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ABSTRACT
A key question in immunology is whether antigen recognition and Fc receptor (FcR) binding are
allosterically linked. This question is also relevant for therapeutic antibody design. Antibody Fab and
Fc domains are connected by flexible unstructured hinge region. Fc chains have conserved glycosylation
sites at Asn297, with each conjugated to a core heptasaccharide and forming biantennary Fc glycan. The
glycans modulate the Fc conformations and functions. It is well known that the antibody Fab and Fc
domains and glycan affect antibody activity, but whether these elements act independently or syner-
gistically is still uncertain. We simulated four antibody complexes: free antibody, antigen-bound anti-
body, FcR-bound antibody, and an antigen-antibody-FcR complex. We found that, in the antibody’s “T/
Y” conformation, the glycans, and the Fc domain all respond to antigen binding, with the antibody
population shifting to two dominant clusters, both with the Fc-receptor binding site open. The simula-
tions reveal that the Fc-glycan-receptor complexes also segregate into two conformational clusters, one
corresponding to the antigen-free antibody-FcR baseline binding, and the other with an antigen-
enhanced antibody-FcR interaction. Our study confirmed allosteric communications in antibody-antigen
recognition and following FcR activation. Even though we observed allosteric communications through
the IgG domains, the most important mechanism that we observed is the communication via population
shift, stimulated by antigen binding and propagating to influence FcR recognition.
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Introduction

Immunoglobulin G (IgG) molecules bind to their cognate anti-
gens. The resulting complexes interact either with type I or type II
Fc receptors (FcRs) on effector cells and on B cells, modulating
both humoral and innate immune processes.1 IgG contains four
polypeptide chains, two light chains (LC) and two heavy chains
(HC). These four chains fold into three domains, two Fab
domains that bind antigen and one Fc domain that binds Fc
receptors (FcRs).2 The Fab domains contain variable and constant
domains. The variable domains, especially complementarity-
determining regions (CDRs), aremainly responsible for specificity
and affinity,3 while the constant domains modulate isotype/effec-
tor functions.4 The Fc domain contains CH2 and CH3 domains.
The CH2 domainmainly interacts with FcRs, which are on the cell
surface and play pivotal roles in humoral and cellular protection.
The Fab and Fc domains are connected by a flexible unstructured
hinge region. Fc chains have conserved glycosylation sites at
Asn297. Each is conjugated to a core heptasaccharide. They
form a biantennary Fc glycan. Thus, three structural elements
(Fab, Fc, and glycan) synergistically determine antibody activity.

Antibody-antigen recognition is a complex event that
involves antibody conformational transitions mediated by its
inherent flexibility.5–7 Recent studies suggested allosteric effects
during antibody-antigen recognition 8, with both the variable
and constant domains playing a role.9–14 For instance, our recent

work on crenezumab suggested that antibodies with identical
variable domains, but different constant domains, have signifi-
cantly different affinities to amyloid beta (Aβ).15 Engineering
CH and CL in trastuzumab and pertuzumab recombinant mod-
els also affect antigen-binding.16 A previous study based on over
100 crystal structures of antibody Fab domains in either
unbound or bound form indicated a common behavior, with
distant CH1-1 loops undergoing significant fluctuations upon
antigen binding.17

IgGs are the most common template for antibody drugs.
Antibody Fc-FcRs interactions are crucial in the design of ther-
apeutic agents, as well as vaccines.18,19 One of the most important
antibody activities involves killing target cells by triggering anti-
body-dependent cell-mediated cytotoxicity (ADCC). Fc-opti-
mized antibodies can have higher binding affinity with FcRs and
achieve a higher ADCC potency.20–24 For example, antibody Fc
engineering promotes serial killing mediated by natural killer
cells.21 Fc-optimized anti-CD25 22 and anti-CD13324 antibodies
were reported to achieve certain success. Antigen presentation is
also an important immune-response step. FcγRs efficiently inter-
nalize antigen-antibody (Ag-Ab) complexes, inducing processing
of antigens into peptides presented by major histocompatibility
complex (MHC) class II molecules. The recognition of p-MHC
(peptide-MHC) complexes by T-cell receptors (TCR) triggers
further immune reactions.
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Fc glycans modulate Fc conformations and functions.25,26

While glycan truncation may affect antibody stability,27 defu-
cosylation may enhance effector functions.28 N-Glycan optimi-
zation can also be used to maximize ADCC.29 Most intriguing,
glycan may also regulate antigen recognition, and it has been
reported that core fucosylation of IgG B cell receptor is
required for antigen recognition and antibody production.30

Antibody effectors can be antigen specific,31 indicating the
intrinsic connection between antigen recognition and Fc
receptor binding. However, the signals that dictate antigen
binding, Fc conformational change, and IgG effector function
during immune response development remain poorly under-
stood. Whether intramolecular signaling occurs is still
debated.14,32,33 While the associative hypothesis is attractive,
since Fc receptor crosslinking could increase the affinity of
antigen–antibody complexes, there is sufficient evidence to
support the allosteric hypothesis.14,32,33 Elucidation of the
allosteric hypothesis is important for understanding the
mechanism of recognition, but, by shifting the focus from
solely the variable region to the entire antibody molecule, it
is also critical for antibody engineering.

Here, we investigate whether antigen binding induces con-
formational change in the Fc domain and hinge region, and
whether an antigen-bound antibody populates conformations
that facilitate or inhibit the binding of FcRs to Fc. We selected
an Aγ peptide as antigen to minimize antigen size effects,
since a larger antigen may introduce uncertainties in sampling
antibody states. We focus on human FcγR I (hFcγRI), a major
immune receptor expressed in immune cells, macrophages,
neutrophils, and dendritic cells. hFcγRI binds IgG1, 3, and 4
with high affinity. hFcγRI contains three subunits, D1, D2,
and D3. Structures of the unbound hFcγRI and hFcγRI-IgG1
complex show an asymmetric binding surface, as well as
significant conformational change of both hFcγRI D3 and
CH2(A) domains.

Our molecular dynamics (MD) simulations showed that
Aβ binding leads to large Fab re-orientation into two domi-
nant conformational clusters, as well as open conformations
of Fc CH2 domains. The conformations share properties with
the dominant states of Aβ-solanezumab-hFcγRI complex.
This suggested that Aβ binding shifts the antibody ensemble
to promote hFcγRI binding. We further analyzed the cross-
talk among subunits in the Aβ-solanezumab-hFcγRI complex.
We found that Aβ binding and FcRs binding are highly
correlated events. Not surprisingly, antigen binding signals
are mainly transferred through the hinge region.34 These
signals also propagate through the CL/CH1 domain as a
bypass. These two pathways enhance the signaling from the
antigen to FcR. We hypothesized that these allosteric events
are entropy controlled. Antibody-antigen binding reduces the
entropy of CDR loops. The entropy is transferred to the hinge
region, leading to Fab re-orientation. Entropy may also be
transferred to the Fc CH2 domains, leading to open CH2
domain conformations. CH2 transferred the entropy to the
glycans, detached one heptasaccharide from the domain, facil-
itating hFcγRI recognition. Together, this work provides con-
ceptual insight at the atomic level into the correlation of
antibody-antigen recognition and effector function.

Results

Unbound antibody has highly dynamic conformational
distribution; antigen binding shifts the population into
two dominant clusters that facilitate FcR binding

As a first step, we simulate the conformational distribution of
a free antibody in solution. To enhance the sampling, we
performed 12 independent MD simulations of an unbound
antibody with 12 different initial conformations (Figure 1a),
including experimental structures of human IgG1 (1HZH),
and murine IgG1 (1IGY). The results showed that the
sampled conformations reach a wide range of space with
reasonable overlap among the 12 MD simulations. This indi-
cates that our simulations sampled an ensemble capable of
adequate evaluation of the antibody space. We measured the
domain center of mass (COM) distances, angles, and dihe-
drals and compared the distribution with the electron tomo-
graphy (ET) data.35 A total of 160,000 structures were
evaluated, and the distribution showed profiles similar to ET
(Figure 1b). This suggested that our simulation ensemble
represents the essence of the conformational distribution of
the unbound antibody. Whereas the domain angles/dihedrals
are widely distributed, the COM distance, especially the dis-
tance between two Fabs (Dab) concentrated at between 65
to 85 Å.

Even though our simulations and experimental ET pro-
vided similar profiles of the domain conformational distribu-
tions, the simulations attain higher resolution. For example,
ET showed almost overlapping COM distributions for the
distance between two Fabs (Dab) and between Fabs and Fc
domain (Dac), whereas the simulation indicated that Dab has a
narrower distribution than Dac, suggesting that two Fabs do
not move independently. The averaged contact area between
the two Fabs (1118.1 ± 317.6 Å2) is larger than the contact
area between Fab and Fc (848.1 ± 319.7Å2). Therefore, while
the antibody is highly flexible and the three subunits (two
Fabs and Fc) form/break contacts dynamically, the domains’
movements are not random.

Figure 2 shows the two-dimensional density distributions of
the conformations obtained from MD simulations of the four
systems. For the free antibody, the highest density (over 25% of
the population) is around equal distance among Fabs and Fc
domain (Dac = Dab = 70 Å), which could be the reason why it is
hard to distinguish between Dac and Dab experimentally.
However, when Fab is loaded with antigen, the conformational
distribution changes dramatically. The original (Dac = Dab = 70 Å)
cluster becomes less populated, while two major clusters centered
around (Dac = 65 Å; Dab = 80 Å) and (Dac = 80 Å; Dab = 65 Å)
appear. These two clusters, cluster2 and cluster3, contain ~ 13%
and ~ 19% of the population. Their potential energies are very
similar, although cluster2 is ~ 50 kcal/mol lower than cluster3. In
cluster2, the Fabs-Fc distance is larger than Fab-Fab (Y shape),
while in cluster3, the Fab-Fc distance is smaller than Fab-Fab (T
shape).

We also explored whether the antibody can bind the Fc
receptor without binding antigen. We simulated the antibody/
hFcγRI complex (Figure 2). There are four major clusters and
the populations become more separated. The four clusters
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have very similar potential energy: −24,862.4 ± 603.0 (clus-
ter4), −24,827.9 ± 621.8 (cluster5), −24,884.3 ± 614.2 (clus-
ter6), and −24,899.6 ± 657.4 (cluster7) kcal/mol. Two clusters,
cluster6 and cluster7, do not appear in the unbound antibody
distribution. Cluster5 has a similar profile compared to clus-
ter3 in the antibody-antigen complex. Overall, the equal

distributions of the four clusters suggests that the functional
consequences of the antibody/hFcγRI complex without the
antigen are not well defined.

For the antibody-FcR complex after antigen loading (anti-
body/antigen/hFcγRI), cluster8 dominates, with over 43% of the
conformation concentrated around Dac = 65 Å; Dab = 80 Å).
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Figure 1. While the relative orientations of two Fabs and Fc domains cover a wide range of space, the distances between two Fabs have a Gaussian distribution
narrower than that of Fab to Fc domain, suggesting that two Fabs may have correlated motions. a. Conformational ensemble obtained from the simulation covers a
wide range of continuous space. The conformers from 12 independent runs are superimposed on the Fc domain and labeled in different colors. b. The distribution of
center of mass distance (Dab: distance between two Fabs; Dac: distance between Fab and Fc domain), center of mass angle (αabc), sub-domain angles (θab: angle
between two Fabs; θac: angle between Fab and Fc domain), and sub-domain plane normal angles (ϕab and ϕac) of the unbound antibody.
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Cluster8 overlaps cluster3 in the antibody-Aβ system, close to
cluster5 in the antibody/hFcγRI complex. Cluster8 could corre-
spond to the antibody functional activation. Overall, the popu-
lation shifts reveal that allosteric signaling can be transmitted
through antibody conformational dynamics.

Fc domain responds to antigen binding by increasing the
population with open CH2

We superimposed the CH3 domain and calculated the root mean
square deviation (RMSDs) of the Fc region from the conformers
obtained in the simulations of the four complexes. Each of the
48,000 structures was compared with all others. We averaged the

RMSDs from each of the four complexes and averaged the
RMSDs from two different complexes (Figure 3a). The 2D
RMSD plot suggested that the Fc structures from the unbound
antibody are very different from the hFcγRI-bound antibody,
while Fc structures from antibody bound only to an Aβ antigen
were similar to both unbound and hFcγRI-bound antibodies.
This suggested that Aβ antigen binding induces Fc conforma-
tional changes toward conformations facilitating hFcγRI binding.

We clustered the Fc region using RSMD of 4 Å (Figure 3b).
For the unbound antibody, 57.0% of the total 160,000 struc-
tures are in cluster1, while 18.1% are in cluster2. In cluster1,
one subdomain of CH2 blocked the FcR binding sites, while
in cluster2, this sub-domain adopted an open conformation.

apo

Cluster1, 25.6%

Antibody + Aβ

Cluster2, 13.0% Y-shape

Cluster3, 19.0%

T Shape

Antibody + FcγRI

Cluster4 20.2%

Cluster5, 16.3%Cluster6, 16.7%

Cluster7, 14.7%

Antibody + FcγRI + Aβ

Cluster8, 43.0%

Figure 2. Conformational population redistribution of the antibody upon Aβ and hFcγRI binding indicates that antigen binding results in a uniform distribution of
the population of the antigen•antibody•Fc-Receptor complex. The population is represented by the distribution of the center of mass distance between Fabs (Dab)
and Fab and Fc (Dac) in the four complexes. The Dab/Dac value of the initial conformation is represented in red dot. In cluster2, the Fabs-Fc distance is larger than Fab-
Fab (Y shape), while in cluster3, the Fab-Fc distance is smaller than Fab-Fab (T shape).
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For the Aβ antigen-loaded antibody, over 73% of the popula-
tion falls into one cluster. This suggested that antigen binding
shifts the antibody conformations from cluster1 to cluster2.
This cluster resembles cluster2 in the unbound antibody, with

open conformation ready for Fc receptor binding. When
hFcγRI bound to the antibody, whether Aβ-bound or
unbound, there is only one dominant (both 87.8%) Fc region
cluster. This suggested that the Fc region of the Aβ-bound
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Figure 3. Dynamic motions in Fabs and Fc domains are correlated, and Aβ binding shifts Fc to open conformations to facilitate hFcγRI binding. a. The averaged RMSD
among the four complexes indicates that the antigen•antibody•Fc-Receptor complex has a more uniformed conformational distribution. Each structure from each
complex was compared to all other structures and averaged by root mean square deviations (Å). b. The most populated clusters from four complexes: unbound
antibody (blue), antibody-Aβ (red), antibody-FcγRI (purple), and antibody-FcγRI -Aβ (yellow). c. Two-dimensional histograms show the distributions of the Fc CH2/
CH3 relativeangle and dihedral angle. The population distribution from all available MD simulations are shown as contours. Three point angles were defined from the
C atoms of residues Y514(1175), M642(1303), and Q576(1294) for the CH2/CH3 angle and four point dihedral angles were defined from the C atoms of residues Y514
(1175), Y533(1194), M642(1303), and Q576(1294) for CH2/CH3 dihedral angles. Residue numbers in the brackets are the corresponding residues of the antibody heavy
chain. d. Motion correlation among the residues of the Fc region of the four complexes indicated that dynamic motions in Fabs and Fc domains are correlated.
Residues with highly (anti)correlated motion are red (blue).
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antibody formed an intermediate conformation between the
unbound and FcR-bound antibody.

The open Fc conformation is accompanied by the change of
twist between CH2/CH3 of the Fc domain. We calculated the
relative angle and dihedral angle for CH2/CH3 of the left and
right chain in the Fc domain (Figure 3c). In the apo form, the left
chain showed wide-spread distribution of both angles for the
CH2/CH3 of the left chain and narrow distribution of right
chain. In the antigen-bound case, the angles’ distribution con-
centrated on (75 ~ 100, −40 ~ 10) of the left chain and
(100 ~ 120, −15 ~ 20) of the right chain. The angles’ space
further narrowed when both Aβ and hFcγRI bind. For hFcγRI-
antibody without antigen, the distribution of the right chain is
more spread out.

The increase in the open Fc conformations expanded the
exposure of the Fc receptor-binding residues as well. We
defined Fc interfacial residues with contact frequency larger
than 20% as key binding residues in Fc receptor recognition.
The accessible surface area (ASA) of the key binding residues in
the unbound antibody is 2333.5 ± 195.3 Å2, whereas in the Aβ-
bound antibody it is 2449.5 ± 188.4 Å2, an ~ 116 Å2 increase
upon Aβ binding. This suggests that Aβ binding increases the
accessible area of Fc, which facilitates hFcγRI binding. The
dynamic cross-correlation matrix (DCCM) of the Fc region of
the four complexes (Figure 3d) indicated that in the unbound
antibody, there is a weak correlation with the other CH2 sub-
domain or CH3 sub-domain. In the hFcγRI-bound antibody,
the correlation becomes negative, indicating the two CH2 sub-
domains are apart following FcR binding. In the Aβ-bound
antibody, although there is no hFcγRI binding, the CH2 sub-
domains are also negatively correlated. Together, the results
suggest that Aβ binding may induce structural and dynamic
changes in Fc region that facilitate the hFcγRI binding.

To verify that antigen binding changes the antibody con-
formation and dynamics, rather than direct interactions
between Fc domain and receptor, we examine the electrostatic
and hydrophobic interactions and the hydrogen bonds that are
crucial for Fc/FcR recognition. We firstly evaluated the inter-
facial residues/glycans within 3Å between hFcγRI and anti-
body. We found that the patterns are similar with/without Aβ
binding (Figure 4a). This suggested that direct hFcγRI and Fc
recognition is independent from Aβ antigen-Fab recognition.
The contact map showed asymmetric distribution between
CH2(A) and CH2(B) sub-domains. Most interfacial residues
formed both electrostatic and hydrophobic interactions
(Table 1, Figure 4b). For example, the salt bridges of His1455-
Asp479, Lys1452-Glu483, Lys1480-Glu1108 last 96.4%, 76.2%,
and 75.5% of the total simulation time. Hydrophobic interac-
tions of Trp1411-Pro1204, Met1478-Leu448, Tyr1440-Leu448
last 71.7%, 70.6%, and 68% of the total simulation time. Besides
the Fc region, the Fab region, especially the CH1-1 loop, forms
interactions with the hFcγRI D1 domain. For example, Ser350
forms hydrogen bonds withSer1345 and His1378 for 31.9% and
25.4% of the total simulation time. Gly351 and Gly352 form
hydrogen bonds with Gln1334 for 22% and 20.6% of the total
simulation time. In addition to the interactions already
described, the glycan-residue interactions also play an impor-
tant role. For example, β-N-acetylglucosamine (BGLCNA1631)
form hydrophobic/aromatic interaction with Leu1443(75.4%)

and Phe1453(72.6%). BGLCNA1631 also form hydrogen bonds
with Arg1482 (61.2%) and Asn1441(49%).

N-glycan and Fc conformational changes are
synchronized following antigen binding

Figure 5a shows the distance between the glycan tip and the
nearby amino acid from the CH2 domain. In the apo form of
the antibody, the distance showed similar distribution, includ-
ing two major peaks at ~ 6 Å, and ~ 8 Å, corresponding to the
bound and free states, respectively. In the apo antibody, the
density distribution of the two N-glycan arms shows similar
distributions, with the free state peak being slightly higher
than the bound state peak. This result agreed with the work of
Frank et al,25 in which only the Fc domain of the antibody
was studied. However, when Aβ binds to the antibody, the
distance distribution differs for the two sides of the antibody.
The 6 Å peak of the left chain was enhanced while the
distribution of the right chain remained similar to the apo
form. This suggested that when Aβ binds to the antibody, one
N-glycan arm showed dominant bound state conformation
while the other arm showed both free and bound states. When
hFcγRI binds to the antibody without antigen, the distance
distribution showed a similar pattern to the antibody-Aβ
complex. When both Aβ antigen and hFcγRI bind to the
antibody, this effect is clearer. The 6 Å peak dominates the
left chain, but there are two major peaks at ~ 10 Å and ~ 14 Å
for the right chain, suggesting that the left glycan binds tightly
to the Fc domain and the right glycan disassociates. Thus,
when both Aβ and hFcγRI bind to the antibody, one N-glycan
arm showed dominant bound state conformation while the
other arm showed dominant free states.

In the complex with Aβ binding, the KHR motif (residue
number Lys1480, His1481, and Arg1482) showed the largest
contact area with one arm of the N-glycans with numerous
hydrogen bonds (Figure 5b). Asn1441, Leu1443, Tyr 1445 and
Phe1452 also contact the other arm of the N-glycans, but the
intensity is lower. Without Aβ, these hFcγRI-N-glycan con-
tacts decreased, altogether suggesting that Aβ binding induced
glycan conformational changes that facilitate the hFcγRI
binding.

Limited signaling through the residue contact network
from FaB to the Fc receptor

The structural changes of the paratope and variable domain
were analyzed (Fig. S5). The VH/VL orientation fluctuation
decreased after Aβ binding (Fig. S5a), with the RMSDs of the
paratope (Fig. S5b), i.e., each individual CDR loop, showing
lower structural flexibility. The root mean square fluctuations
(RMSFs) of individual residues in the variable domain also
suggested that the CDR loops diminished their flexibility. We
also found that the RMSFs of non-CDR loops also decreased
upon antigen binding. This suggests that the non-CDR loops
of the variable domain, which is not directly in contact with
the antigen, respond to the antigen binding.

Sharp et al. found that protein backbone entropy and order
parameters obtained from MD simulations are correlated.36

To evaluate all residues, including proline, we calculated the
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generalized order parameter S2 of the C = O bond of each
individual residue of the antibodies (Figure 6). The averaged
S2 of the C = O bond of the CDR region for the Aβ-bound
antibody has higher order parameter than without Aβ. For the
hFcγRI-bound antibody, the CH2 region showed higher order
parameter than without hFcγRI. Thus, Aβ and hFcγRI bind-
ing reduce the local entropy.

The hinge region, which connects the Fabs and the Fc
region, showed the largest S2 change among the four com-
plexes. When hFcγRI binds to Fc, the order parameter
increased ~ 50% compared with the unbound antibody,
mostly due to contact between hinge residues and the Fc
receptor. When Aβ binds to the CDR region, although the
CDRs are distant from the hinge, the order parameter in the
hinge region increases by ~ 20% increase. As the hinge region
rigidifies (high order parameter), allosteric signaling from Aβ
to hFcγRI directly through amino acid residue contact net-
work could be more efficient.

We examined if, upon Aβ binding, the Fab can directly
transfer the signals to hFcγRI through the residue contact

network. In the antibody- hFcγRI-Aβ complex, we found
that the population converged to a dominant cluster (clus-
ter10) with ~ 43.0% of the total population. We obtained all
the structures in this cluster and analyzed the subdomain
communication and signaling from Aβ to hFcγRI.
Evaluation of the DCCM of the whole complex indicates
that there is positive correlation between the Fab or Fc region
or hFcγRI (Figure 7a). In contrast to the antibody-Aβ-hFcγRI
complex, the unbound antibody showed low motion correla-
tion among Fabs and Fc. This suggested that once bound with
hFcγRI, the antibody motion become synergistic. In cluster2
of the antibody-Aβ complex, Fabs and Fc showed similar low
motion correlation like the unbound antibody, while in clus-
ter3 of the antibody-Aβ complex, Fabs and Fc showed stron-
ger motion correlation compared with cluster3 and cluster1 in
the unbound antibody.

We also used the community network analysis, and
considered the antibody as a network to evaluate the com-
munication among the domains (Figure 7). Nodes within
the community communicate more frequently than nodes

D2

Fc1
Fc2

Antibody + FcγRI + Aβ

CH2(A)

CH2(B)

a.

b.

Antibody + FcγRI

CH2(A)

CH2(B)

Figure 4. Fc-hFcγRI interactions and interfacial residues present asymmetric distributions of intermolecular contacts. a. 2D contact frequency map between antibody
and Fc receptor D2 domain. b. contact frequency of residues from Fc1, Fc2, and hFcγRI D2 domain, respectively.
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outside the community. In the unbound antibody, there are
12 communities in Fabs and Fc, corresponding to the sub-
domains (Fig. S4). The two hinge chains form two inde-
pendent communities. In the antibody-Aβ complex, either
in cluster 2 or cluster3, the CH1 and CL merged into a
single community, suggesting that Aβ binding reorganized
the community. In the antibody-Aβ-hFcγRI complex, the
two CH3 domains merged into one community while one
hinge loop and CH1 of hFcγRI formed another. Thus,
binding of either Aβ or hFcγRI enhance the communication
between subdomains. Analysis of pathways from Aβ to
hFcγRI through the antibody (Figure 7b) indicates that
the shortest pathway bypasses the hinge region, while
many suboptimal pathways go through the Fab constant
domain, especially from the CH1-1 loop, directly to
hFcγRI. The suboptimal paths are 4 ~ 5 longer than the
optimal path, providing alternative pathways from Aβ to
hFcγRI. When only hFcγRI binds, we identified four clus-
ters. In these clusters, there are almost no contacts between
CH1-1 loop and hFcγRI, and thus no pathways through this
region (data not shown).

The final question to be answered is if the Fc receptor
conformational dynamics can show different signals from
binding of antibody with and without antigen. To evaluate
the motion and conformational change of hFcγRI, we super-
imposed the D1, D2 domain as they bind to the Fc domain.
We measured the angles between neighboring domains
(Figure 8a). In the crystal structures, the angle between D2
and D3 in Fc-hFcγRI is ~ 160°. We found that the angle
between D1 and D2 is homogenous around 36°, but the

angle between D2 and D3 fluctuates substantially. In bulk
solution, the D3 domain is dynamic and there are two distinct
clusters: the major cluster A (66%) with the D2-D3 angle of
140° and minor cluster B (15%) with an angle of 160°. When
hFcγRI-bound, the population shifts slightly to cluster B
(24%); when Aβ-bound, cluster B is at 27%.

Discussion

Allostery is an intrinsic protein property,37 and allosteric
signaling can be transferred through protein conformational
dynamics and population shift.37,38 Conformational dynamics
permits both promiscuity and specificity.34,39–44 Protein com-
plex formation redistributes the dynamics,45,46 allowing allos-
teric signaling through protein domains. Antibody-antigen
recognition, which is associated with structural transitions
through inherent conformational flexibility,5–7 involves con-
formational selection.47 To regulate the immune response,
antibody-antigen interaction sends a signal for complement
activation and Fc receptor binding. Signaling pathways
depend on the sequences of the variable regions, through
hydrogen bonding network, electrostatic interactions, and
residue contacts. Through their changes, they result in popu-
lation shift of dynamic conformations.48 However, intramole-
cular signaling is complex and exactly how it takes place in
distinct structures and under certain conditions is still not
entirely clear.14,32,33

The Fab variable domain recognizes the antigen, followed
by effector activation by the Fc domain. Classically, these two
processes were thought to be independent. This led to the
associative model in which antigen (largely)-mediated cross-
linking of Fab domains increases the proximity of the Fc
domain, leading to higher avidity for FcγR and C1q.49,50

However, recent studies showed cross-talk between the vari-
able and constant domains. For example, different IgG sub-
classes with identical V domains exhibit different target-
binding affinities and specificities.4,51,52 Several studies have
shown that modifications of the constant domain (e.g., dis-
ulfide bonds52) or altering the entire constant domain15 of a
Fab can influence the antigen binding affinity. Antigen bind-
ing correlates with long range conformational change in the
constant domain of Fabs, especially the CH1-1 loop.17 Our
studies indicate that V domain recognition and C domain
effector function are dependent on each other, which contra-
dicts the classical “independent” theory.

How do these two processes take place synergistically?
Molecular dynamics simulation and fluorescence anisotropy
have shown that antibody molecules are highly flexible.53

Recent electron tomography of IgG1 antibody molecules
showed similar flexibility, but the subdomains distance/angles
were not evenly distributed.35 Coarse-grained modeling
showed that the antigen binding process is highly related to
the internal dynamics of the IgG.54 Our simulations generally
agree with the Fab-Fab and Fab-Fc angles and distance35,55 of
IgG1. Due to the different number of disulfide bonds and
length of the hinge region, the distribution may vary in other
IgG subtypes.56

We observed population changes with (sub)domain-(sub)
domain distance when the antibody binds to antigen and/or

Table 1. Interfacial residue pairs with > 20% intermolecular contact frequency
between Fc domain and hFcγRI.

1RESID #1 RESNAME RESID#2 RESNAME (%)

1455 HIS 479 ASP 96.4
1452 LYS 483 GLU 76.2
1480 LYS 1108 GLU 75.5
1443 LEU 1631 D-glucose 75.4
1453 PHE 1631 D-glucose 72.6
1411 TRP 1204 PRO 71.7
1478 MET 448 LEU 70.6
1434 TRP 1204 PRO 69.6
1455 HIS 481 SER 69.2
1440 TYR 448 LEU 67
1482 ARG 1631 D-glucose 61.2
1440 TYR 449 LEU 56
1456 TRP 543 PRO 54.9
1440 TYR 1109 LEU 53.7
1411 TRP 1203 LEU 52.7
1456 TRP 449 LEU 50
1438 LEU 1109 LEU 49.4
1441 ASN 479 ASP 49.1
1441 ASN 1631 D-glucose 49
1480 LYS 1140 ASP 40.3
1482 ARG 1632 D-glucose 35.4
1345 SER 350 SER 31.9
1456 TRP 542 LEU 27.8
1434 TRP 1203 LEU 25.6
1378 HIS 350 SER 25.4
1455 HIS 484 ASP 25
1334 GLN 351 GLY 22
1482 ARG 479 ASP 21.9
1432 HIS 409 THR 21.7
1481 HIS 1646 α-D-mannose 21.3
1334 GLN 352 GLY 20.6

1. The RESID is the residue numbering in the simulation system. Please see
supplementary in detail about numbering system.
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hFcγRI. The entropy change from the antigen binding can be
transferred to the hinge region, and then to the Fc CH2
domains, coupled with opening the Fc conformations to facil-
itate the Fc receptor binding. Conformational change of the
Fc CH2 domains upon hFcγRI binding has been discovered
by crystal structures.57 After hFcγRI binding, the distance

between the two CH2 domains increased to 9.1 Å. Our simu-
lations showed that in the dominant conformation of the
unbound antibody, the Fc CH2 subdomains are close to
each other. In the dominant conformation upon Aβ binding,
the Fc CH2 subdomains are more open. The structures
become similar upon Fc binding to hFcγRI. Thus, antigen

R1
R2

a.

b.

KHR Motif

With Aβ Without Aβ

Figure 5. The N-glycan from both chains exhibit different dynamic behavior upon Aβ or FcγRI binding, indicating the importance of the N-glycan in allosteric signal
transduction. (a) The distance between the C1 atom of (α1-6Man-linked) Gal and the Cα atom of proline 458 (left) and proline 1119 (right) are colored by blue and
green, respectively. (b) Contact map between N-glycans and the D2 domain of FcγRI in the complex with and without Aβ binding.
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binding changes the Fc domain to an intermediate conforma-
tion between the unbound and hFcγRI-bound states. It has
been reported that the hinge region and the CH2-CH3 inter-
face residues are important for CH2-CH2 motion and
conformation,25 and that modification of the human IgG1
hinge region can modulate its effector functions.58 The
order parameters of the antibody hinge region suggested
that the flexibility is reduced upon antigen binding. The
change in flexibility in the hinge region further influences
the CH2-CH2 motion, suggesting that the hinge region served
as a linker as well as an “entropy transport cable” while
transferring the antigen binding signals.

In addition to the CH2 conformational shift, we observed
that antigen binding shifts the relative Fab-Fab and Fab-Fc
orientation into two main clusters, one “Y”-shaped, the other
“T”-shaped (Figure 9). In the available crystal structures of
full-length antibodies, we observed both “T”-shape-like con-
formations, e.g., 1HZH, 1IGT and “Y”-shape-like conforma-
tions, e.g., 1IGY, 5DK3. Although these structures are from
IgG1(1HZH, 1IGY), IgG2a(1IGT), and IgG4(4DK3), it seems
that the two conformations are common among IgGs. The
“T” shape conformation also exists in the antibody-Aβ-
hFcγRI complex in our simulation, and likely represent the
hFcγRI-bound structure. The “Y” shape conformation might
surface upon binding to other partners, e.g., other Fc recep-
tors and C1q. Some partners may prefer the “T” shape, while
others the “Y” shape. For example, complement activity was
augmented when the cognate antigens bind and a hexamer
complex is formed. Transmission of allosteric signaling from
the antigen-bound Fab to the Fc is essential for complement
activation.59 We have proposed a general antibody-antigen

recognition mechanism based on the population shifts, as
illustrated in Figure 9.

The glycans at Asn-297 (N-glycan) help maintain the qua-
ternary structure and Fc stability, 60 and thus Fc-FcR
recognition.61–64 Deglycosylation of IgG1 resulted in a 40-
fold loss in FcγRI binding.61 The noncovalent interactions of
multiple Fc domain residues with the N-glycan are necessary
for optimal recognition of FcγRI.65 Single amino acid muta-
tions of these Fc residues affect glycan processing.65–67 In the
apo form, terminal carbohydrate N-glycans residues are flex-
ible: α1-3Man-linked branch is usually unconstrained, while
the α1-6Man-linked branch has two states, free and bound to
nearby Fc domain polypeptides.68,69 N-glycans dynamics are
crucial in Fc-receptor interactions and enzymatic glycan
remodeling.68 The composition of N-glycans can modulate
the binding affinity of IgG1 Fc to FcγRs.70–73 X-ray crystal-
lography and NMR data indicated that the two arms of
N-glycan are either in the bound state (attached to the Fc)74

or in the free state (detached to the Fc).68 N-glycans may
directly interact with the hFcγRI D2 domain (PDB ID:
4X4M),61 but do not show direct contact with hFcγRI in a
high resolution structure (PDB ID: 4W4O).57 Based on our 6
independent MD simulations of hFcγRI-antibody complexes
built on the high resolution structure (PDB ID: 4W4O),57 we
confirmed that hFcγRI D2 domain, especially the KHR motif
formed extensive hydrogen bonds with the N-glycans. Lee
et al reported that the C’E loop and the CH2-CH3 orientation
are dynamic, and changes in N-glycan composition optimize
the interface with the Fc receptor. 75 In this study, we showed
that the N-glycans also respond to antigen binding and shift
their conformations and the CH2 domain ensembles. Antigen

Figure 6. Order parameters S2 of the antibody in the four complexes indicate change in residue flexibility of the antibody with and without antigen binding. The
values for the unbound antibody, antibody-Aβ, antibody-FcγRI, and antibody-FcγRI-Aβ are colored red, green, yellow and blue, respectively. The hinge region is
highlighted by a red square.
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binding shifted one N-glycan arm to the bound state and the
other to the free state. The asymmetric distribution of the
states is similar to the distribution when hFcγRI binds. Thus,
binding shifts the N-glycans to an asymmetric ensemble,
which is required for hFcγRI binding.

The population shift mechanism described here suggests two-
way communication between the Fc and Fv domains, i.e., mod-
ifications of Fc can influence the Fv antigen recognition. In line
with this, IgA Fc mutations have been reported to reduce binding
to human epidermal growth factor receptor 2 (HER2).76

Structural (circular dichroism,77 NMR,78 and crystallography79)
data has shown that, upon antigen binding, the C domains can
affect the V region paratope conformation. Simulations and
experiments showed that modification of the constant domain
influences binding affinity80-82 and specificity83,84 of the antibody-
antigen interaction. This may have important implications in
antibody engineering and isotype choice. Lua et al. used antibody
isotype swapping by grafting the VL and VH of trastuzumab and
pertuzumab onto human CHs and CLs to minimize side effects.16

They showed that the LC constant region changes have no major
effects on HER2 binding, while some IgM and IgD heavy chain

isotypes canmodulate it. Xia et al. showed that the constant region
plays an important role in the nephritogenicity of anti-DNA
antibodies by affecting immunoglobulin affinity and specificity,85

with the order of IgG3> IgG2a> IgG1> IgG2b> IgM. Not all C
domain (isotype) changes cause V region changes,86 suggesting a
possible dependence on antigen type. Engineering is often done to
reduce antibody size; however, with reduced size, entropy dissipa-
tion may be limited. In the case of the unstable scFv, only the V
portion exists with theVH andVL domains connected by a linker;
thus, stabilizing any CDR loop in the VH domain triggers a
destabilizing response in all CDR loops in the VL domain and
vice versa.87 The entropy upon antigen binding cannot be released
to the C portion andmight result in instability, as observed for the
gammabody heavy chain variable domain, 88 with a long grafted
CDR3 loop stabilized upon antigen binding, but limited ability to
dissipate entropy.89 Aβ peptide rigidifies the solanezumab Fab
domain,15 implying a high entropy penalty. However, within the
full antibody framework studied here, we do not see a similar Fab
domain rigidification. Therefore, even though the lack of C
domain might not hinder affinity/specificity directly, it may
limit it.
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Figure 7. Allosteric Fab-FcγRI communication is via limited residue contact pathways, highlighting the importance of conformational population shift in allosteric
signal transduction. a. Motion correlation among residues of different clusters. Residues with highly (anti)correlated motion are red (blue). The cluster numbers
correspond to the clusters in Figure 2. b. Optimal and suboptimal paths connecting plausible allosteric sites from Aβ to FcγRI D3 domain in the Fab-FcγRI- Aβ
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Figure 8. FcγRI conformational distributions may also reflect antigen binding. a. Superimposed crystal structures of FcγRI(pink) and Fc-FcγRI complex(cyan). b. The
clustered structures of FcγRI in their apo form, bind to free and Aβ-bound Fc. The top three clusters are colored in blue, red, and gray, respectively.
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Figure 9. Antibody-antigen recognition mechanism. The two Fab domains are shown in blue, the Fc domain is shown in yellow, and the Aβ peptide is represented as
helical. Cluster numbers correspond to Figure 2.
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In conclusion, antigen recognition and FcR binding result
in conformational change and subdomain cross-talk. The apo
antibody is highly flexible, and its motion is not random.34

When bound to antigen, the relative Fab-Fab and Fab-Fc
orientation shifts to dominant conformational clusters that
may facilitate the FcR or C1q recognition, with the Fc CH2
domain becoming more open. We propose that population
shift and the associated entropy redistribution is the major
allosteric mechanism in antibody activation.

Methods

Molecular modeling and simulations

Systems construction
The sequences of solanezumab, hFcγRI, and Aβ are listed in
Table S1. As the non-sequential Kabat numbering scheme is
used in the crystal structures, we renumber the residues for
convenience (see Supplementary file). The structures of the
Fab/peptide complex were built based on the crystal structure
Protein Data Bank ID 4XXD.90 To construct the Fc region, we
performed sequence alignment of CH2/CH3 domains
between solanezumab and 4W4O. There is only one residue
difference (Fig. S1). Thus, the Fc region was directly built
from the structure of 4W4O with mutation from alanine to
serine. The N-glycans of solanezumab Fc and glycans of
FcγRI were modeled directly from the corresponding tem-
plates (Fig. S2). Missing residues were modeled by template-
based homology modeling using the SWISS-MODEL Server.91

To determine the relative positions of Fab and Fc within the
full antibody, we used 1IGT as the template in which the
distances between Fc COM and either Fab COM are roughly
similar to avoid bias in initial configuration. The rebuilt
systems (Fig. S3) were submitted to CHARMM-GUI glycan
reader for the input for the MD simulation. The antibody-Aβ,
antibody-FcγRI complex, and antibody was generated by
removing FcγRI, Aβ, and FcγRI/Aβ, respectively.

Initial conformation generation and selection
Initial antibody random conformations were generated by
adjusting three sets of torsion angles. 231C-232N-232CA-
232C, 232N-232CA-232C-233N, and 232CA-232C-233N-
233CA (numbering in 1IGT), each step with 60° rotation.
During the conformation randomization, the Fc domain was
fixed and the Fab domains move freely, leading to 216 con-
formations. Excluding conformations with closed Fab domain
or with Fc domain clashes, 12 conformations were selected as
the starting points for the simulations. In the complexes
between hFcγRI and antibody, 4 of 12 representative confor-
mations are selected to avoid clashes between Fabs and
hFcγRI.

MD simulation protocols
Conserved disulfide bonds were constructed according to the
specific IgG subtypes. The N-termini and C-termini were
charged, NH3

+ and COO−, respectively. The systems were
solvated by TIP3P water molecules, and sodium and chlorides
were added to neutralize the system and to achieve a total
concentration of ~ 150 mM. The systems were energy

minimized for 5000 conjugate gradient steps, where the pro-
tein was fixed and water molecules and counterions could
move, followed by additional 5000 conjugate gradient steps,
where all atoms move. In the equilibration stage, each system
was gradually relaxed by a series of dynamic cycles, in which
the harmonic restraints on proteins were gradually removed
to optimize the protein-water interactions. In the production
stage, all simulations were performed using the NPT ensemble
at 310 K. All MD simulations were performed using the
NAMD software92 with CHARMM36 force field.93 MD tra-
jectories were saved by every 2 ps for analysis. A summary of
all simulation systems is listed in Table S2.

Structural analysis
To calculate the VH/VL orientation, the two antibody struc-
tures, apo and Aβ-bound, were superimposed according to
the variable domain of the H/L chains, and the RMSD is
calculated. As the full-length antibody has two Fab domains,
the VH/VL orientation was evaluated separately. The six
CDRs were defined as described by Ofran et al.94 The
RMSD was averaged over all pairs of either apo or Aβ-
bound structures from all 12 MD simulations. The RMSFs
were evaluated by the internal module of CHARMM.

Cluster analysis
To study the populations of the Fc domain, the trajectories of
the four systems were aligned by the CH3 domain (residues
543 to 633 and 1207 to 1322), clustered by the Fc domain (443
to 633 and 1107 to 1322) using the clustering tool of VMD
with cluster number of 5 and RMSD cutoff of 4 Å. To evaluate
the conformational distribution of the full-length antibody,
the trajectories of the four systems were aligned and the
distance between the center of mass of two Fabs and between
the center of mass of one Fab and Fc were measured and
mapped onto a 2D plane.

Accumulated contact map
To identify the essential interactions between Fc and Fabs, all
atoms within 3 Å between Fc and Fabs during the last 100 ns
simulation were considered as input into PROTMAP2D,95

which can calculate the accumulated contact map by sum-
ming up all the frames during simulations.

Binding energy evaluation
To evaluate the total potential energy of the system, the trajec-
tory for each system was extracted from the last 20 ns of explicit
solvent MD without water molecules and ions. The solvation
energies of all systems were calculated using the generalized
Born method with molecular volume (GBMV)96 after 500 steps
of energy minimization to relax the local geometries caused by
the thermal fluctuations that occurred in the MD simulations.
In the GBMV calculation, the dielectric constant of water is set
to 80 and no distance cutoff is used.

Correlation analysis
Correlations between the residues in the different clusters
from the four systems were analyzed using the normalized
covariance to characterize the correlation in motion of protein
residues,97–100 ranging from −1 to 1. If two residues move in
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the same (opposite) direction in most frames, the motion is
considered as (anti-)correlated, and the correlation value is
close to −1 or 1. If the correlation value between two residues
is close to zero, they are uncorrelated. The correlation evalua-
tion was performed using CARMA.101 The weighted network,
optimal/sub-optimal paths in Fab/peptide systems is analyzed
using NetworkView 102 module in VMD.

Abbreviations

Aβ Amyloid beta
ADCC antibody-dependent cellular cytotoxicity
CDRs complementarity-determining regions
COM center of mass
ET Electron Tomography
Fab fragment antigen-binding
Fc Fragment crystallizable region
FcR Fc receptor
HC heavy chains
hFcγRI Fcγ receptors I
IgG Immunoglobulin G
LC light chains
RMSDs root mean square deviations
RMSFs root mean square fluctuations
TCR T-cell receptor.
Fab antigen-binding fragment
MD molecular dynamics
V domain antibody variable domain
C domain antibody constant domain
VL light chain variable domain
CL light chain constant domain
VH heavy chain variable domain
CH1 heavy chain constant domain-1
Sola solanezumab
Cre crenezumab
Fc receptors FcRs

Acknowledgments

This project has been funded in whole or in part with Federal funds from the
National Cancer Institute, National Institutes of Health, under contract num-
ber HHSN261200800001E. This research was supported (in part) by the
Intramural Research Program of the NIH, National Cancer Institute, Center
for Cancer Research. JZ was supported in part by the Intramural Research
Programof theNIH,NIDCD.All simulations were performed using the high-
performance computational facilities of the Biowulf PC/Linux cluster at the
National Institutes of Health, Bethesda, MD (http://biowulf.nih.gov).

Author Contributions

JZ performed experiment and wrote the paper. RN wrote the paper. BM
conceived and coordinated the study and wrote the paper.

Disclosure of potential conflicts of interest

The authors declare that they have no conflicts of interest with the
contents of this article.

Funding

This work was supported by the National Cancer Institute [HHSN
261200800001E].

Funding

This work was supported by the National Cancer Institute [HHSN
261200800001E].

ORCID

Jun Zhao http://orcid.org/0000-0002-1226-3882
Ruth Nussinov http://orcid.org/0000-0002-8115-6415

References

1. Pincetic A, Bournazos S, DiLillo DJ, Maamary J, Wang TT, Dahan
R, Fiebiger BM, Ravetch JV. Type I and type II Fc receptors regulate
innate and adaptive immunity. Nat Immunol. 2014;15:707–716.
doi:10.1038/ni.2939.

2. Schroeder HW Jr., Cavacini L. 2010. Structure and function of immu-
noglobulins. J Allergy Clin Immunol. 125:S41–52. doi:10.1016/j.
jaci.2009.09.046.

3. Mian IS, Bradwell AR, Olson AJ. Structure, function and proper-
ties of antibody binding sites. J Mol Biol. 217;1991:133–151.

4. Torres M, Casadevall A. 2008. The immunoglobulin constant
region contributes to affinity and specificity. Trends Immunol.
29:91–97. doi:10.1016/j.it.2007.11.004.

5. Keskin O. 2007. Binding induced conformational changes of pro-
teins correlate with their intrinsic fluctuations: a case study of
antibodies. BMC Struct Biol. 7:31. doi:10.1186/1472-6807-7-74.

6. Thielges MC, Zimmermann J, Yu W, Oda M, Romesberg FE.
2008. Exploring the energy landscape of antibody− antigen com-
plexes: protein dynamics, flexibility, and molecular recognition.
Biochemistry. 47:7237–7247. doi:10.1021/bi800374q.

7. Li T, Tracka MB, Uddin S, Casas-Finet J, Jacobs DJ, Livesay DR.
2014. Redistribution of flexibility in stabilizing antibody fragment
mutants follows Le Chatelier’s principle. PLoS One. 9:e92870.
doi:10.1371/journal.pone.0092870.

8. Sela-Culang I, Kunik V, Ofran Y. The structural basis of antibody-
antigen recognition. Front Immunol. 2013;4:302. doi:10.3389/
fimmu.2013.00302.

9. Adachi M, Kurihara Y, Nojima H, Takeda-Shitaka M, Kamiya K,
Umeyama H. 2003. Interaction between the antigen and antibody is
controlled by the constant domains: normal mode dynamics of the
HEL–hyHEL-10 complex. Protein Sci. 12:2125–2131. doi:10.1110/
ps.03100803.

10. Li T, Tracka MB, Uddin S, Casas-Finet J, Jacobs DJ, Livesay DR.
Can immunoglobulin C (H) 1 constant region domain modulate
antigen binding affinity of antibodies?. J Clin Investig.
1996;98:2235. doi:10.1172/JCI119033.

11. Dam TK, Torres M, Brewer CF, Casadevall A. 2008. Isothermal
titration calorimetry reveals differential binding thermodynamics
of variable region-identical antibodies differing in constant region
for a univalent ligand. J Biol Chem. 283:31366–31370. doi:10.1074/
jbc.M806473200.

12. Tudor D, Yu H, Maupetit J, Drillet A-S, Bouceba T, Schwartz-
Cornil I, Lopalco L, Tuffery P, Bomsel M. Isotype modulates
epitope specificity, affinity, and antiviral activities of anti–HIV-1
human broadly neutralizing 2F5 antibody. Proceedings of the
National Academy of Sciences 2012; 109:12680–12685.
doi:10.1073/pnas.1200024109

13. Li T, Tracka MB, Uddin S, Casas-Finet J, Jacobs DJ, Livesay DR.
2015. Rigidity emerges during antibody evolution in three distinct
antibody systems: evidence from QSFR analysis of Fab fragments.
PLoS Comput Biol. 11:e1004327. doi:10.1371/journal.pcbi.1004327.

14. Janda A, Bowen A, Greenspan NS, Casadevall A. 2016. Ig constant
region effects on variable region structure and function. Front
Microbiol. 7:22. doi:10.3389/fmicb.2016.00022.

15. Zhao J, Nussinov R, Ma B. Mechanisms of recognition of Abeta
monomer, oligomer, and fibril by homologous antibodies. J Biol
Chem. 2017. doi:10.1074/jbc.M117.801514.

MABS 71

http://biowulf.nih.gov
https://doi.org/10.1038/ni.2939
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1016/j.jaci.2009.09.046
https://doi.org/10.1016/j.it.2007.11.004
https://doi.org/10.1186/1472-6807-7-74
https://doi.org/10.1021/bi800374q
https://doi.org/10.1371/journal.pone.0092870
https://doi.org/10.3389/fimmu.2013.00302
https://doi.org/10.3389/fimmu.2013.00302
https://doi.org/10.1110/ps.03100803
https://doi.org/10.1110/ps.03100803
https://doi.org/10.1172/JCI119033
https://doi.org/10.1074/jbc.M806473200
https://doi.org/10.1074/jbc.M806473200
https://doi.org/10.1073/pnas.1200024109
https://doi.org/10.1371/journal.pcbi.1004327
https://doi.org/10.3389/fmicb.2016.00022
https://doi.org/10.1074/jbc.M117.801514


16. Lua WH, Ling WL, Yeo JY, Poh JJ, Lane DP, Gan SKE. The effects
of antibody engineering CH and CL in Trastuzumab and
Pertuzumab recombinant models: impact on antibody production
and antigen-binding. Sci Rep. 2018;8:11110. doi:10.1038/s41598-
017-18892-9.

17. Sela-Culang I, Alon S, Ofran Y. 2012. A systematic comparison of free
and bound antibodies reveals binding-related conformational
changes. J Immunol. 189:4890–4899. doi:10.4049/jimmunol.1201493.

18. Ramadhany R, Hirai I, Sasaki T, Ono K, Ramasoota P, Ikuta K,
Kurosu T. Antibody with an engineered Fc region as a therapeutic
agent against dengue virus infection. Antiviral Res. 2015;124:61–
68. doi:10.1016/j.antiviral.2015.10.012.

19. Jegaskanda S, Vanderven HA, Wheatley AK, Kent SJ. 2017. Fc or
not Fc; that is the question: antibody Fc-receptor interactions are
key to universal influenza vaccine design. Hum Vaccin
Immunother. 13:1–9. doi:10.1080/21645515.2017.1290018.

20. Kellner C, Peipp M. 2014. Fc-optimized antibodies quickly pull
the trigger. Blood. 124:3180–3181. doi:10.1182/blood-2014-10-
602219.

21. Romain G, Senyukov V, Rey-Villamizar N, Merouane A, Kelton
W, Liadi I, Mahendra A, Charab W, Georgiou G, Roysam B, et al.
Antibody Fc engineering improves frequency and promotes
kinetic boosting of serial killing mediated by NK cells. Blood.
2014;124:3241–3249. doi:10.1182/blood-2014-04-569061.

22. Arce Vargas F, Furness AJS, Solomon I, Joshi K, Mekkaoui L,
Lesko MH, Miranda Rota E, Dahan R, Georgiou A, Sledzinska A,
et al. Fc-optimized anti-CD25 depletes tumor-infiltrating regula-
tory T cells and synergizes with PD-1 blockade to eradicate
established tumors. Immunity. 2017;46:577–586. doi:10.1016/j.
immuni.2017.03.013.

23. Stavenhagen JB, Gorlatov S, Tuaillon N, Rankin CT, Li H, Burke
S, Huang L, Vijh S, Johnson S, Bonvini E, et al. Fc optimization of
therapeutic antibodies enhances their ability to kill tumor cells in
vitro and controls tumor expansion in vivo via low-affinity acti-
vating Fcgamma receptors. Cancer Res. 2007;67:8882–8890.
doi:10.1158/0008-5472.CAN-07-0696.

24. Koerner SP, Andre MC, Leibold JS, Kousis PC, Kubler A, Pal M,
Haen SP, Buhring HJ, Grosse-Hovest L, Jung G, et al. An Fc-
optimized CD133 antibody for induction of NK cell reactivity
against myeloid leukemia. Leukemia. 2017;31:459–469.
doi:10.1038/leu.2016.194.

25. Frank M, Walker RC, Lanzilotta WN, Prestegard JH, Barb AW.
2014. Immunoglobulin G1 Fc domain motions: implications for
Fc engineering. J Mol Biol. 426:1799–1811. doi:10.1016/j.jmb.
2014.01.011.

26. Zhang Y. 2015. Understanding the impact of Fc glycosylation on its
conformational changes by molecular dynamics simulations and
bioinformatics. Mol Biosyst. 11:3415–3424. doi:10.1039/c5mb00602c.

27. Buck PM, Kumar S, Singh SK. 2013. Consequences of glycan
truncation on Fc structural integrity. MAbs. 5:904–916.
doi:10.4161/mabs.26453.

28. Bruggeman CW, Dekkers G, Bentlage AEH, Treffers LW,
Nagelkerke SQ, Lissenberg-Thunnissen S, Koeleman CAM,
Wuhrer M, van den Berg TK, Rispens T, et al. Enhanced effector
functions due to antibody defucosylation depend on the effector
cell fcgamma receptor profile. J Immunol. 2017;199:204–211.
doi:10.4049/jimmunol.1700116.

29. Chen CL, Hsu JC, Lin CW, Wang CH, Tsai MH, Wu CY, Wong
CH, Ma C. Crystal structure of a homogeneous IgG-Fc glycoform
with the N-glycan designed to maximize the antibody dependent
cellular cytotoxicity. ACS Chem Biol. 2017;12:1335–1345.
doi:10.1021/acschembio.7b00140.

30. Li W, Yu R, Ma B, Yang Y, Jiao X, Liu Y, Cao H, Dong W, Liu L,
Ma K, et al. Core fucosylation of IgG B cell receptor is required
for antigen recognition and antibody production. J Immunol.
2015;194:2596–2606. doi:10.40
49/jimmunol.1402678.

31. Brown EP, Dowell KG, Boesch AW, Normandin E, Mahan AE,
Chu T, Barouch DH, Bailey-Kellogg C, Alter G, Ackerman ME.
Multiplexed Fc array for evaluation of antigen-specific antibody

effector profiles. J Immunol Methods. 2017;443:33–44.
doi:10.1016/j.jim.2017.01.010.

32. Bowen A, Casadevall A. 2016. Revisiting the immunoglobulin
intramolecular signaling hypothesis. Trends Immunol. 37:721–
723. doi:10.1016/j.it.2016.08.014.

33. Yang D, Kroe-Barrett R, Singh S, Roberts CJ, Laue TM. 2017. IgG
cooperativity - Is there allostery? Implications for antibody func-
tions and therapeutic antibody development. MAbs. 9:1231–1252.
doi:10.1080/19420862.2017.1367074.

34. Ma B, Tsai CJ, Haliloglu T, Nussinov R. 2011. Dynamic allostery:
linkers are not merely flexible. Structure. 19:907–917. doi:10.1016/
j.str.2011.06.002.

35. Zhang X, Zhang L, Tong H, Peng B, Rames MJ, Zhang S, Ren G.
Corrigendum: 3D structural fluctuation of IgG1 antibody revealed
by individual particle electron tomography. Sci Rep. 2016;6:17919.
doi:10.1038/srep17919.

36. Sharp KA, O’Brien E, Kasinath V, Wand AJ. 2015. On the relation-
ship between NMR-derived amide order parameters and protein
backbone entropy changes. Proteins. 83:922–930. doi:10.1002/
prot.24789.

37. Gunasekaran K, Ma B, Nussinov R. 2004. Is allostery an intrinsic
property of all dynamic proteins? Proteins. 57:433–443. doi:10.1002/
prot.20232.

38. Nussinov R, Tsai CJ, Ma B. 2013. The underappreciated role of
allostery in the cellular network. Annu Rev Biophys. 42:169–189.
doi:10.1146/annurev-biophys-083012-130257.

39. Wei G, Xi W, Nussinov R, Ma B. Protein ensembles: how does
nature harness thermodynamic fluctuations for life? The diverse
functional roles of conformational ensembles in the cell. Chem
Rev. 2016. doi:10.1021/acs.chemrev.5b00562.

40. Nussinov R, Ma B, Tsai CJ. 2014. Multiple conformational selec-
tion and induced fit events take place in allosteric propagation.
Biophys Chem. 186:22–30. doi:10.1016/j.bpc.2013.10.002.

41. Dai D, Huang Q, Nussinov R, Ma B. 2014. Promiscuous and
specific recognition among ephrins and Eph receptors. Biochim
Biophys Acta. 1844:1729–1740. doi:10.1016/j.bbapap.2014.07.002.

42. Tsai CJ, Ma B, Nussinov R. 2009. Protein-protein interaction
networks: how can a hub protein bind so many different partners?
Trends Biochem Sci. 34:594–600. doi:10.1016/j.tibs.2009.07.007.

43. Keskin O, Gursoy A, Ma B, Nussinov R. 2008. Principles of protein-
protein interactions: what are the preferred ways for proteins to
interact? Chem Rev. 108:1225–1244. doi:10.1021/cr040409x.

44. Ma B, Shatsky M, Wolfson HJ, Nussinov R. 2002. Multiple diverse
ligands binding at a single protein site: a matter of pre-existing
populations. Protein Sci. 11:184–197. doi:10.1110/ps.21302.

45. Haliloglu T, Keskin O, Ma B, Nussinov R. 2005. How similar are
protein folding and protein binding nuclei? Examination of vibra-
tional motions of energy hot spots and conserved residues.
Biophys J. 88:1552–1559. doi:10.1529/biophysj.104.051342.

46. Ma B, Tsai CJ, Nussinov R. 2000. A systematic study of the
vibrational free energies of polypeptides in folded and random
states. Biophys J. 79:2739–2753. doi:10.1016/S0006-3495(00)
76513-1.

47. Ma B, Zhao J, Nussinov R. Conformational selection in amyloid-
based immunotherapy: survey of crystal structures of antibody-
amyloid complexes. Biochim Biophys Acta. 2016. doi:10.1016/j.
bbagen.2016.05.040.

48. Srivastava A, Tracka MB, Uddin S, Casas-Finet J, Livesay DR,
Jacobs DJ. 2016. Mutations in antibody fragments modulate allos-
teric response via hydrogen-bond network fluctuations. Biophys J.
110:1933–1942. doi:10.1016/j.bpj.2016.03.033.

49. Metzger H. The effect of antigen on antibodies: recent studies.
Contemp Top Mol Immunol. 7;1978:119–152.

50. Metzger H. Transmembrane signaling: the joy of aggregation. J
Immunol. 149;1992:1477–1487.

51. Casadevall A, Janda A. 2012. Immunoglobulin isotype influences
affinity and specificity. Proc Natl Acad Sci U S A. 109:12272–
12273. doi:10.1073/pnas.1209750109.

52. Zhao J, Nussinov R, Ma B. 2017. Allosteric control of antibody-
prion recognition through oxidation of a disulfide bond between

72 J. ZHAO ET AL.

https://doi.org/10.1038/s41598-017-18892-9
https://doi.org/10.1038/s41598-017-18892-9
https://doi.org/10.4049/jimmunol.1201493
https://doi.org/10.1016/j.antiviral.2015.10.012
https://doi.org/10.1080/21645515.2017.1290018
https://doi.org/10.1182/blood-2014-10-602219
https://doi.org/10.1182/blood-2014-10-602219
https://doi.org/10.1182/blood-2014-04-569061
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1016/j.immuni.2017.03.013
https://doi.org/10.1158/0008-5472.CAN-07-0696
https://doi.org/10.1038/leu.2016.194
https://doi.org/10.1016/j.jmb.2014.01.011
https://doi.org/10.1016/j.jmb.2014.01.011
https://doi.org/10.1039/c5mb00602c
https://doi.org/10.4161/mabs.26453
https://doi.org/10.4049/jimmunol.1700116
https://doi.org/10.1021/acschembio.7b00140
https://doi.org/10.4049/jimmunol.1402678
https://doi.org/10.4049/jimmunol.1402678
https://doi.org/10.1016/j.jim.2017.01.010
https://doi.org/10.1016/j.it.2016.08.014
https://doi.org/10.1080/19420862.2017.1367074
https://doi.org/10.1016/j.str.2011.06.002
https://doi.org/10.1016/j.str.2011.06.002
https://doi.org/10.1038/srep17919
https://doi.org/10.1002/prot.24789
https://doi.org/10.1002/prot.24789
https://doi.org/10.1002/prot.20232
https://doi.org/10.1002/prot.20232
https://doi.org/10.1146/annurev-biophys-083012-130257
https://doi.org/10.1021/acs.chemrev.5b00562
https://doi.org/10.1016/j.bpc.2013.10.002
https://doi.org/10.1016/j.bbapap.2014.07.002
https://doi.org/10.1016/j.tibs.2009.07.007
https://doi.org/10.1021/cr040409x
https://doi.org/10.1110/ps.21302
https://doi.org/10.1529/biophysj.104.051342
https://doi.org/10.1016/S0006-3495(00)76513-1
https://doi.org/10.1016/S0006-3495(00)76513-1
https://doi.org/10.1016/j.bbagen.2016.05.040
https://doi.org/10.1016/j.bbagen.2016.05.040
https://doi.org/10.1016/j.bpj.2016.03.033
https://doi.org/10.1073/pnas.1209750109


the CH and CL chains. Protein Eng Des Sel. 30:67–76.
doi:10.1093/protein/gzw065.

53. Kortkhonjia E, Brandman R, Zhou JZ, Voelz VA, Chorny I,
Kabakoff B, Patapoff TW, Dill KA, Swartz TE. Probing antibody
internal dynamics with fluorescence anisotropy and molecular
dynamics simulations. MAbs. 2013;5:306–322. doi:10.4161/
mabs.23651.

54. Galanti M, Fanelli D, Piazza F. 2016. Conformation-controlled
binding kinetics of antibodies. Sci Rep. 6:18976. doi:10.1038/
srep18976.

55. Bongini L, Fanelli D, Piazza F, De Los Rios P, Sandin S, Skoglund
U. 2004. Freezing immunoglobulins to see them move. Proc Natl
Acad Sci U S A. 101:6466–6471. doi:10.1073/pnas.0400119101.

56. Vidarsson G, Dekkers G, Rispens T. 2014. IgG subclasses and
allotypes: from structure to effector functions. Front Immunol.
5:520. doi:10.3389/fimmu.2014.00520.

57. Kiyoshi M, Caaveiro JM, Kawai T, Tashiro S, Ide T, Asaoka Y,
Hatayama K, Tsumoto K. Structural basis for binding of human
IgG1 to its high-affinity human receptor FcgammaRI. Nat
Commun. 2015;6:6866. doi:10.1038/ncomms7866.

58. Dall’Acqua WF, Cook KE, Damschroder MM, Woods RM, Wu H.
Modulation of the effector functions of a human IgG1 through
engineering of its hinge region. J Immunol. 177;2006:1129–1138.

59. Wang G, de Jong RN, van den Bremer ET, Beurskens FJ, Labrijn AF,
Ugurlar D, Gros P, Schuurman J, Parren PW, Heck AJ. Molecular
basis of assembly and activation of complement component C1 in
complex with immunoglobulin G1 and antigen. Mol Cell.
2016;63:135–145. doi:10.1016/j.molcel.2016.05.016.

60. Mimura Y, Sondermann P, Ghirlando R, Lund J, Young SP,
Goodall M, Jefferis R. Role of oligosaccharide residues of IgG1-
Fc in Fc gamma RIIb binding. J Biol Chem. 2001;276:45539–
45547. doi:10.1074/jbc.M107478200.

61. Lu J, Chu J, Zou Z, Hamacher NB, Rixon MW, Sun PD. 2015.
Structure of FcgammaRI in complex with Fc reveals the impor-
tance of glycan recognition for high-affinity IgG binding. Proc
Natl Acad Sci U S A. 112:833–838. doi:10.1073/pnas.1418812112.

62. Lund J, Tanaka T, Takahashi N, Sarmay G, Arata Y, Jefferis R. A
protein structural change in aglycosylated IgG3 correlates with
loss of huFc gamma R1 and huFc gamma R111 binding and/or
activation. Mol Immunol. 27;1990:1145–1153.

63. Walker MR, Lund J, Thompson KM, Jefferis R. Aglycosylation of
human IgG1 and IgG3 monoclonal antibodies can eliminate
recognition by human cells expressing Fc gamma RI and/or Fc
gamma RII receptors. Biochem J. 259;1989:347–353.

64. Jefferis R. The glycosylation of antibody molecules: functional
significance. Glycoconj J. 10;1993:358–361.

65. Lund J, Takahashi N, Pound JD, Goodall M, Jefferis R. Multiple
interactions of IgG with its core oligosaccharide can modulate
recognition by complement and human Fc gamma receptor I and
influence the synthesis of its oligosaccharide chains. J Immunol.
157;1996:4963–4969.

66. Yu X, Baruah K, Harvey DJ, Vasiljevic S, Alonzi DS, Song BD,
Higgins MK, Bowden TA, Scanlan CN, Crispin M. Engineering
hydrophobic protein-carbohydrate interactions to fine-tune
monoclonal antibodies. J Am Chem Soc. 2013;135:9723–9732.
doi:10.1021/ja4014375.

67. Ahmed AA, Giddens J, Pincetic A, Lomino JV, Ravetch JV, Wang
LX, Bjorkman PJ. Structural characterization of anti-inflammatory
immunoglobulin G Fc proteins. J Mol Biol. 2014;426:3166–3179.
doi:10.1016/j.jmb.2014.07.006.

68. Barb AW, Prestegard JH. 2011. NMR analysis demonstrates
immunoglobulin G N-glycans are accessible and dynamic. Nat
Chem Biol. 7:147–153. doi:10.1038/nchembio.511.

69. Barb AW, Meng L, Gao Z, Johnson RW, Moremen KW,
Prestegard JH. 2012. NMR characterization of immunoglobulin
G Fc glycan motion on enzymatic sialylation. Biochemistry.
51:4618–4626. doi:10.1021/bi300319q.

70. Okbazghi SZ, More AS, White DR, Duan S, Shah IS, Joshi SB,
Middaugh CR, Volkin DB, Tolbert TJ. Production, characteriza-
tion, and biological evaluation of well-defined IgG1 Fc glycoforms

as a model system for biosimilarity analysis. J Pharm Sci.
2016;105:559–574. doi:10.1016/j.xphs.2015.11.003.

71. Subedi GP, Barb AW. 2016. The immunoglobulin G1 N-glycan
composition affects binding to each low affinity Fc gamma recep-
tor. MAbs. 8:1512–1524. doi:10.1080/19420862.2016.1218586.

72. Yamaguchi Y, Nishimura M, Nagano M, Yagi H, Sasakawa H,
Uchida K, Shitara K, Kato K. Glycoform-dependent conforma-
tional alteration of the Fc region of human immunoglobulin G1 as
revealed by NMR spectroscopy. Biochim Biophys Acta.
2006;1760:693–700. doi:10.1016/j.bbagen.2005.10.002.

73. Shields RL, Lai J, Keck R, O'Connell LY, Hong K, Meng YG, Weikert
SH, Presta LG. Lack of fucose on human IgG1 N-linked oligosacchar-
ide improves binding to human Fcgamma RIII and antibody-depen-
dent cellular toxicity. J Biol Chem. 2002;277:26733–26740.
doi:10.1074/jbc.M202069200.

74. Deisenhofer J. Crystallographic refinement and atomic models of
a human Fc fragment and its complex with fragment B of protein
A from Staphylococcus aureus at 2.9- and 2.8-A resolution.
Biochemistry. 20;1981:2361–2370.

75. Lee HS, Im W. 2017. Effects of N-glycan composition on structure
and dynamics of IgG1 Fc and their implications for antibody
engineering. Sci Rep. 7:12659. doi:10.1038/s41598-017-12830-5.

76. Su C, Lua W-H, Ling W-L, Gan S. 2018. Allosteric effects between
the antibody constant and variable regions: A study of IgA Fc
mutations on antigen binding. Antibodies. 7:20. doi:10.3390/
antib7020020.

77. Janda A, Casadevall A. 2010. Circular Dichroism reveals evidence
of coupling between immunoglobulin constant and variable
region secondary structure. Mol Immunol. 47:1421–1425.
doi:10.1016/j.molimm.2010.02.018.

78. Janda A, Eryilmaz E, Nakouzi A, Cowburn D, Casadevall A. 2012.
Variable region identical immunoglobulins differing in isotype
express different paratopes. J Biol Chem. 287:35409–35417.
doi:10.1074/jbc.M112.404483.

79. Correa A, Trajtenberg F, Obal G, Pritsch O, Dighiero G, Oppezzo
P, Buschiazzo A. Structure of a human IgA1 Fab fragment at 1.55
A resolution: potential effect of the constant domains on antigen-
affinity modulation. Acta Crystallogr D Biol Crystallogr.
2013;69:388–397. doi:10.1107/S0907444912048664.

80. Tomaras GD, Ferrari G, Shen X, Alam SM, Liao HX, Pollara J,
Bonsignori M, Moody MA, Fong Y, Chen X, et al. Vaccine-
induced plasma IgA specific for the C1 region of the HIV-1
envelope blocks binding and effector function of IgG. Proc Natl
Acad Sci U S A. 2013;110:9019–9024. doi:10.1073/pnas.
1301456110.

81. Cooper LJ, Shikhman AR, Glass DD, Kangisser D, Cunningham
MW, Greenspan NS. Role of heavy chain constant domains in
antibody-antigen interaction. Apparent specificity differences
among streptococcal IgG antibodies expressing identical variable
domains. J Immunol. 150;1993:2231–2242.

82. Torosantucci A, Chiani P, Bromuro C, De Bernardis F, Palma AS,
Liu Y, Mignogna G, Maras B, Colone M, Stringaro A, et al.
Protection by anti-beta-glucan antibodies is associated with
restricted beta-1,3 glucan binding specificity and inhibition of
fungal growth and adherence. PLoS One. 2009;4:e5392.
doi:10.1371/journal.pone.0005392.

83. Kato K, Matsunaga C, Odaka A, Yamato S, Takaha W, Shimada I,
Arata Y. Carbon-13 NMR study of switch variant anti-dansyl
antibodies: antigen binding and domain-domain interactions.
Biochemistry. 1991;30:6604–6610.

84. Torres M, May R, Scharff MD, Casadevall A. Variable-region-
identical antibodies differing in isotype demonstrate differences in
fine specificity and idiotype. J Immunol. 174;2005:2132–2142.

85. Xia Y, Pawar RD, Nakouzi AS, Herlitz L, Broder A, Liu K, Goilav
B, Fan M, Wang L, Li QZ, et al. The constant region contributes
to the antigenic specificity and renal pathogenicity of murine anti-
DNA antibodies. J Autoimmun. 2012;39:398–411. doi:10.1016/j.
jaut.2012.06.005.

86. Abboud N, Chow SK, Saylor C, Janda A, Ravetch JV, Scharff MD,
Casadevall A. A requirement for FcgammaR in antibody-

MABS 73

https://doi.org/10.1093/protein/gzw065
https://doi.org/10.4161/mabs.23651
https://doi.org/10.4161/mabs.23651
https://doi.org/10.1038/srep18976
https://doi.org/10.1038/srep18976
https://doi.org/10.1073/pnas.0400119101
https://doi.org/10.3389/fimmu.2014.00520
https://doi.org/10.1038/ncomms7866
https://doi.org/10.1016/j.molcel.2016.05.016
https://doi.org/10.1074/jbc.M107478200
https://doi.org/10.1073/pnas.1418812112
https://doi.org/10.1021/ja4014375
https://doi.org/10.1016/j.jmb.2014.07.006
https://doi.org/10.1038/nchembio.511
https://doi.org/10.1021/bi300319q
https://doi.org/10.1016/j.xphs.2015.11.003
https://doi.org/10.1080/19420862.2016.1218586
https://doi.org/10.1016/j.bbagen.2005.10.002
https://doi.org/10.1074/jbc.M202069200
https://doi.org/10.1038/s41598-017-12830-5
https://doi.org/10.3390/antib7020020
https://doi.org/10.3390/antib7020020
https://doi.org/10.1016/j.molimm.2010.02.018
https://doi.org/10.1074/jbc.M112.404483
https://doi.org/10.1107/S0907444912048664
https://doi.org/10.1073/pnas.1301456110
https://doi.org/10.1073/pnas.1301456110
https://doi.org/10.1371/journal.pone.0005392
https://doi.org/10.1016/j.jaut.2012.06.005
https://doi.org/10.1016/j.jaut.2012.06.005


mediated bacterial toxin neutralization. J Exp Med.
2010;207:2395–2405. doi:10.1084/jem.20100995.

87. Ettayapuram Ramaprasad AS, Uddin S, Casas-Finet J, Jacobs DJ.
2017. Decomposing dynamical couplings in mutated scFv anti-
body fragments into stabilizing and destabilizing effects. J Am
Chem Soc. 139:17508–17517. doi:10.1021/jacs.7b09268.

88. Perchiacca JM, Ladiwala ARA, Bhattacharya M, Tessier PM
Structure-based design of conformation- and sequence-specific
antibodies against amyloid beta. Proceedings of the National
Academy of Sciences of the United States of America 2012;
109:84–89. doi:10.1073/pnas.1111232108

89. Zhang M, Zheng J, Nussinov R, Ma B. 2018. Molecular recognition
between Aβ-specific single-domain antibody and Aβ Misfolded
aggregates. Antibodies. 7:25. doi:10.3390/antib7030025.

90. Crespi GA, Hermans SJ, Parker MW, Miles LA. 2015.
Molecular basis for mid-region amyloid-beta capture by leading
Alzheimer’s disease immunotherapies. Sci Rep. 5:9649.
doi:10.1038/srep09649.

91. Schwede T, Kopp J, Guex N, Peitsch MC. SWISS-MODEL: an
automated protein homology-modeling server. Nucleic Acids Res.
31;2003:3381–3385.

92. Kale L, Skeel R, Bhandarkar M, Brunner R, Gursoy A, Krawetz N,
Phillips J, Shinozaki A, Varadarajan K, Schulten K. NAMD2:
greater scalability for parallel molecular dynamics. J Comput
Phys. 1999;151:283–312. doi:10.1006/jcph.1999.6201.

93. MacKerell AD, Bashford D, Bellott M, Dunbrack RL, Evanseck
JD, Field MJ, Fischer S, Gao J, Guo H, Ha S, et al. All-atom
empirical potential for molecular modeling and dynamics studies
of proteins. J Phys Chem B. 1998;102:3586–3616. doi:10.1021/
jp973084f.

94. Ofran Y, Schlessinger A, Rost B. Automated identification of
complementarity determining regions (CDRs) reveals peculiar

characteristics of CDRs and B cell epitopes. J Immunol.
181;2008:6230–6235.

95. Pietal MJ, Tuszynska I, Bujnicki JM. 2007. PROTMAP2D: visua-
lization, comparison and analysis of 2D maps of protein structure.
Bioinformatics. 23:1429–1430. doi:10.1093/bioinformatics/bt
m124.

96. Lee MS, Feig M, Salsbury FR Jr., Brooks CL 3rd. 2003. New
analytic approximation to the standard molecular volume defini-
tion and its application to generalized Born calculations. J
Comput Chem. 24:1348–1356. doi:10.1002/jcc.10272.

97. Ichiye T, Karplus M. 1991. Collective motions in proteins: a
covariance analysis of atomic fluctuations in molecular dynamics
and normal mode simulations. Proteins Struct Funct Bioinf.
11:205–217. doi:10.1002/prot.340110305.

98. Hünenberger P, Mark A, Van Gunsteren W. 1995. Fluctuation
and cross-correlation analysis of protein motions observed in
nanosecond molecular dynamics simulations. J Mol Biol.
252:492–503. doi:10.1006/jmbi.1995.0514.

99. Young MA, Gonfloni S, Superti-Furga G, Roux B, Kuriyan J.
Dynamic coupling between the SH2 and SH3 domains of c-Src
and Hck underlies their inactivation by C-terminal tyrosine phos-
phorylation. Cell. 105;2001:115–126.

100. Tai K, Shen T, Börjesson U, Philippopoulos M, McCammon JA.
2001. Analysis of a 10-ns molecular dynamics simulation of
mouse acetylcholinesterase. Biophys J. 81:715–724. doi:10.1016/
S0006-3495(01)75736-0.

101. Glykos NM. 2006. Software news and updates carma: A molecular
dynamics analysis program. J Comput Chem. 27:1765–1768.
doi:10.1002/jcc.20482.

102. Eargle J, Luthey-Schulten Z. 2012. NetworkView: 3D display and
analysis of protein· RNA interaction networks. Bioinformatics.
28:3000–3001. doi:10.1093/bioinformatics/bts546.

74 J. ZHAO ET AL.

https://doi.org/10.1084/jem.20100995
https://doi.org/10.1021/jacs.7b09268
https://doi.org/10.1073/pnas.1111232108
https://doi.org/10.3390/antib7030025
https://doi.org/10.1038/srep09649
https://doi.org/10.1006/jcph.1999.6201
https://doi.org/10.1021/jp973084f
https://doi.org/10.1021/jp973084f
https://doi.org/10.1093/bioinformatics/btm124
https://doi.org/10.1093/bioinformatics/btm124
https://doi.org/10.1002/jcc.10272
https://doi.org/10.1002/prot.340110305
https://doi.org/10.1006/jmbi.1995.0514
https://doi.org/10.1016/S0006-3495(01)75736-0
https://doi.org/10.1016/S0006-3495(01)75736-0
https://doi.org/10.1002/jcc.20482
https://doi.org/10.1093/bioinformatics/bts546

	Abstract
	Introduction
	Results
	Unbound antibody has highly dynamic conformational distribution; antigen binding shifts the population into two dominant clusters that facilitate FcR binding
	Fc domain responds to antigen binding by increasing the population with open CH2
	N-glycan and Fc conformational changes are synchronized following antigen binding
	Limited signaling through the residue contact network from FaB to the Fc receptor

	Discussion
	Methods
	Molecular modeling and simulations
	Systems construction
	Initial conformation generation and selection
	MD simulation protocols
	Structural analysis
	Cluster analysis
	Accumulated contact map
	Binding energy evaluation
	Correlation analysis


	Abbreviations
	Acknowledgments
	Author Contributions
	Disclosure of potential conflicts of interest
	Funding
	Funding
	References

