sugar moiety Nacetyl-D-glucosamine with Asp265 (Figure 4) may have
restricted its ability to move closer to and form stable contacts
with the N-glycan of the receptor. Other new hydrogen bonds
that compensated for the lost interactions were the interaction
of Gly237A with Lys120R (WT: 0.07, S2: 0.66), Ala267A with
His134R (WT: 0.0, S2: 0.72), Ser298A with Gly129R (WT:
0.02, S2: 0.27), Glu233B with Ser160R (WT: 0.09, S2: 0.27),
Gly236B with Lys161R (WT: 0.1, S2: 0.82), and Pro238B with
Lys161R (WT: 0.1, S2: 0.91). While the S2 variant was stable
overall, an increased ﬂexibility was observed at His285 (Figure
5D) located in the binding site for the second neonatal Fc
receptor (FcRn) in the FcRn dimer.49,50 Reduced FcRn
interactions are known to lead to increased serum clearance,50
and increased ﬂexibility of this histidine may result in lower
serum half-life and reduced therapeutic applicability of this
variant.
The S3 variant (L234F/G237A/P238S/A327G/P329S/
A330S/P331S) formed more hydrogen bond interactions
and contacts with the receptor than the WT, and its binding
energy of −51.0 ± 20.1 kcal/mol (rpred = 0.22) was the lowest
of the developed variants (Figure 5A). It is therefore unlikely
that the S3 variant is completely Fc silent. A reason for this
may be that Asp265, the residue that forms the most hydrogen
bonds with the receptor, was not substituted in this variant.
New hydrogen bonds formed, while the existing ones were
retained (Figure 6D; Table S5, Supporting Information). Due
to the substitutions of P329S and P331S in the FG loop, the
ﬂexibility of the FG loop increased (Figure 5D) allowing this
loop to move closer to the receptor and form new contacts that
were previously not possible. In addition, P329S substitution
eliminated the stacking interactions of this proline with
Trp90R and Trp113R, which may have reduced the binding
of the S3 variant with the receptor. Despite the substitutions
L234F, G237A, and P238S, the hinge region showed no
diﬀerence in stability compared to the WT.
In the S4 variant (S239A/D265A/P329S/A330S), which
was a combination of substitutions in the hinge region and in
the BC and FG loops, a signiﬁcant increase in the binding free
energy of −29.6 ± 17.5 kcal/mol (rpred = 0.02) compared to
the WT was observed (Figure 5A−C), indicating that this
variant reduced binding to receptor the most among the
standard variants. In addition to hydrogen bonds that were
removed due to the substituted residues, the interactions of
Ser239 in both chains with Lys120R and Lys161R were
completely removed (Figure 6E; Table S6, Supporting
Information), and the interaction of the main chain oxygen
of Tyr296A with Gly129R was signiﬁcantly reduced (WT:
0.60, S4: 0.1). Compensatory interactions were somewhat less
pronounced in this variant. Nevertheless, the main chain
oxygens of Leu235A and Gly237A interacted more strongly
with the side chain of Lys120R (WT: 0.05, S4: 0.83; WT: 0.07,
S4: 0.67) as well as the interactions of the main chain oxygens
of Gly236B and Pro238B with the side chain of Lys161R
increased considerably (WT: 0.1, S4: 0.70; WT: 0.1, S2: 0.84).
The overall stability of the CH2 domain was comparable to

During the MD simulation of the WT complex, new
interactions were observed that are not seen in the crystal
structure (Figure 4; Table S2, Supporting Information).
Hydrogen bonds were formed between the main chain oxygen
of Asp265A and the hydroxyl group of Tyr132R (occupancy:
0.92), between the main chain oxygen of Gly236A and the side
chain nitrogen of His134R (0.84), and between the side chain
of Ser239B and the side chain of Lys161R (0.69). Some
interactions that were visible in the crystal structure were
absent or occurred with low occupancy during the MD
simulation. Included among these were the interactions of the
main chain oxygen of Gly237A and the side chain of Ser239A
with the side chain of Lys120R (occupancies 0.07 and 0.39,
respectively) and the interaction between the main chain
oxygen of Asp265A and the side chain nitrogen of His134R
which was not observed during the entire MD simulation time.
Interactions in the Standard Fc Variants. To test the
eﬀects of substitutions in the BC loop, hinge and BC loop,
hinge and FG loop, and hinge and BC and FG loops, we
designed standard variants S1−S4, respectively, which are
combinations of single amino acid substitutions known to
result in Fc-silencing. The S1 variant (D265A) had the binding
free energy of −45.6 ± 16.1 kcal/mol, the second highest
among the standard variants and signiﬁcantly higher than
−66.1 ± 18.7 kcal/mol of the WT (Figure 2E; Figure 5A). The
predicted binding ratio rpred for this variant was 0.12. It also
formed fewer hydrogen bonds than other standard variants and
the WT (Figure 5B), indicating strong Fc-silencing in
agreement with experiment.48 This reduction in FcγRIIIa
binding was due to the loss of two salt bridge interactions
between Asp265 in the CH2 domain and Lys120R and
Lys161R in the receptor (Figure 6A; Table S3, Supporting
Information). Another hydrogen bond was lost between the
side chain of Ser239B and Lys161R due to the structural
rearrangement of the region. In addition, the hydrogen bond
between the main chain oxygen of Tyr296A and the main
chain amino group of Gly129R had a much lower occupancy
compared to the WT (WT: 0.60, S1: 0.15). However, these
lost interactions were partially oﬀset by the formation of two
high occupancy hydrogen bonds between the main chain
oxygens of Leu235A and Gly237A and the side chain of
Lys120R (WT: 0.05, S1: 0.65; WT: 0.07, S1: 0.50) and two
new hydrogen bonds between the main chain oxygens of
Gly236B and Pro238B and the side chain of Lys161R (WT:
0.10, S1: 0.79; WT: 0.10, S1: 0.80). Due to these hydrogen
bonds, the hinge region between Pro232 and Gly236 changed
from a disordered region seen in the WT crystal structure to an
α helix, which was observed in all standard variants. The
variant S1 proved to be the most stable among the standard
variants (Figure 5D,E) as its stability measured in terms of the
RMSF and RMSD was comparable to that of the WT with the
RMSF ﬂuctuations in the BC and FG loops only slightly above
those observed in the WT.
The S2 variant (S239A/D265A/S267A/H268A/D270A)
had a binding free energy of −48.8 ± 17.5 kcal/mol (rpred =
0.18), and compared to the WT it formed less hydrogen bonds
and slightly less vdW contacts with the receptor (Figure 5A−
C). It also formed more hydrogen bonds with the receptor
than the S1 variant, which was unexpected given that it had ﬁve
substituted amino acid residues compared to one in the S1
variant (Figure 6B; Table S4, Supporting Information).
However, the main chain oxygen of Leu235A in this variant
interacted much more strongly with the side chain of Lys120R
5481
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Figure 7. Interactions with the FcγIIIa receptor of the Fc variants predicted to be Fc-silenced obtained with loop grafting (A−D).

The T2 variant had an increased average number of
hydrogen bonds and vdW contacts as well as a lower binding
free energy of −51.6 ± 17.4 kcal/mol (rpred = 0.24) compared
to the T1 variant (Figure 5A). The interactions formed by
Asp265 in the WT were mostly eliminated due to the
replacement of this aspartate with Gly265 (Figure 7B; Table
S8, Supporting Information). An exception was the hydrogen
bond between the main chain oxygen of Gly265A and the side
chain nitrogen of Tyr132R, which was nevertheless weaker
than the respective WT interaction (WT: 0.92, T2: 0.8). The
salt bridge between Glu269A and Lys131R did not form (WT:
0.48, T2: not observed) due to the two deletions in the BC
loop sequence that shifted this glutamate away from the lysine
(Figure 2B). The stacking interactions between the Pro329B in
the original FG loop and the Trp90R and Trp113R were also
removed due to the replacement of this residue with Ser329B.
The interactions of Gly237B and Ser239B with Lys161R (WT:
0.67, T2: 0.24; WT: 0.69, T2: 0.2) were weakened but not
completely eliminated (Figure 6C,D). In addition to this
relatively weak reduction of WT interactions, compensatory
hydrogen bonding interactions were formed between the main
chain oxygens of Leu235A and Gly237A and the side chain of
Lys120R (WT: 0.05, T2: 0.49; WT: 0.07, T2: 0.44) and
between the main chain oxygen of Gly236A and the side chain
of His134R (WT: 0.85, T2: 0.96) as well as between the main
chain oxygens of Gly236B and Pro238B and the side chain of
Lys161R (WT: 0.1, T2: 0.34; WT: 0.1, T2: 0.25). The T2
variant showed similar overall stability to that of the WT, with
the exception of the grafted FG loop (Figure 5D), which was
more ﬂexible.
The T3 variant formed on average fewer hydrogen bonds
and contacts with the FcγRIIIa than the WT. Its binding free
energy of −42.4 ± 19.6 kcal/mol (rpred = 0.09) was

that of the WT, with the exception of His310 located in the
FcRn binding site, whose ﬂexibility increased (Figure 5D).
Since mutations of His310 are known to reduce binding to
FcRn and increase clearance,51 this increased ﬂexibility of this
residue could be an issue if the S4 variant was to be used in
vivo.
Interactions in the Loop Grafted Fc Variants. The T1
variant showed the highest level of Fc-silencing of all the
designed variants with its binding free energy of −22.7 ± 25.5
kcal/mol (rpred = 0.01) signiﬁcantly higher than that of the WT
and of other variants (Figure 5A). It also lacked most hydrogen
bond interactions and vdW contacts with the FcγRIIIa that
were present in the WT (Figure 5B,C). In the grafted BC loop,
the replacement of Asp265A by Asn265A eliminated the salt
bridge with Lys120R (Figure 2A,E; Figure 7A; Table S7,
Supporting Information); however, a weaker hydrogen bond
formed with Tyr132R (WT: 0.92, T1: 0.28). The replacement
of Glu269A by Tyr267A led to the loss of a salt bridge
interaction with Lys131R, and the replacement of Pro329B by
Thr327B in the FG loop eliminated the stacking interactions of
this proline with Trp90R and Trp113R. In compensation, two
new hydrogen bonds were formed between Glu233B in the
hinge region and Ser160R and Lys161R (WT: 0.02, T1: 0.72;
WT: 0.02, T1: 0.31). The T1 variant experienced considerable
conformational changes during MD simulation as seen from its
RMSD plot (Figure 5E). The high ﬂuctuations were due to the
change in the relative positions between the CH2 and CH3
domains and between the CH2 and FcγRIIIa and less due to
the changes within the CH2 domain, which remained relatively
stable as seen from the RMSF plot (Figure 5F). The grafted
FG loop however ﬂuctuated more than the respective loop in
the WT. The T1 variant thus showed signiﬁcant Fc-silencing
potential but could potentially have lower stability.
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Among the standard Fc variants, the S4 variant showed the
highest reduction in FcγRIIIa binding (Figure 5), followed by
the S1 variant. The S1 variant is known to reduce FcγRIIIa
interaction to only 9% of the WT activity and is one of the
most eﬀective Fc-silencing substitutions currently available.12
The S1 variant’s calculated stability is comparable to that of the
WT over the entire CH2 domain (Figure 5D). The S2 and S3
variants were not completely Fc-silent according to their
binding free energies (Figure 5A), which was likely due to the
compensation of the lost interactions through the formation of
new hydrogen bonds with the FcγRIIIa (Figure 6). The S3
variant also had an increased ﬂexibility in its FG loop
indicating a potential structural instability of this variant
(Figure 5D), while the S2 and S4 variants showed increased
ﬂexibility in their neonatal Fc receptor (FcRn) binding sites
(Figure 6). Binding of the Fc region to FcRn rescues an
antibody from being excreted from the serum,49−51 and thus
this instability potentially reduces the serum half-life and
therapeutic applicability of the S2 and S4 variants. The S1
variant showed the best compromise between Fc-silencing and
stability, suggesting that a single substitution D265A can be
advantageous to the combinations of several artiﬁcial
substitutions, which may introduce instability into the designed
Fc regions.
The loop grafted Fc variants formed fewer hydrogen bonds
and vdW contacts with the FcγRIIIa compared to the WT as
well as their binding free energies were considerably higher on
average than the energies of the WT and most of the standard
variants (Figure 5A−C). The variants T3 and T4 in which the
grafted loops originated from other human antibodies had a
similar stability to the WT over their entire CH2 domains and
their FG loops (Figure 5D). The grafted FG loops in the T3
and T4 variants were likely stabilized by the deletions that
reduced the ﬂexibility and by the conservation of the two rigid
prolines, respectively. The T3 and T4 variants also had
increased stability compared to the S2, S3, and S4 variants and
were stable in their FcRn binding sites. We thus propose that
the T3 and T4 variants are stable and highly Fc-silent.
In addition, since in the T3 and T4 variants the grafted loops
were from human antibodies, their immunogenicity should not
be increased. However, grafting murine loops may cause
undesired T cell immunogenicity, and even grafting fully
human loops may do so, due to epitopes at the junctions where
the loop is spliced in. In order to test this, we predicted MHCII binding for the constructed variants using the IEDB tool
(Table 1).53 The T4 variant had the lowest predicted binding
to MHC-II, suggesting that it is potentially signiﬁcantly less
immunogenic than the other constructed variants and the wildtype Fc region. Immunogenicity could be an issue with the
standard variants S3 and S4 and the loop grafted variants T1
and T2 in which the loops were obtained from murine
antibodies, which all showed increased binding to MHC-II
molecules. The T1 and T2 variants also had an increased
ﬂexibility in their FG loops, due to the replacement of one of
the FG loop’s prolines with a serine residue. Notably, we
constructed four loop grafted variants, but many possible
replacement loops remain unexplored (Table S1, Supporting
Information).
The fact that we did not see unbinding in the MD
simulations is not uncommon, as the residence time of
protein−protein complexes can be in the order of microseconds or more.54 A reason for this may also be that the Fc
variants were modeled based on the WT, and therefore they

signiﬁcantly higher than that of the WT making this variant a
promising Fc-silenced candidate. Its overall stability and the
stability of its grafted FG loop were similar as the
corresponding stability of the WT (Figure 5D,E). With the
exception of Asp265A in the grafted BC loop, which retained a
hydrogen bond with Lys120R, the grafted BC loop did not
form any other signiﬁcant interactions with the receptor
(Figure 7C; Table S9, Supporting Information). The stacking
of Pro329B with Trp90R and Trp113R was also eliminated
due to the replacement of this proline by a serine in the grafted
FG loop (Figure 2C,E). Some interactions were considerably
weaker compared to the WT. These were the interaction of the
main chain oxygen of Gly236B with the side chain of Lys161R
(WT: 0.67, T3: 0.24) and the interaction between Ser239B
and Lys161R (WT: 0.69, T3: 0.14). Compensatory interactions were formed; however, their scope was limited
compared to the standard variants. Nevertheless, the hydrogen
bond between Gly236A and His134R became stronger (WT:
0.84, T3: 0.97) as well as the salt bridge between Glu233B and
Lys161R (WT: 0.02, T3: 1.03) and the hydrogen bond
between Leu235B and Trp90R (WT: not observed, T3: 0.59).
The T4 variant’s binding free energy of −38.9 ± 19.2 kcal/
mol (rpred = 0.06) was the second highest among the loop
grafted variants (Figure 5A), and its stability was comparable
to that of the WT over the entire CH2 domain (Figure 5D,E).
During the MD simulation it maintained some polar
interactions with the FcγRIIIa that were present in the WT
(Figure 7D; Table S10, Supporting Information), but these
occurred with lower occupancies than in the WT. The
interactions between Pro329B and the tryptophans 90 and
113 of the receptor were removed due to the substitution of
this proline with Lys329B (Figure 2D,E). Other interactions
that were signiﬁcantly weakened compared to the WT were the
interaction between the main chain oxygen of Gly236A and the
side chain nitrogen of His134R (WT: 0.85, T4: 0.49), the
interaction between the side chain of Ser239A and the side
chain of Lys120R (WT: 0.39, T4: 0.09), and the interaction
between the main chain oxygen of Gly265A, which replaced
Asp265A in the BC loop, and the side chain of Tyr132R (WT:
0.92, T4: 0.58). Increased occupancies were observed for the
interaction of the main chain oxygen of Leu235A with the side
chain of Lys120R (WT: 0.05, T4: 1.0) and the interaction of
the main chain oxygen of Gly237A with the side chain of
Lys120R (WT: 0.07, T4: 0.34). In addition, the Asp268A in
the grafted BC loop formed a salt bridge with Lys131R (WT:
not observed, T4: 0.41) similar to Glu269A in the WT. In the
grafted FG loop, Glu327B formed a salt bridge with Lys22R
(WT: not observed, T4: 0.41), Lys329B formed a salt bridge
with Glu21R (WT: not observed, T4: 0.49), and Pro331B
interacted with its main chain oxygen with the main chain
amino group of Ser164R (WT: not observed, T4: 0.49).

■

DISCUSSION
Silencing of the Fc region has an important role in the rapid
development of various antibody- and T cell-based therapeutic
platforms for the treatment of cancers and other currently
incurable diseases.15,16,52 We propose a novel approach to
achieve Fc-silencing based on the replacement of the BC and
FG loops in the Fc region of therapeutic antibodies with loops
from non-Fc antibody domains. The proposed approach
enables high degree of Fc-silencing and stability of the
constructed Fc variants comparable to the wild-type protein
as shown by molecular dynamics simulations.
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V323V, S324T, N325H, K326E, A327G, L328Δ, P329S,
A330Δ, P331T, I332V) and T4 (D265G, V266L, S267R,
H268Δ, E269D, D270A, P271S, E272G, V273A, K274T,
V323A, S324A, N325H, K326P, A327E, L328L, P329K,
A330T, P331P, I332L) are stable and completely Fc-silent.
In addition, the loop grafted T4 variant is potentially the least
immunogenic among the constructed variants and less
immunogenic than the wild-type protein. With further
experimental conﬁrmation, the presented approach to Fcsilencing should prove an invaluable tool in the design of novel
safer biological drugs.

Table 1. Prediction of Binding to MHC-II Alleles for
Constructed Fc Variants Using the IEDB Toola,e
Fc
variant

WT
S1
S2
S3
S4
T1
T2
T3
T4

hinge region
percentile rank
(IC50)b
9.3 (161 nM)
9.3 (161 nM)
9.1 (159 nM)
5.1 (23 nM)
9.1 (159 nM)
9.3 (161 nM)
9.3 (161 nM)
9.3 (161 nM)
9.3 (161 nM)

BC loop
percentile rank
(IC50)b
13 (776 nM)
13 (1029 nM)
13 (1029 nM)
13 (776 nM)
13 (1029 nM)
4 (352 nM)
11 (476 nM)
7 (193 nM)
13 (1042 nM)

Article

FG loop
percentile rank
(IC50)b
2.9 (166 nM)c
2.9 (166 nM)c
2.9 (166 nM)c
5.9 (346 nM)c
1.9 (103 nM)d
12 (102 nM)
16 (517 nM)
16 (283 nM)
15 (255 nM)

■
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.9b01198.

a

Seven-allele HLA reference set was selected; for other parameters
the default values were used. bEach percentile rank and IC50 value
represents the most immunogenic peptide of length 15 in a set of
peptides, in which each overlaps with at least one amino acid with the
hinge region, BC or FG loops. The lower values indicate tighter
binding of an Fc peptide to MHC-II and higher potential
immunogenicity; smm_align_ic50 values are reported where
available. cIC50 is calculated using the netmhciipan_ic50 method.
d
IC50 is calculated using the nn_align_ic50 method. eThe IEDB tool
can be found at http://tools.iedb.org/mhcii.

■

assume a similar conformation at the beginning of the
simulation. Thus, they can remain bound to the receptor
longer than in a physical system, where such a conformation
may not be accessible. The calculated binding free energies, Hbonds and vdW contacts, are thus estimates of the relative
binding aﬃnity of the Fc-FcγRIIIa complex, rather than
absolute values.
Loop grafting thus shows a high potential as a new approach
for the design of stable Fc-silent variants that could be used as
building blocks of novel antibody therapeutics. Signiﬁcant
reduction of immunogenicity is predicted in the T4 variant in
which the replacement loops originated from human antibodies.

Table S1, antibody structures that share local similarities
to Fc region; Tables S2−S10, interactions between Fc
region and FcγIIIa receptor determined by molecular
dynamics simulations; Figure S1, comparison of
calculated interaction energies with experimental binding ratios; and Table S11, comparison of binding free
energies calculated using MM/GBSA method with
experimental binding ratios (PDF)
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Brooks, B. R.; Janežič, D. ProBiS-CHARMMing: Web Interface for
Prediction and Optimization of Ligands in Protein Binding Sites. J.
Chem. Inf. Model. 2015, 55, 2308−2314.
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