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Abstract
Homology modeling and molecular dynamics simulations have been carried out to model the
detailed structures of human neonatal Fc receptor (FcRn) binding with wild-type Fc of human
immunoglobulin G1 (IgG1) and its various mutants. Based on the modeled human FcRn-Fc
binding structures, the protein-protein binding interface is composed of three subsites. The first
subsite is a hydrophobic core where residue I39 of human Fc can be accommodated very well, and
the other two subsites are all composed of critical salt bridges between human FcRn and human
Fc. All of the modeled structures and the calculated binding energies are qualitatively consistent
with the available experimental data, suggesting that the modeled human FcRn-Fc binding
structures are reasonable. The modeled human FcRn-Fc binding structure may be valuable for
future rational design of novel mutants of human Fc and Fc-fused therapeutic proteins with a
potentially higher binding affinity for human FcRn and, thus, a longer in vivo half-life in human.

Introduction
Human neonatal Fc receptor (FcRn) for immunoglobulin G (IgG) is a 52-kDa heterodimeric
glycoprotein bound on the membrane of endosome. It is composed of a heavy chain and a
light chain named as β2-microglobulin (β2m).1,2,3,4 FcRn is expressed in human placenta
and can transfer maternal IgG to the fetus or the newborn, providing humoral immunity for
the first weeks of mammalian life.1,5,6 Further studies7,8 found that FcRn is expressed in the
vascular endothelial cells, epithelial cells, hepatocytes, intestinal macrophages, peripheral
blood monocytes, and dendritic cells. FcRn expression was also demonstrated at vascular
endothelial cells in brain.9 The primary function of FcRn is to maintain the long half-life of
IgG in the serum through binding with the Fc portion of IgG.3,4.10 IgG is a class of antibody
predominantly present in the normal human serum, and additional amount of IgG could be
generated from the secondary response under continuous stimulation of an external
pathogen.10,11 Without the binding with FcRn, IgG is circulated and degraded quickly
through lysosomal degradation pathway, e.g. the half-life of IgG is reduced from 6–8 days to
about 1 day in the FcRn-deficient mice.12 IgG is internalized into FcRn-expressing cells
most likely by fluid phase pinocytosis as the steady-state location of FcRn is endosomal.13

IgG binds with FcRn in the acidic environment of endosome, and is later transported to the
cell surface where upon exposure to a neutral pH IgG is released back to the main
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bloodstream. Such pH dependence of FcRn-IgG binding ensures that IgG binds to FcRn in
the intracellular acidic compartments but be released rapidly upon encountering the slightly
basic pH 7.4 of the extracellular milieu.10,12,13

Seeking a longer half-life for a specifically designed therapeutic protein is of great
significance and is a grand challenge in the area of protein drug design, discovery, and
development.14,15 With a growing number of protein drugs being developed, the in vivo
half-life extension strategies have attracted more and more attention by the biotech and
pharmaceutical industries.16 Compared to other in vivo half-life prolonging methods, Fc
fusion, i.e. genetically fusing the Fc portion of IgG to a protein drug, has become the most
clinically and commercially successful strategy with possibly enhanced efficacy, greater
safety, and reduced immunogenicity or improved delivery.15,16 The Fc part of an Fc-fused
protein can bind with FcRn like the Fc part of IgG1 binding with FcRn. So, the Fc-fused
protein drug is expected to have a longer in vivo half-life compared to the corresponding
unfused protein drug. Currently, there are a number of marketed and clinical candidate
antibodies and Fc fusion proteins, including Alefacept, that have successfully taken
advantage of the FcRn-Fc binding.17,18,19

The X-ray crystal structures20,21,22 of FcRn at various pH and from different species (human
and rat) revealed that the overall conformation of FcRn is persistent, indicating that the pH-
dependence of FcRn-Fc binding is not mediated by the conformational change of FcRn, but
possibly by the electrostatic interactions involving histidine amino acids. The X-ray crystal
structures23,24,25,26 of rat FcRn bound with rat Fc revealed that the hinge region of Cγ2-Cγ3
domain of Fc binds to the top of α1 and α2 helices of FcRn. The hinge region of Fc was
demonstrated to be a consensus site of recognition by a series of proteins associated with
Fc.25 The X-ray crystal structures27,28,29,30,31 of IgG1 Fc and the M38Y/S40T/T42E
mutant32 under acidic pH condition demonstrated that the overall shape of Fc is similar to
that of a “horseshoe”, and most of the internal space is filled with oligosaccharide chains
through residue N83 (we renumbered Fc residues and ignored other portion of IgG1 for
convenience). The IgG1 Fc is a homodimer (with two equal subunits) linked by disulfide
bridges in the N-terminal region and non-covalent interactions between the C-terminal
regions of the two subunits, and each subunit is comprised of two immunoglobulin domains
known as Cγ2 and Cγ3. The Cγ2 domain of Fc can take large extent of rigid body motion,
leading to a “closed” conformation of Fc when residue N83 is totally unglycosylated and an
“open” conformation when residue N83 is fully glycosylated. The distance between the end
points of the Cγ2 domains of the two subunits of Fc varies from 10 Å for the “closed”
conformation to 14 Å in the “open” conformation.

A large number of Fc mutants3,4,10,11,19,32,33,34,35,36,37,38,39,40,41,42,43,44 have been
generated and fused with different effector proteins in order to explore the relationship
between the FcRn-Fc binding affinity and the in vivo half-life of a Fc-fused protein. These
mutational studies also aimed to understand how the change in the FcRn-Fc binding affinity
affects the pharmacokinetics of the Fc-fused effector protein,36,39,42 and how to control the
safety profile such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent
cellular phagocytosis (ADCP), and complement-dependent cytotoxicity (CDCC).19,35,40,41

It is also known45,46 that there is a dramatic cross-species difference in the affinity of FcRn-
Fc binding. At acidic pH, mouse FcRn has a high affinity with either mouse IgG1 or human
IgG1, whereas human FcRn has a very low affinity with mouse IgG1. At physiological pH
7.4, mouse FcRn keeps micromolar (μM) range of binding affinity with human IgG1, but no
detectable binding with mouse IgG1. These studies established that the Fc mutants with a
higher FcRn affinity under acidic pH condition usually have a longer in vivo half-life when
fused with an effector protein, and a lower cytotoxicity if the binding affinity of Fc with Fc
gama receptors type II and type III (FcγRIIs, FcγRIIIs) are not enhanced simultaneously.
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As the structures of rat FcRn-Fc complex, human FcRn, and human Fc are available, it is
now possible to explore the structural difference at atomic level between the human FcRn-
Fc binding and non-human FcRn-Fc binding. It is also interesting to explore the structural
determinants for the reported relationships between the binding affinity of Fc mutants with
FcRn and the experimentally measured in vivo half-life and safety properties of Fc-fused
effector proteins. Understanding of these structural determinants is fundamentally important
for rational design of novel Fc mutants that can be fused with a protein drug in order to
prolong the in vivo half-life of the protein drug and produce satisfactory pharmacological
properties and good safety profile.

In the present study, the binding structure of human FcRn-Fc complex was modeled and
structurally optimized through molecular dynamics (MD) simulations. Binding structure of
human FcRn in complex with each of 30 human Fc mutants was also modeled and energy-
minimized. Binding energies were calculated for all these optimized binding structures by
using a ranking score function47,48 that was specifically designed to study protein-protein
interactions. Our modeling and simulation results together with the data of calculated
binding energies have provided novel insights into the molecular mechanism for FcRn-Fc
binding across different species. The modeled binding structures can be used as a starting
point to rationally design novel Fc mutants that can more potently bind with human FcRn.
By fusing a novel, high-affinity Fc mutant with a protein drug, it would be possible to
develop a truly effective Fc-fused therapeutic protein which could have not only a
sufficiently high in vivo potency and stability, but also a sufficiently long in vivo half-life
for practical medical uses.

Methods
Homology modeling and MD simulations of human FcRn-Fc binding structure

In order to explore the mode of human FcRn binding with human Fc and to identify the
structural difference between the human FcRn-Fc binding and non-human FcRn-Fc binding,
we first constructed a binding structure of human FcRn-Fc complex through homology
modeling and molecular structure optimization by using the Protein Modeling module of
Discovery Studio (version 2.5.5, Accelrys, Inc., San Diego, CA). The X-ray crystal structure
of rat FcRn-Fc complex (PDB entry code 1I1A with resolution of 2.80 Å)26 determined at
pH 5.4 was used as a template to model human FcRn-Fc complex, as the resolution of this
template is the highest within the available X-ray crystal structures including that
determined at pH 5.6 (PDB code entry 1FRT with resolution of 4.50Å).23 The amino acid
sequence of human FcRn was directly extracted from the PubMed protein database (access
number (NP_001129491). For convenience of the sequence and structure comparison, the
amino acid sequences of FcRn from other species (monkey, access number AAL92101;
mouse, access number NP_034319) were also extracted from the same PubMed protein
database and were aligned together. The sequence alignment for all these amino acid
sequences was generated by using ClusterW with the Blosum scoring function.49,50 The best
alignment was selected according to both the alignment score and the reciprocal positions of
the conserved residues among all these FcRn proteins from different species, particularly the
conserved residues on the binding interface as revealed in the template structure.
Considering the fact that X-ray crystal structures of ligand-free FcRn are also available, we
selected the structure of lignad-free human FcRn with PDB entry code 3M17 at resolution of
2.60 Å22 as a template to model the regions composed of non-conserved residues between
human FcRn and rat FcRn. We did not select the ligand-free human FcRn structure
corresponding to PDB code 1EXU21 (determined at pH 8.2 with resolution of 2.70 Å),
because the human FcRn can bind tightly with human Fc only under acidic pH condition.
The coordinates of the conserved residues of human FcRn were directly copied from the
template rat FcRn-Fc complex structure, and the coordinates of non-conserved residues were
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copied from the X-ray crystal structure of the ligand-free human FcRn corresponding to
PDB code 3M17.22

Modeling of human Fc in the human FcRn-Fc complex was performed in a similar way as
described above. The amino acid sequences of Fc from human, monkey, rat, and mouse
were aligned together using the ClusterW program.49,50 The coordinates of the conserved
residues of human Fc were copied directly from the template rat Fc in the rat FcRn-Fc
complex, whereas the coordinates of the non-conserved residues between human Fc and rat
Fc were mutated from the template to the corresponding ones of human Fc. The side chains
of the non-conserved residues of human Fc were relaxed during the process of homology
modeling to remove possible steric overlap or hindrance with the neighboring conserved
residues.

After the initial human FcRn-Fc complex structure was built, all the ionizable residues were
set to the standard protonated or deprotonated states, and all the histidine residues were set
as protonated. The whole complex structure was then solvated in an orthorhombic box of
38,126 TIP3P water molecules, with a minimal distance of 10 Å from the protein to the box
boundary. The whole system was neutralized by adding 18 chloride counterions, and
reached the size as 113 Å × 124 Å × 105 Å. After the whole system was set up, a series of
energy minimizations were carried out by using the Sander module of Amber 11 program51

with a non-bonded cutoff of 10 Å and a conjugate gradient energy-minimization method.
First, the atomic positions of water molecules and counterions were energy-minimized for
40,000 steps. Next, 40,000 steps of the energy minimization on the side chains of the
complex along with water molecules and counterions were performed. Finally, the entire
system was energy-minimized to reach a convergence criterion of 0.001 kcal/(mol Å).

In order to further relax the energy-minimized structure of human FcRn-Fc complex, MD
simulations were performed by using the Sander module of Amber 11.51 First, 0.5 ns MD
simulations were performed on the water molecules and counterions with the NTV ensemble
at T = 300 K in order to get the complex better solvated. The whole system was energy-
minimized again and the same convergence criterion was reached. Then, the whole system
was gradually heated to 300 K by a weak-coupling method52 and equilibrated for 1.0 ns. In
order to avoid the relative motion of the Cγ2 and Cγ3 domains of human Fc in the complex
during the simulations and, meanwhile, keep some degrees of freedom of the residues, a
weak harmonic restraint with the force constant of 5.0 kcal/(mol Å) was imposed on the
backbone atoms of human Fc, and the distance between the mass center of the Cγ2 domain
of one subunit and the mass center of the Cγ2 domain of the other subunit was fixed.
Throughout the MD simulations, a 10 Å non-bonded interaction cutoff was used and the
non-bonded list was updated every 25 steps. The particle mesh Ewald (PME) method53 was
applied to treat long-range electrostatic interactions. The lengths of covalent bonds
involving hydrogen atoms were fixed with the SHAKE algorithm,54 enabling the use of a 2-
fs time step to numerically integrate the equations of motion. Finally, the production MD
was kept running for about 5.0 ns with a periodic boundary condition (PBC) in the NTP
ensemble at T = 300 K with Berendsen temperature coupling52 and P = 1 atm with
anisotropic molecule-based scaling.

Mutational modeling of human Fc mutants and binding energy calculations
We collected a total of 30 mutants of human Fc reported in literature33,39 to explore the
structural determinants for the relationship between the change in human FcRn-Fc binding
affinity and the prolonged in vivo half-life. The mutational modeling of these collected Fc
mutants started from an energy-minimized human FcRn-Fc binding structure after the MD
simulations. The protein-protein binding structure for each of the mutants was generated
automatically by using a script developed in house at University of Kentucky and the X-leap
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module of Amber 11 program51. In order to more accurately reflect the structural
perturbation of the mutation to the binding interface of human FcRn-Fc complex, and for
convenience of the rapid geometry refinement, the Cβ atom and the backbone atoms of each
mutant were retained from the energy-minimized starting structure. Once the protein-protein
binding structure for a mutant was generated, it was subject to further energy minimization
in order to optimize the interactions between human FcRn and the mutant of human Fc. The
energy minimization was performed by using the Sander module of Amber 1151 via a
combined use of the steepest descent/conjugate gradient algorithms, with a convergence
criterion of 0.1 kcal/(mol.Å), and the non-bonded cutoff distance was set to 10.0 Å. The
energy minimization was performed first on the mutated residue, and then on those residues
which were within 5 Å distance around the mutated residue, and finally on the entire
complex structure. After the energy minimization, we visually checked each of the mutant-
type complex structures to make sure that there was no any unexpected structural distortion.

The energy-minimized binding structures for wild-type human FcRn with wild-type human
Fc and its mutants were evaluated for their binding energies by using the ZRANK score
function47,48,55 which was developed by Weng et al. to score optimized protein-protein
binding complexes. The ZRANK score function is a linear weighted sum of van der Waals
attractive and repulsive energies, electrostatic short- and long-range attractive and repulsive
energies, desolvation energy, and a pairwise interface statistical potential energy.55

Results and Discussion
Binding interface of human FcRn-Fc complex

Depicted in Figure 1 are the aligned sequences for the heavy chain of FcRn from human,
monkey, mouse, and rat. It is not surprising to note in Figure 1 that the overall homology
between human and monkey FcRn proteins (group 1) is high, and that the overall homology
between mouse and rat FcRn proteins (group 2) is also high. The overall homology between
the group 1 and the group 2 proteins is relatively low, such as ~64% between human and rat
FcRn proteins. The high homology between different members of the same group and the
relatively bigger difference between the two groups are also reflected in the glycosylation
sites: only one glycosylation site (N102) in human/monkey FcRn versus four glycosylaton
sites (N87, N104, N141, and N225) in mouse/rat FcRn. The glycosylation sites N141 and
N225 of rat/mouse FcRn are all replaced by glutamines (Q139 and Q223) of human/monkey
FcRn. The residue in human/monkey FcRn corresponding to the glycosylation site N87 of
rat/mouse FcRn is totally depleted during the evolution process. The difference at residue
#139 of human/monkey FcRn and residue #141 of rat/mouse FcRn (Q139 versus N141) is
expected to have a significant impact on the binding with Fc. As observed from the template
structure of rat FcRn-Fc complex,26 the glycans attached to residue N141 of rat FcRn
bridged the binding interface between rat FcRn and rat Fc, and these glycans at N141 of rat
FcRn have direct interactions with residues of rat Fc (see below).

Despite of the difference in glycosylation sites, the residues of human FcRn on the binding
interface of human FcRn-Fc complex are generally similar to those of rat FcRn in the rat
FcRn-Fc complex (red colored ones in Figure 1). One difference exists in residue #88 of
human FcRn (Y88) that corresponds to residue F90 of rat FcRn. Another difference exists in
the hydrophobic residue L135 of human FcRn corresponding to a negatively charged residue
D137 of rat FcRn. This difference on the binding interface could affect the affinity of the
FcRn-Fc binding. As observed in the X-ray crystal structure of rat FcRn-Fc,26 the negatively
charged residue D137 could form a salt bridge with residue H436 (the numbering used in the
crystal structure) of rat Fc when H436 is protonated.
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As seen in Figure 2, the light chain of human FcRn (β2m) shares an overall high homology
(~85%) with the light chain of FcRn from another species (monkey, mouse, or rat). Only the
first two residues of the light chain are involved in the binding of FcRn. It has been
demonstrated that the proper association with light chain is important for the normal
biological function of FcRn, i.e. protecting IgG1 from the lysosomal degradation
pathway.3,4,10,11

Shown in Figure 3 are the aligned sequences for Fc fragment of IgG1 from human, monkey,
rat, and mouse. Except the obvious different amino acid sequence in the beginning of the
Cγ2 domain, most of the remaining sequence of human Fc is similar to these from other
species, particularly for human Fc amino acids (red colored ones in Figure 3) located on the
interface of binding with FcRn. Fc from all these species share the same site of
glycosylation corresponding to residue #83 (N83, blue colored in Figure 3) of human Fc. At
residue #74, human Fc bears a positively charged lysine (K74) corresponding to a polar
residue glutamine (Q288) of rat Fc. The Q288 of rat Fc is located nearby residue Q2 from
the light chain of rat FcRn as shown in the X-ray crystal structure of rat FcRn-Fc complex.26

Figure 4 represents the energy-minimized structure of human FcRn-Fc binding complex, in
comparison with the template rat FcRn-Fc complex, ligand-free human FcRn complex, and
ligand-free human Fc structures reported in literature.22,26,27,28 The overall structure of
human FcRn-Fc complex (Figure 4A) resembles that of the rat FcRn-Fc complex26 with the
positional root-mean-square deviation (RMSD) for Cα atoms being only 0.958 Å,
suggesting the high fidelity for the human FcRn-Fc binding structure obtained from the
current modeling and MD simulations. The FcRn structure (Figure 4A) in the human FcRn-
Fc complex is also very close to the reported ligand-free human FcRn structure22 with the
RMSD value for Cα atoms being only 0.79 Å (Figure 4B). The structural similarity between
the human FcRn bound with human Fc and the ligand-free human FcRn is consistent with
the observation that the rat FcRn structure kept a very similar conformation in both pH 6.5
and pH 8.0.20 The heavy chain of human FcRn (Figure 4A) in the FcRn-Fc complex is
composed of eight-stranded anti-parallel β-sheet which is topped by α1 and α2 helices. The
light chain of human FcRn in the FcRn-Fc complex interacts with the heavy chain by
contacting the underside of the α1 and α2 helices. However, the conformation of human Fc
structure in the human FcRn-Fc complex is quite different from ligand-free human Fc
structures. When superimposed with the reported ligand-free Fc structures (Figure 4C),27,28

significant conformational difference can be observed for the Cγ2 domain of each subunit of
human Fc with positional RMSD values being above 1.50 Å, although the difference is
smaller for the hinge region between the Cγ2 and Cγ3 domains. The overall structural
flexibility of human Fc suggests that human Fc may always adjust its conformation when it
associates with either partner protein like human FcRn or is glycosylated differentially under
different physiological stimulus.

A detailed inspection of the binding interface for the human FcRn-Fc complex reveals that
the binding site spans a large surface area and is highly complementary. The binding site of
human FcRn for Fc is composed of the top portion of α1 and α2 helices of the heavy chain
and the first two residues of the light chain. On the human Fc side, the binding site for
human FcRn mainly consists of the hinge region between the Cγ2 and Cγ3 domains. The
whole binding interface can be roughly divided into three subsites: S1, S2, and S3 (Figure
4A). Depicted in Figure 5 are the structural features for all of the subsites (Figure 5A) and
the overall intermolecular interactions between human FcRn and human Fc (Figure 5B).
Summarized in Table 1 are typical inter-molecular interactions including hydrophobic
contacts and hydrogen bonding as observed in the energy-minimized human FcRn-Fc
binding structure. Figure 6 shows the tracked distances for several typical inter-molecular
interactions derived from the MD trajectory. As shown in Figure 5A, the S1 subsite is the
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only one hydrophobic site composed by residues L112, F117, and W131 of FcRn. The
hydrophobic residue I39 of human Fc is embedded very well inside this pocket. This can be
demonstrated by three important distances tracked from the MD trajectory, i.e. the distance
between the center of I39 side chain from Fc and the center of L112 side chain from FcRn;
the distance between the center of I39 side chain of Fc and the center of the aromatic side
chain of F117 of FcRn; and the distance between the center of I39 side chain of Fc and the
center of aromatic side chain of W131 of FcRn (lower panel of Figure 6). Other residues
such as L37, M38, S40, and T42 of Fc are anchored around the inside wall of this
hydrophobic well, indicating that this hydrophobic core is critical for the association
between human FcRn and Fc. The subsite S2 is located right under subsite S1, and is formed
by the salt bridge between negatively charged E115 from the heavy chain of FcRn and the
protonated H96 of Fc (Figure 5A, upper panel of Figure 6). The protonated H96 of Fc is also
hydrogen-bonded with the carbonyl oxygen atom on the backbone of K41. E115 from the
heavy chain of FcRn is also salt-bridged with the positively charged N-terminal group of
residue I1 from the light chain of FcRn, and is hydrogen-bonded with the –NH group on the
backbone of H96 of Fc (Figure 5B). The subsite S3 is situated just above subsite S1. It is
formed by a salt bridge between the negatively charged residue D130 of FcRn and the
protonated H221 of Fc (Figure 5, upper panel of Figure 6). The protonated H221 of Fc also
closely contacts with the aromatic side chain of residue W131 of FcRn through cation-π
interactions (Figure 5B, upper panel of Figure 6). As the protonated H96 and H221 play
such important roles in human FcRn-Fc binding by forming critical salt bridges and cation-π
interactions under the acidic condition, it is reasonable to assume that human FcRn-Fc
binding at the physiological pH 7.4 can be weakened dramatically due to the break of these
critical inter-molecular interactions. Other complementary intermolecular interactions
include the hydrophobic contacts between residue W131 of FcRn and L100 of Fc,
hydrophobic contacts between residue P132 of FcRn and L37 of Fc, hydrophobic contacts
between residue I1 of the light chain of FcRn and residue L95 of Fc (Figure 5B, Table 1). In
addition, the negatively charged E133 side chain and the hydroxyl group on the Y88 side
chain of FcRn are both hydrogen-bonded with residue S40 of Fc. As shown in Figure 5B
and listed in Table 1, N220 side chain of Fc is hydrogen-bonded with the carbonyl oxygen
atoms on the backbone of G129 and W131 of FcRn. The positively charged side chain of
K74 of Fc is hydrogen-bonded with the carbonyl oxygen on the side chain of residue Q2
from the light chain of FcRn (Figure 5B, Table 1).

Comparison with available experimental data
As a large number of Fc mutants have been tested and reproted,10,11,19,33,36,39 it is
interesting for validation of the modeling to appropriately compare our modeled human
FcRn-Fc binding structure with the available experimental data. As discussed below, the
modeled human FcRn-Fc binding structure is qualitatively consistent with all of the
experimental observations and data.

All of the reported mutants can be categorized roughly into three groups. One group of
mutants were focused on subsite S1 (Figure 5A) around residues #38, #40, and #42. Another
group of mutants were focused on residue #220, which is nearby subsite S2 (Figure 5B). The
third group is associated with mutations on residues that are far away from human FcRn-Fc
binding interface. As shown in our modeled human FcRn-Fc binding structure, residue I39
of Fc is orientated inside the hydrophobic pocket formed by residues L112, F117, and W131
of FcRn. If I39 side chain of Fc is replaced with a smaller or bigger one, it will definitely
reduce the hydrophobic packing between FcRn and Fc. The observation that the I39A
mutant of Fc showed no detectable affinity with FcRn33 is consistent with the structural
features around subsite S1 of our modeled FcRn-Fc binding structure. According to our
modeled human FcRn-Fc binding structure, residue M38 of Fc is close to R41 side chain of
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Fc on the surface, and has no direct contact with the surrounding polar or charged residues
like S40 of Fc and E133 of FcRn. Our modeled FcRn-Fc binding structure suggests that the
binding affinity is expected to improve when residues M38, S40, and/or T42 of Fc are
mutated into bigger, polar, or charged residues. Specifically, if M38 is mutated into a polar
or aromatic residue, it could improve the local intermolecular or intra-molecular
interactions, e.g. better packing with positively charged side chain of residue R41 of Fc
would enhance the intra-molecular interaction of Fc. As observed in our modeled M38-
related mutant-type FcRn-Fc structures, the M38Y, M38W, M38F/T42D, and M38Y/S40T/
T42E mutations do have cation-π interactions with residue R41 of Fc (Figure 7A).
Accordingly, these improvements around subsite S1 on residues S40 and T42 together with
M38 of Fc are beneficial to the FcRn-Fc association. These observations around residue
M38 of Fc from our modeled human FcRn-Fc binding structure and the mutant structures
agree well with the results of experimentally measured Kd values (Table 2) and the
increased in vivo half-life of these mutants focused on M38, S40, and T42.19,32,33,35

The results of sequence alignment (Figures 1 and 3) and our modeled human FcRn-Fc
binding structure (Figures 4 and 5) suggest that, residue N220 of human Fc is not
compatible with the neighboring hydrophobic residue L135 of human FcRn. Although
residue N220 is conserved among all the species (human, monkey, rat, and mouse), the
counter partner on the FcRn side for residue N220 of Fc is changed from the negatively
charged residue (D137 of rat Fc or E137 of mouse Fc) to a hydrophobic leucine (L135 of
human FcRn or monkey FcRn). Structurally, this change from D/E to L on the FcRn side
from mouse/rat to human/monkey does certainly decrease the binding affinity of human
FcRn-Fc binding. Accordingly, the binding affinity of rat FcRn associated with rat Fc under
acidic condition should be higher than that of human FcRn associated with human Fc. This
structural difference on the binding interface of FcRn-Fc complex is the reason why the
experimentally measured affinity of wild-type rat/mouse FcRn-Fc binding is higher than that
of the wild-type human FcRn-Fc binding.33 This structural difference between the L135-
N220 neighborhood in human FcRn-Fc complex and the D137-N448 neighborhood in rat
FcRn-Fc complex might be one of the factors contributing to the dramatic difference across
species for the affinity of FcRn-Fc binding.45,46 Hence, the wild-type mouse FcRn can still
bind with wild-type human Fc at physiological pH 7.4 with the affinity at μM level. Based
on our modeled structure of human FcRn-Fc complex (Figures 4 and 5), we would propose
that residue N220 of human Fc be mutated into a smaller hydrophobic residue such as
alanine or a larger aromatic residues such as tyrosine or tryptophan in order to enhance the
human FcRn-Fc association. Our modeled mutant-type human FcRn-Fc complexes
generated from the mutations on residue N220 of human Fc also indicate that N220A,
N220Y, N220H, and N220W are all good choices to enhance the affinity of human FcRn-Fc
binding (Figure 7B). The reported affinity changes (see Table 2)19,34,36,39 of human FcRn-
Fc binding from the mutations involving residue N220 are consistent with the observable
structural features around N220 residue in our modeled structure of human FcRn-Fc
complex.

Based on our modeled human FcRn-Fc binding structure, the T36Q mutation may enhance
the interactions between the Cγ2 and Cγ3 domains of Fc, thus further stabilizing the FcRn-
Fc complex. According to the Fc structure in our modeled human FcRn-Fc complex, residue
P43 packs against the protonated side chain of residue H96 and, thus, the P43I mutation
should improve the intra-molecular packing of Fc. The T93Q mutation may help to increase
the opportunity of hydrogen bonding with residue Q2 from the light chain of FcRn and, thus,
it can be expected that the T93Q mutation is beneficial to FcRn-Fc binding. The V94T
mutation of Fc may enhance the intra-molecular hydrogen bonding with its neighboring
backbone carbonyl atoms of Fc. The L95P, Q97S, and Q97I mutations would not benefit the
inter-molecular interactions between human Fc and the light chain of human FcRn. In the
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human Fc structure, residue D162 is neighbored with residues P33, L37, and W99 so that
the D162V mutation may make a better intra-molecular packing and, thus, indirectly
enhance the FcRn-Fc association. As residue A164 of Fc is situated between the Cγ2 and
Cγ3 domains, and it is close to residue P33 of human Fc, the A164V mutation may improve
its hydrophobic interaction with residue P33 and, thus, is helpful for human FcRn-Fc
binding. Residues G171, G172, P173, and N175 of human Fc are located far away from the
binding interface in human FcRn-Fc complex and, hence, these residues should have no
direct impact on the affinity of FcRn-Fc binding. As observed in the Fc structure in human
FcRn-Fc complex, residue M214 is close to M38, but not directly involved in the inter-
molecular interaction. It can be expected that the M214L mutation has no significant effect
on the human FcRn-Fc binding.

In order to better understand the structure-binding affinity correlation based on the
experimental binding affinity data available in literature,33,36,39 we performed binding
energy calculations by using the ZRANK score function based on the energy-minimized
mutant-type human FcRn-Fc binding structures. By using the calculated binding energies,
we evaluated the binding energy difference ΔΔEcalc, i.e. the mutational-caused shift of the
binding energy from the wild-type FcRn-Fc binding to the mutant-type FcRn-Fc binding
(ΔΔEcalc = ΔEmutant –ΔEwild-type). Summarized in Table 2 are the calculated ΔΔEcalc values,
along with the reported dissociation constant (Kd) values and the corresponding binding free
energy differences derived from the use of experimental Kd values and equation ΔΔG =
RTlnKd(mutant)/Kd(wild-type). Based on the calculated results, a negative ΔΔEcalc value
suggest that the particular Fc mutation should enhance to the human FcRn-Fc binding,
whereas a positive ΔΔEcalc value will be definitely detrimental to the FcRn-Fc association.
According to the calculated ΔΔEcalc values listed in Table 2, ΔΔEcalc is a plus value for the
I39A mutant, but a negative value for each of the remaining mutants of human IgG1-Fc,
suggesting that all these mutants of human Fc should enhance the affinity of human FcRn-
Fc binding except the I39A mutant.

It should be noted that the above-discussed binding energy calculations using the ZRANK
score function were all performed on the human FcRn-Fc binding structures that were
energy-minimized with explicit solvent water molecules. Further, we also energy-minimized
the wild-type and mutant-type human FcRn-Fc binding structures by using an implicit
solvent model, i.e. Generalized Born (GB) model,56,57 and repeated the binding energy
calculations (using the same ZRANK score function) with the energy-minimized human
FcRn-Fc binding structures. It turned out that the ΔΔEcalc values (provided as
Supplementary Information) calculated with the human FcRn-Fc binding structures based on
the implicit solvent model are close to the corresponding the ΔΔEcalc values (Table 2)
calculated with the human FcRn-Fc binding structures based on the explicit solvent water
molecules, with a high linear correlation coefficient (R = 0.99). Both the explicit and
implicit solvent models led to similar ΔΔEcalc values, with the signs of the calculated
ΔΔEcalc values being consistent with those of the corresponding experimental data.

On the other hand, one may also note in Table 2 that the directly calculated ΔΔEcalc value is
always either much more negative or much more positive compared to the experimentally
derived binding free energy difference (ΔΔGexpt). In other words, the calculations using the
ZRANK score function systematically estimated the binding energy shifts from the wild-
type Fc to the mutants. Nevertheless, based on the data collected in Table 2, there is a
reasonable (though not perfect) linear correlation relationship between the calculated
ΔΔEcalc values and the experimentally derived ΔΔGexpt values, with a correlation coefficient
of 0.54 and the standard deviation of 0.68 kcal/mol. The reasonable agreement between the
calculated and experimental binding energies further supports the conclusion that our
modeled human FcRn-Fc binding structure is reasonable. Based on the modeled human
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FcRn-Fc binding structure, in order to predict the binding energy more accurately, one might
have to perform a potential of mean force (PMF) simulation (with a sufficiently large
number of windows) on the binding/unbinding process of each FcRn-Fc binding complex
(with the wild-type or a mutant), as we did for other protein-ligand binding
complexes.58,59,60 On the other hand, the MD sampling-based PMF simulations on all of the
FcRn-Fc binding complexes (with the wild-type and mutants) concerned in the current study
would be very time-consuming. In any situation, it can be expected that our modeled human
FcRn-Fc binding structure will help to design novel human Fc mutants that may be used to
significantly prolong the in vivo half-lives of Fc-fused therapeutic proteins.

Conclusion
The detail analysis of the FcRn and IgG1 Fc sequences from various species (human,
monkey, rat, and mouse) has revealed the interesting similarity and differences between
different species. Based on the aligned amino acid sequences, the structure of human FcRn
binding with human Fc has been constructed by performing homology modeling and
molecular dynamics simulations. According to the modeled human FcRn-Fc binding
structure, the binding interface of human FcRn with human Fc is composed of three subsites
denoted as S1 to S3. The first subsite S1 is a hydrophobic core where residue I39 of human
Fc can be accommodated very well. The second subsite S2 and the third subsite S3 are all
composed of critical salt bridges between human FcRn and human Fc. The modeled
structures of human FcRn binding with wild-type human Fc and its mutants, as well as the
calculated binding free energies, are qualitatively consistent with the available experimental
data, suggesting that the modeled human FcRn-Fc binding structure is reasonable. The
modeled human FcRn-Fc binding structure may be valuable for rational design of novel
mutants of human Fc and Fc-fused therapeutic proteins that can more potently bind with
human FcRn to prolong their in vivo half-lives in human.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence alignment of the heavy chain of FcRn from human (H), monkey (MK), rat (R),
and mouse (M). The position of the signal peptide is also indicated by arrows and labeled.
Residues in red color are at the binding interface with human Fc, and residues in blue color
are the sites for glycosylation. The overall homology between human FcRn and monkey
FcRn is 96.0%, 89% between rat FcRn and mouse FcRn, and 64% between human FcRn
and rat FcRn.
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Figure 2.
Sequence alignment of the light chain (β2m) of FcRn from human (H), monkey (MK), rat
(R), and mouse (M). Red colored residues are at the binding interface with Fc. The overall
homology is ~85% for the light chain of Fc from these different species.
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Figure 3.
Sequence alignment of human Fc from human (H), monkey (MK), rat (R), and mouse (M).
Residues in red color are on the binding interface with human FcRn. The blue colored
residue is the common glycosylation site. Indicated is the rough division position (red
straight line and black arrows) between the Cγ2 and Cγ3 domains of Fc.
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Figure 4.
The energy-minimized structure of human FcRn-Fc binding complex in comparison with
reported X-ray crystal structures of lignd-free human FcRn and human Fc. (A) The heavy
chain of human FcRn is represented as orange ribbon, and magenta ribbon for the light chain
(β2m) of human FcRn. Human Fc is also represented as ribbon colored in cyan for one
subunit and blue for another subunit. The binding interface between human FcRn and
human Fc is roughly represented as three subsites (S1, S2, and S3) as labeled. (B) Human
FcRn-Fc complex superimposed with that of rat FcRn-Fc complex26 (PDB code 1I1A, green
ribbon), ligand-free human FcRn22 (PDB code 3M17, yellow ribbon); only Cα atoms were
used in the superimposition. The positional RMSD for Cα atoms between human FcRn-Fc
structure and the rat FcRn-Fc structure is 0.96 Å, and the RMSD between the human FcRn
in human FcRn-Fc complex and the ligand-free human FcRn is 0.79 Å. (C) Human FcRn-Fc
binding complex superimposed with two typical ligand-free Fc structures. One ligand-free
human Fc structure corresponding to PDB code 3AVE28 (green ribbon) has a positional
RMSD value of 1.55 Å for the Cα atoms. Another ligand-free human Fc structure
corresponding to PDB code 1H3Y27 (yellow ribbon) has an RMSD value of 1.85 Å.
Obvious differences appeared at the relative position of the Cγ2 domain of each subunit of
human Fc dimer.
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Figure 5.
(A) Structural features of the subsites S1, S2, and S3 on the binding interface of human
FcRn-Fc complex. The interface on the FcRn side is represented by molecular surface, while
residues of Fc are show as sticks. The color scheme is the same as that shown in Figure 4.
(B) Atomic details of the inter-molecular interactions on the binding interface of human
FcRn-Fc complex. The proteins are represented as colored ribbon. The residues on the
binding interface are shown as sticks and the hydrogen bonding interactions are represented
as dashed lines with the distances labeled in Å. The color scheme is also the same as that in
Figure 4.
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Figure 6.
Tracked key internuclear distances in the MD-simulated human FcRn-Fc binding structure.
Upper panel: L112—I39 represents the distance between the center of L112 side chain of
FcRn and the center of I39 side chain of Fc; F117--I39 refers to the distance between the
center of F117 side chain of FcRn and the center of I39 side chain of Fc; and W131—I39
refers to the distance between the center of W131 side chain of FcRn and the center of I39
side chain of Fc. Lower panel: E115(Oε1/Oε2)—H96(Hδ1/Hε2) represents the shortest
distance between the charged atoms (Oε1 or Oε2) on E115 side chain of FcRn and the
hydrogen atoms on the protonated H96 side chain of Fc; D130(Oδ1/Oδ2)--H221(Hε2/Hδ1)
refers to the shortest distance between the negatively charged atoms (Oδ1 or Oδ2) on D130
side chain of FcRn and the hydrogen atoms on the protonated H221 side chain of Fc; and
W131—H221 refers to the cation-π interaction distance between the center of W131 side
chain of FcRn and the center of H221 side chain of Fc.
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Figure 7.
(A) Representative of the intra-molecular interactions between the aromatic side chain of
residue #38 and the positively charged side chain of residue R41 from human Fc after
superimposing with the mutant-type human FcRn-Fc binding structures. M38Y mutant is
colored blue, M38W mutant is colored cyan, M38F/T42D mutant is colored magenta,
M38Y/S40T/T42E mutant of Fc in the modeled human FcRn-Fc complex is colored orange,
and the ligand-free M38Y/S40T/T42E mutant Fc structure from X-ray diffraction22 is
colored green. (B) The intermolecular packing between residue L135 of human FcRn and
the mutated residues at #222 of human Fc in the modeled mutant-type FcRn-Fc binding
structures. N222A mutant of Fc is colored blue, N222H mutant is colored cyan, N222Y
mutant is colored orange, and N222W mutant is colored magenta.
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Table 1

Key inter-molecular interactions in the optimized human FcRn-Fc binding structure.

FcRn Distance (Å) Fc

Hydrophobic contacts (listed as shortest distance, cutoff of 5 Å)

residue Atom atom residue

W131 Cε2 4.43 Cγ2 I39

L112 Cδ2 3.88 Cδ1 I39

F117 Cβ 3.75 Cδ1 I39

P132 Cγ 4.12 Cδ2 L37

I1 (β2m) Cβ 4.08 Cδ1 L95

W131 Cζ2 3.67 Cδ2 L100

Salt bridge and hydrogen bonding

D130 Oδ2 1.78(salt bridge) Hε2 H221

E115 Oε2 1.81(salt bridge) Hδ1 H96

E115 Oε2 1.74 (Hydrogen bonding) Backbone NH H96

E133 Oε1 1.90 (Hydrogen bonding) Backbone NH S40

Y88 Hydroxyl hydrogen 2.00 (Hydrogen bonding) Oγ S40

G129 O=C 2.13(Hydrogen bonding) Hδ21 N220

W131 O=C 2.02 (Hydrogen bonding) Hδ22 N220

Q2 (β2m) Oε1 1.77 (Hydrogen bonding) Hζ K74
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Table 2

Calculated Fc mutation-caused shifts (ΔΔEcalc, kcal/mol) of human FcRn-Fc binding energy in comparison
with available experimental data (ΔΔGexpt, kcal/mol).

Fc and its mutants ΔΔEcalc
a ΔΔGexpt

b Kd (nM)c Ref.

Human IgG1-Fc 0.00 0.00 2527±117 33

I39A +33.88 N.D.d 33

M38Y −21.45 −0.92 532±37 33

M38W −20.72 −1.08 408±24 33

M38F/T42D −32.45 −0.59 933±170 33

M38Y/T42Q −5.28 −0.89 560±102 33

N220F/Y222H −67.35 −0.97 493±7 33

M38Y/S40T/T42E −13.03 −1.43 225±10 33

V94T/L95P/Q97S −11.18 −0.15 1964±84 33

G171D/Q172P/N175S −30.57 −0.09 2164±331 33

H219R/N220Y/Y222H −54.46 −0.99 472±61 33

H219K/N220F/Y222H −61.84 −1.09 399±47 33

G171R/Q172T/P173R/N175P −13.11 −0.26 1620±61 33

M38Y/S40T/T42E/H219K/N220F/Y222H −45.23 −2.40 44±3 33

M38Y/S40T/T42E/G171R/Q172T/P173R/N175P −11.54 −1.39 243±48 33

Human Fc 0.00 0.00 1700±20 39

N220A −23.11 −0.65 570±30 39

N220H −6.43 −0.90 370±30 39

N220Y −66.97 −1.83 78±12 39

N220W −57.24 −2.16 44±5 39

A164V/N220A −26.04 −0.87 390±40 39

N220A/Y222I −14.98 −0.95 340±80 39

M38Y/N220A −18.22 −1.21 220±20 39

M214L/N220A −17.93 −1.03 300±40 39

V94P/N220Y −65.17 −3.03 10.2±1.8 39

T93Q/N220A −8.67 −1.17 235±20 39

T36Q/M214L −28.63 −1.17 234±22 39

V94P/N220A −18.04 −1.84 76±10 39

T93Q/E166A/N220A −5.41 −1.07 280±10 39

M38Y/V94P/N220Y −60.76 −3.63 3.7±1.0 39

Human Fc 0.00 0.00 37±5 36

D162V/N220H −28.31 −1.60 2.5±1.4 36

P43I/Q97I −5.47 −1.76 1.9±0.4 36
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Fc and its mutants ΔΔEcalc
a ΔΔGexpt

b Kd (nM)c Ref.

P43I/N220H −11.22 −1.65 2.3±0.2 36

a
Directly calculated binding free energy shift from human FcRn binding with wild-type human Fc to human FcRn binding with the mutant of

human Fc.

b
The binding free energy shift (from human FcRn binding with wild-type human Fc to human FcRn binding with the mutant of human Fc) derived

from the experimentally measured dissociation constant (Kd) change as according to equation ΔΔG=RTlnKd(mutant)/Kd(wild-type).

c
The experimental dissociation constant for the FcRn-Fc binding reported in literature cited.

d
No detectable binding.
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