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ABSTRACT 
The crystallizable fragment (Fc) domain of immunoglobulin subclass IgG1 antibodies is engineered for 
a wide variety of pharmaceutical applications. Two important structural variables in Fc constructs are 
the hinge region connecting the Fc to the antigen binding fragments (Fab) and the glycans present in 
various glycoforms. These components affect receptor binding interactions that mediate immune acti
vation. To design new antibody drugs, a robust in silico method for linking stability to structural 
changes is necessary. In this work, all-atom simulations were used to compare the dynamic behavior 
of the four structural variants arising from presence or absence of the hinge and glycans. We 
expressed the simplest of these constructs, the ‘minimal Fc’ with no hinge and no glycans, in 
Escherichia coli and report its crystal structure. The ‘maximal Fc’ that includes full hinge and G0F/G1F 
glycans is based on a previously reported structure, Protein Data Bank (PDB) ID: 5VGP. These, along 
with two intermediate structures (with only the glycans or with only the hinge) were used to inde
pendently measure the stability effects of the two structural variables using umbrella sampling simula
tions. Principal component analysis (PCA) was used to determine free energy effects along the Fc’s 
dominant mode of motion. This work provides a comprehensive picture of the effects of hinge and 
glycans on Fc dynamics and stability.
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Introduction

Immunoglobulins of subclass IgG1 make up the majority of 
therapeutic monoclonal antibody (mAb) drugs. The IgG1 pro
tein is a 150 kDa tetramer, consisting of two heavy chains 
(HC) and two light chains (LC) covalently linked by disulfide 
bonds (Figure 1). Each antigen binding region (Fab) consists 
of a whole LC and half of an HC. The remaining halves of 
the two HC form the Fc, which induces immune system acti
vation by binding to various receptors. The flexible linker 
between the Fabs and the Fc is the hinge; its two disulfide 
bonds are the only covalent connection between the HC. To 
enable biopharmaceutical companies to perform the types of 
analysis required during product development and for FDA 
approval, NIST Reference Material (RM) 8671, called the 
NISTmAb, was developed from an IgG1j mAb (Schiel et al., 
2014, 2018). The structure of the NISTmAb Fc homodimer 
has been reported and is in the Protein Data Bank (rcsb.org) 
as 5VGP, along with about 100 other human Fc structures 
(Gallagher et al., 2018). In 5VGP as in nearly all Fc crystal 
structures, the hinge is present but unobserved due to its 
mobility. In an Fc, each chain forms two domains, CH2 and 
CH3, connected by an outward-projecting loop called the 
elbow. The two chains interact noncovalently through an 
extensive interface between the C-terminal CH3 domains. 

The two halves also interact through their asparagine-linked 
(N-linked) glycans attached at Asn300 in the CH2 domain, 
and in the hinge (Figure 1). The dimer is flexible within each 
chain at the elbow, giving the CH2 domains freedom to 
swing independently with respect to the CH3 dimer. This 
intrinsic flexibility is confirmed through analysis of Fc struc
ture coordinates deposited in the Protein Data Bank 
(rcsb.org), where the distance between the CH2 domain cen
ters of mass ranges from 32 Å to 39 Å (Supplementary 
Figure 1 and Supplementary Table 1). The CH2-CH3 interface 
has been described as a ball-and-socket joint (Chiu et al., 
2019), and while long timescale molecular dynamics (MD) 
simulations have been performed on Fc domains, the results 
state that the motion of Fc remains undersampled due to 
the complexity of this large dimeric glycoprotein (Frank 
et al., 2014).

Two key targets of engineered IgG proteins in general 
and the Fc domain in particular are glycans and disulfides. 
The N-linked glycans have been reported to affect Fc dynam
ics (Russell et al., 2018), and glycoengineering of therapeutic 
antibodies has become an active area of therapeutic research 
(Kiyoshi et al., 2017). The hinge region of IgG1 Fc is impor
tant to the full molecule’s conformational dynamics and is in 
part characterized by two inter-strand disulfide crosslinks in 
the core ‘CPPCP’ motif. In crystal structures of the isolated Fc 
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domain the hinge is largely unstructured and missing dens
ity, even though it is generally present in those crystals. As a 
result, the hinge conformational properties and its contribu
tion to Fc domain dynamics remain largely unknown and 
structurally under-characterized, though it remains a target 
for engineering (Dall’Acqua et al., 2006; Presta, 2008; Yan 
et al., 2012). Both glycans and the disulfide containing hinge 
have been targets of mutagenesis attempting to exert thera
peutic control over the human immune response (Deveuve 
et al., 2020; Valeich et al., 2020). Additionally, current ‘Fc- 
fusion’ drugs on the market, including EnbrelVR (entanercept), 
retain the antibody hinge region and Fc domain while 
attaching a polypeptide drug product, in order to prevent 
degradation and extend the serum half-life of the drug 
(Duivelshof et al., 2021; Jafari et al., 2017). We can also con
sider functionalized Fc domains, which have been independ
ently optimized to contain antigen binding sites while 
retaining the biophysical properties of the Fc, including 
effector functions and increased half-life (Traxlmayr et al., 
2011; Wozniak-Knopp et al., 2010). In general, the functional 
accessibility of the drug moieties depends on the geometry 
and dynamics of the hinge and Fc.

Molecular dynamics (MD) studies have been performed to 
characterize the Fc domain (Frank et al., 2014; Lai et al., 
2014; Lee & Im, 2017; Ma, 2021; Yanaka et al., 2019). State-of- 
the-art force fields and explicit solvent, and in some cases 
enhanced sampling with replica exchange MD (Harbison & 
Fadda, 2020) were used to characterize the conformational 
variability between each chain’s CH2 and CH3 domains and 
to map the carbohydrate conformations and contacts (Buck 

et al., 2013; Frank et al., 2014; Kiyoshi et al., 2015; Losonczi & 
Prestegard, 1998). Each of these studies, though limited to 
the local energy minimum described by various crystal struc
tures of Fc, yield significant insights into the ground state 
behavior of this important IgG1 domain. MD simulations 
were also used to generate conformational ensembles of the 
Fc domain that were validated through comparison to 
experimental SAXS profiles (Yanaka et al., 2019). This data 
showed that a single structure fit to experimental SAXS 
curves was inadequate to describe the conformational 
dynamics of Fc, and a multiconformational fit was necessary 
(Yanaka et al., 2019). To build on the above studies, stability 
measurements in terms of free energies are necessary to 
quantify stability, which has been primarily assessed until 
now through root mean square deviation (RMSD) and root 
mean square fluctuation (RMSF) measurements.

In this study, we use umbrella sampling molecular dynam
ics simulations to probe the stability of the Fc dimer and 
describe the contributions of various Fc constructs (detailed 
in Figure 1) using free energies. To enhance our knowledge 
of structural data for Fc constructs, we report the crystal 
structure of the NISTmAb human IgG1 Fc construct (at 2.0 Å 
resolution), expressed in Escherichia coli, absent glycans and 
the hinge. We find that while the hinge and glycans both 
stabilize the Fc overall, the hinge and glycans have distinct 
local effects that disrupt closed and open dimer conforma
tions, respectively. We report the differences in Fc domain 
average conformational characteristics as well as free ener
gies of opening for þ/- hinge and þ/- glycans, providing a 
robust picture of Fc domain dynamics under a range of 

Figure 1. Inset panel: Diagram showing key parts of an IgG1 antibody. N and C termini of each chain are labeled. The Fc domain comprises the CH2 and CH3 
domains of both heavy chains. Glycans (red and orange ovals) are attached to the CH2 domains. The hinge (magenta) contains two disulfide bridges that are the 
only covalent connections between the heavy chains. (The antibody has 14 additional disulfide bridges that are not shown.) The four Fc forms studied in this work, 
featuring the presence or absence of glycans (colored red and orange) and hinge (colored magenta). Sources of initial coordinates are described in the Methods 
section.
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conditions. This technique can be used for reporting stability 
of the Fc domain due to changes in the protein, enabling 
fast analysis of subsequent proposed changes for engineer
ing Fc domains.

Methods

Production of Fc(-G-H) in E. coli

A gene encoding the Fc fragment was designed to express 
the IgG1 heavy chain residues 238 to 450, with the first two 
residues replaced by Met-Ala. The gene was synthesized and 
cloned into a pET-21a vector by GeneArt (Thermo Fisher 
Scientific) to enable E. coli expression. The Fc gene was 
cloned between the NdeI and XhoI restriction sites with two 
stop codons upstream of the XhoI site, thus not including a 
tag in the expressed Fc. The Fc protein was expressed in 
ShuffleVR Express cells (New England Biolabs) by incubating a 
single colony containing the plasmid overnight at 30 �C 
degrees with orbital shaking at 250 RPM. Two 4 L baffled 
flasks containing Luria broth (LB) pre-warmed to 30 �C were 
inoculated with 20 mL of the overnight culture and shaken 
at 190 RPM until OD600 0.8. The cultures were then cooled 
on ice to 15 �C and allowed to grow (� 1 h) until an OD600 

1.2 was reached. Expression was then induced by adding 
Isopropyl b-D-1-thiogalactopyranoside (IPTG) at 0.66 mmol/L 
final concentration. Cultures were allowed to express for 
approximately 35 h at 15 �C with shaking at 190 RPM, and 
then harvested by centrifugation at 5 000 x g to yield 
approximately 19 g of wet cell paste that was recovered and 
stored at -80 �C.

To purify the protein the cells were lysed in three-fold 
concentrated (3 x) phosphate-buffered saline (PBS) (5 mL/g 
wet cell mass) by two passes through a cell disruptor 
(Constant Systems Ltd.), operating at 172 mPa (25 000 psi). 
After disruption, phenylmethyl sulfonyl fluoride (PMSF) was 
added to 1 mmol/L, and the sample was centrifuged at 30 
000 x g for 30 min. Temperature was maintained below 10 �C 
during centrifugation. The supernatant was loaded onto a 
5 mL Protein A column (MabSelect SureTM) equilibrated in 2 
x PBS. The column was washed with 5 column volumes (CV) 
of 2 x PBS, 20% ethylene glycol, then eluted with 0.1 mmol/L 
sodium citrate, pH 3.1, and the eluent was pH-neutralized 
with 1 mol/L Tris pH 9.0 (100 mL per mL of eluent). The pro
tein was further purified by size exclusion chromatography 
using a Superdex-100 column equilibrated in 2 x PBS and 
operating at 2.5 mL/min for 1.5 CVs. The peak at � 45 kDa 
was collected and contained the dimeric ecFc protein. The 
buffer of the protein sample was changed to 25 mmol/L his
tidine buffer using a desalting column. Prior to crystallization, 
the protein was dialyzed into 100 mmol/L NaCl, 25 mg/mL 
histidine, pH 6 for crystal screening.

Crystallization and structure determination

Crystal screening against about 300 conditions yielded clus
ters of rectangular bars from several polyethylene-glycol- 
plus-salt conditions near neutral pH. Optimization led to 20% 

polyethylene glycol 6000, 40 mmol/L calcium chloride, 
100 mmol/L Na�HEPES, pH 7.0. Single crystals were harvested 
and cryocooled by plunging into liquid nitrogen and kept at 
100 K through data collection at beamline 23-ID-D of the 
Advanced Photon Source at Argonne National Laboratory, 
where a diffraction dataset to 2.0 Å resolution was collected 
(see Table 1).

The structure was solved by molecular replacement using 
the program Phaser (McCoy et al., 2007), using an Fc starting 
model based on PDB entry 5VGP (Gallagher et al., 2018). The 
starting model was prepared by removing its termini and 
loops. These parts were then rebuilt to difference electron 
density maps in an iterative process, utilizing the crystallo
graphic refinement suite CCP4.(Winn et al., 2011) The 14,000- 
nonhydrogen-atom structure underwent 10 rounds of refine
ment, each round comprising map inspection, model adjust
ments, cycles of global minimization using REFMAC 
(Murshudov et al., 1997), and calculation of a new map. 
Model adjustments gradually gave the model its own struc
ture, fitting its own diffraction data and diverging from the 
5VGP PDB entry coordinates by a heavy atom RMSD of 1.67 
Å (Supplementary Figure 2) (Gallagher et al., 2018). The pro
grams PYMOL (Schr€odinger & DeLano, 2020) and VMD 
(Humphrey et al., 1996) were used for molecular graphics, 
model adjustments, and making Figures. Analysis of crystal 
contacts utilized PISA (Krissinel & Henrick, 2007). Refinement 
of the structure (Table 1) led to the final deposited model 
PDB:7RHO.

Molecular modeling and dynamics of Fc truncation 
mutants

Coordinates for the four systems studied using molecular 
dynamics were built from three different starting coordinate 
sets, the details of which are summarized in Figure 1 and 

Table 1. Diffraction and refinement statistics for structure 7RHO.

PDB accession code 7rho

Data collection
Space group P 21 21 21
Unit cell lengths (Å) 52.84, 150.39, 241.43
Resolution range (Å)a 15.0 – 2.0 (2.12 –2.0)
Total reflections 114,393 (10,100)
Multiplicity 11.0 (9.9)
Rmerge

b 0.080 (1.639)
Mean I/r(I) 15.3 (1.4)
Refinement
Resolution range (Å) 15.0 – 2.0 (2.05 –2.0)
Reflections useda 110,540 (4022)
Rwork

c 0.220 (0.377)
Rfree

c 0.270 (0.388)
Protein residues 1652
Protein atoms 13,162
Water molecules 665
r.m.s.d. from ideality:

Bond lengths (Å) 0.007
Bond angles (o) 1.328

Ramachandran outliers 0
Clashscore 6.0
Average B factor (Å2) 54.0
aValues in parentheses correspond to the highest resolution shell.
bRmerge ¼

P
jIj− <I>j

P
Ij , where Ij is the intensity of an individual reflection and </> is the aver

age intensity of that reflection.
cRworkðRfreeÞ ¼

P
jjFoj − jFc jj=

P
jFo j; 5.0% of data were used for Rfree .
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Table 2. Fc(þGþH) coordinates were built from NISTmAb 
PDB coordinates truncated to residue Thr228 on each heavy 
chain and include the CPPCP motif hinge region modeled 
from another mAb (PDB ID 1IGT (Harris et al., 1997)) and 
described in detail elsewhere (Bergonzo & Gallagher, 2021). 
Fc(-GþH) starting coordinates were identical to the 
Fc(þGþH) system, with the glycans on each Fc(þGþH) 
chain deleted. Fc(þG-H) coordinates were built from PDB 
entry 5VGP (Karageorgos et al., 2017). The Fc(-G-H) coordi
nates were built from the 7RHO PDB entry coordinates 
described above. For structures containing glycans, the gly
cans were G0F and G1F biantennary complex type glycans, 
attached on chains A and B, respectively, and were built 
based on the reported density in PDB ID 5VGP (Gallagher 
et al., 2018). The glycoforms used were consistent with quan
tified glycan distributions for the NISTmAb (Prien et al., 
2015). Each set of starting coordinates (Fc(þGþH), Fc(- 
GþH), Fc(þG-H), and Fc(-G-H)) were pre-processed using 
PrepareforLeap (Roe & Bergonzo, 2022) to generate LEaP 
input files with disulfide and glycan bonding instructions. 
Coordinate files were built using LEaP with the ff19SB pro
tein force field (Tian et al., 2020), the glycam 06j-1 carbohy
drate force field (Kirschner et al., 2008), and solvated in an 
octahedral box with optimal point charge (OPC) waters using 
a 10 Å buffer from the solute to the edge of the solvent box 
(13383, 22145, 22328, and 15658 water molecules were 
added for the Fc(-G-H), Fc(þG,þH), Fc(-GþH), and Fc(þG-H) 
systems, respectively) (Anandakrishnan et al., 2013). The 
Fc(þG-H) system was neutralized with two Cl- ions, while the 
Fc(-G-H), Fc(-GþH), and Fc(þGþH) systems were neutral. An 
additional 75 Naþ ions and 75 Cl- ions were added to each 
system to approximate a 150 mmol/L to 200 mmol/L NaCl 
solution (Sengupta et al., 2021). Ions were randomized 6.0 Å 
away from solute and 4.0 Å away from each other four times 
and their positions saved to a new coordinate file, with each 
coordinate file used to initiate a simulation. Four independ
ent runs for each structure were minimized and solvent equi
librated using a combination of minimization and MD with 
decreasing positional restraints on the solute, in both NVT 
(canonical ensemble, constant number of molecules, con
stant volume, constant temperature) and NPT (isobaric-iso
thermal ensemble, constant number of molecules, constant 
pressure, constant temperature) ensembles, as specified in 
AmberEQUIL (Roe & Brooks, 2020).

Simulations of the intact NISTmAb were started from the 
model NISTmAb coordinates (Bergonzo & Gallagher, 2021). 
The ff14SB protein force field (Maier et al., 2015), glycam 06j- 
1 carbohydrate force field (Kirschner et al., 2008), and 
solvated in a cubic box with SPC/E waters to minimize the 
number of points in the system (vs. OPC) (Berendsen et al., 
1987), using a 10 Å buffer from the solute to the edge of the 

solvent box (102 215 water molecules added). The NISTmAb 
system was neutralized with 10 Cl- ions, and an additional 
367 Naþ and 367 Cl- ions were added to approximate a 
150 mmol/L solution (Joung & Cheatham, 2008). Ions were 
randomized 6.0 Å away from solute and 4.0 Å away from 
each other four times, with each restart used to initiate a 
simulation. Four independent runs for each structure were 
minimized and solvent equilibrated using a combination of 
minimization and MD with decreasing positional restraints 
on the solute, in both NVT and NPT ensembles, as specified 
in AmberEQUIL (Roe & Brooks, 2020).

MD simulations in the NVT ensemble were run for 1 ls using 
Amber20 pmemd.cuda.MPI (Salomon-Ferrer et al., 2013), with 
default particle mesh Ewald settings including a direct space cut
off of 9.0 Å (Darden et al., 1993). The temperature was main
tained at 300 K using a Langevin thermostat (Loncharich et al., 
1992) and a 2 ps−1 collision frequency. Hydrogen mass reparti
tioning was used to increase masses of hydrogen atoms, allow
ing a 4 fs timestep (Hopkins et al., 2015). SHAKE was used to 
constrain bonds to hydrogens (Ryckaert et al., 1977). Trajectory 
frames were saved every 100 ps.

Umbrella sampling simulations were initiated for each system 
(Fc(þGþH), Fc(-GþH), Fc(þG-H), and Fc(-G-H)) from two of the 
four equilibrated structures described above (Kumar et al., 1992, 
1995). Each equilibrated structure (2 structures per system) was 
used as the starting structure of an umbrella sampling window 
where the center of mass (COM) distance restraint was restrained 
to every 1.0 Å between 30.0 Å and 55.0 Å (26 windows total). 
The center of mass distance restraint was defined as the distance 
between the CH2 domains’ centers of mass of the alpha carbon 
(C-alpha) atoms (Supplementary Figure 3), and each window was 
restrained with 20.92 kJ/mol Å2 (5 kcal/mol Å2) weight restraints. 
NPT simulations were run for each window for 500 ps. 
Supplementary Figure 4 shows the COM distance vs. time, indi
cating each window reached its assigned COM value by the end 
of the equilibration. After each window was equilibrated at its 
target COM distance, production umbrella sampling was run for 
2 ns at 0.5 Å window intervals from 30.0 Å to 55.0 Å (52 win
dows total), where the lower 1.0 Å window’s equilibrated struc
ture was used as a starting point for the 1.0 Å and 0.5 Å interval 
umbrella sampling simulations (i.e. the structure equilibrated at 
30.0 Å was used as a starting structure for the 30.0 Å and 30.5 Å 
windows). Supplementary Figure 5 shows the histogram overlap 
of each 0.5 Å window for the 1.5 ns production dynamics. 
WHAM was used to generate free energy profiles from the COM 
distances recorded at every simulation step (2 fs) over the last 
1.5 ns of each window (Grossfield, 2020; Kumar et al., 1992).

Starting structures for all systems and the analysis scripts 
used to generate the data are provided on Github at https:// 
github.com/cbergonzo/FcHingeGlycans.

Results

Crystal structure of E. coli expressed Fc

The crystal structure of Fc expressed in E. coli (PDB ID: 7RHO, 
Fc(-G-H)) includes four independent copies in the asymmetric 
unit. The proteins form compact egg-shaped dimers with 
two Fc molecules interclasped to form a particle 10 nm long 

Table 2. Source of starting structures and their modifications for simulations 
in this work.

Structure Origin of coordinates Hinge Glycans

Fc(þGþH) NISTmAb model PDB Yes Yes
Fc(-GþH) NISTmAb model PDB Yes No
Fc(þG-H) 5VGP PDB No Yes
Fc(-G-H) 7RHO (this work) No No
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with approximate 222 symmetry (Supplementary Figure 6). A 
similar arrangement was observed in crystal structure 4D2N 
of a deglycosylated IgG4 Fc (Davies et al., 2014). The E. coli 
expressed Fc includes heavy chain residues 240-450, and all 
are visible in at least one of the eight chains, while the two- 
residue N-terminal extension is likely disordered and is not 
observed. The four molecules display some variations in loop 
conformations but superimpose with all pairwise C-alpha 
root mean squared deviation (RMSD) values under 1.8 Å. The 
AB molecule is used to represent Fc(-G-H) as the starting 
structure for MD simulations. Chains A and B overlay onto 
each other with an RMSD of 0.53 Å and onto the previously 
reported structure of 5VGP (Fc(þGþH)), with an RMSD of 
1.1 Å and 1.2 Å, respectively. Superimposing the entire 7RHO 
Fc (A and B chains) onto 5VGP raises the C-alpha RMSD to 
1.4 Å, largely due to their different separation of CH2 
domains, where the domains are 2 Å further apart in 7RHO 
than in 5VGP.

Molecular dynamics simulations characterize Fc 
dynamics

MD simulations were conducted on four systems: Fc(-G-H), 
which has no glycans and no hinge; Fc(-GþH), which has a 
hinge and no glycans; Fc(þG-H), which has glycans and no 
hinge; and Fc(þGþH), which has both glycans and hinge 
(Table 2). Over the course of the microsecond length MD 
simulations, the Fc(-G-H) and Fc(-GþH) systems, both lacking 
glycans, were significantly more flexible than Fc(þG-H) and 
Fc(þGþH), as seen in the average per-residue contributions 
to the root mean square deviation (RMSD) (Supp. Table 2). 
Across all four systems the CH2 domain is more mobile than 
the CH3 domain. The flexible loops at the top of the Fc beta 
hairpins are responsible for the highest per-residue contribu
tion to the RMSD (fluctuations centered around residues 272, 
299, 332 (chains H and V, numbering consistent with 
NISTmAb intact model and PDB ID: 5VGP) in all systems 
(Supplementary Figure 7), with the Fc(-G-H) system showing 
the highest range for overall fluctuation. The trend in aver
age per-residue RMSD reports increased flexibility for systems 
lacking glycans (Fc(-GþH) and Fc(-G-H)), for both the CH2 
and CH3 domains.

Fc domain dynamics can be summarized through con
formational analysis relating to specific inter and intra chain 
angles, dihedrals and distances, reported in Supplementary 
Table 2 (Frank et al., 2014). Trends indicate slightly more 
acute angles between the CH2 and CH3 domains in the Fc(- 
G-H) simulations. The CH2/CH3 dihedral measures the twist 
of the CH2 and CH3 regions of the Fc domain. Average dihe
dral values are wider in the Fc(-G-H) system. The CH2/CH2 
Asn300 distance measures the distance between N-linked 
glycan attachment points. The trend shows wider Asn-Asn 
distances in Fc(-G-H). Overall, while average values tend to 
be outliers for the Fc(-G-H) system, they are not statistically 
different from other systems’ values, and therefore the 
dynamics of each Fc system are similar. Additionally, we 
compare the Fc domain motion in the context of the individ
ual Fc domains to 4 ls of aggregate simulated data for the 

intact NISTmAb in Supplementary Figure 8. The internal 
dynamics shown in the distributions of the CH2-CH3 angle 
and CH2-CH3 dihedral for the Fc fragment by itself matches 
the distributions from the Fc domain of the simulated 
NISTmAb structure. We can conclude that the simulations 
are sampling similar internal domain dynamics for Fc during 
these 1 microsecond-length simulations.

Principal component analysis of Fc domain simulations

The principal components were calculated for the common 
residues of the combined trajectories of each of the four 
simulated systems (using 5VGP sequence as a reference, resi
dues Ser242 through Leu444 inclusive for each chain) and 
are shown in Figure 2A (top five modes shown in 
Supplementary Figure 9). In all systems, the dominant mode 
of motion corresponds to the CH2 domains of each chain 
swinging towards and away from each other. The swing 
directions of the dominant modes for the Fc(-G-H) system 
deviate from those of the other three and are shown by por
cupine plots in Figure 2B. The first PC describes CH2 
domains bending directly towards each other in the XY 
plane, an attribute described by the intra-chain CH2-CH3 
angle in Supplementary Table 2. The second PC describes 
CH2 domains opening and closing in the YZ plane (bending 
out of the screen). The third through fifth PC projections are 
more Gaussian in shape (Supplementary Figure 9), indicating 
the higher frequency motions are more similar and/or better 
converged. Weights for each PC are reported in 
Supplementary Table 3.

The PCs of each individual simulation were determined to 
compare differences between the low-frequency, collective 
motions sampled by each system. The PCs of the Fc(-G-H) 
system were distinct from the other three systems, having 
had the lowest similarity of the first fifteen low frequency 
modes to any other system as compared using the RMS 
inner product (RMSIP) (Table 3) (Amadei et al., 1993). The 
main difference in motion along the first principal compo
nent of each system is illustrated in Figure 2B. The absence 
of both the hinge and glycans in the Fc(-G-H) system enables 
more direct motion of each chain’s CH2 domains directly 
towards each other (Figure 2B, top). Addition of the glycans 
both restricts and reorients the PC motions. Addition of the 
hinge has a similar result.

CH2-CH2 domain opening reports on deformability of 
the Fc domain

For each system, the first PC described the separation 
between the CH2 domains of each chain (Figure 2B). Thus, 
the CH2-CH2 center of mass (COM) distance was used as a 
reaction coordinate in umbrella sampling simulations 
(Supplementary Figure 3) to interrogate Fc flexibility outside 
the well-defined range of local energy minimum described 
by the equilibrium MD simulations above. The Fc dimer was 
pushed together to a COM distance of 30.0 Å and pulled 
apart to a COM distance of 55.0 Å, illustrated in Figure 3A, 
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well past the COM ranges observed in crystal structures of Fc 
(Supplementary Table 1 and Supplementary Figure 1).

Figure 3B shows the resulting free energy profiles from 
umbrella sampling simulations. With the hinge present 
(Fc(þGþH) and Fc(-GþH) systems), a covalent link between 
the two chains exists close to the CH2 domains. Thus, when 

the COM distance is increased, the free energy along the 
reaction coordinate increases due to the strain imposed by 
deforming the hinge. When the hinge is deleted in the Fc(- 
G-H) and Fc(þG-H) systems, this covalent linkage bond does 
not exist and the domains are more easily pulled apart 
(Figure 3B, black line and yellow line, respectively). Though 
the trend is present for systems with and without glycans, 
there is an additional 12.55 kJ/mol (3 kcal/mol) penalty for 
the Fc(þGþH) system with glycans present, showing that 
the glycans contribute significant free energy to the stability 
across the Fc dimer.

When the Fc CH2 COM distance is pushed together, the 
free energy along the reaction coordinate increases in the 
Fc(þGþH) and Fc(þG-H) systems where glycans are present 
(Figure 3B, black line and red line, respectively). In the Fc(-G- 
H) and Fc(-GþH) systems without glycans (Figure 3B, blue 
line and yellow line, respectively) there are lower free ener
gies reported since there is no steric clash between CH2 
domains. The presence of the hinge in the Fc(þGþH) sys
tem adds an additional energy penalty to pushing CH2 
domains closer together (þ8.37 kJ/mol, þ2 kcal/mol).

The free energy curve also displays a broad minimum 
denoting CH2-CH2 distances from 33 Å to 42 Å occupied at 
< 4.18 kJ/mol (1 kcal/mol) free energy. The starting distance 
in the 5VGP crystal structure is 35.7 Å (Supplementary Table 
1). This indicates a very flexible Fc domain exists, both in the 
presence and absence of the hinge and glycans, since it eas
ily adopts structures across the 9 Å wide distance range.

Discussion

Altering CH2 dynamics is a target in engineering therapeutic 
antibodies (Remesh et al., 2018). A useful prediction algo
rithm for biopharmaceutical companies would report the sta
bility of a particular Fc domain modification in a reasonably 
short amount of time (min or h vs. days). To this end, we 
have sought to develop a computational method that makes 
use of all-atom molecular dynamics simulations, which have 

Figure 2. (A) Projection of combined principal components along first two eigenvectors for each Fc truncation system. Images of the Fc domain show porcupine 
plots describing PC motions. (B) Individually calculated first PC for Fc(-G-H) (top) and Fc(þGþH), Fc(þG-H), Fc(-GþH) (bottom) systems. Red colors indicate resi
dues which have the highest fluctuation along this PC. Porcupine images were made using the Normal Mode Wizard (NMWiz) plugin for Visual Molecular Dynamics 
(VMD) (Bakan et al., 2011).

Table 3. Rms inner product between all eigenvectors (15) calculated from 
independent PCA of each system’s simulated trajectories.

System Fc(-G-H) Fc(þGþH) Fc(þG-H) Fc(-GþH)

Fc(-G-H) 1.000 0.839 0.842 0.851
Fc(þGþH) – 1.000 0.893 0.889
Fc(þG-H) – – 1.000 0.899
Fc(-GþH) – – – 1.000

Figure 3. (A) Image of Fc domains at a COM distance of 30 Å, 35 Å and 55 Å. 
(B) Resulting free energies from umbrella sampling simulations for each system 
(Fc(þGþH), black; Fc(þG-H), red; Fc(-GþH), yellow; Fc(-G-H), blue). Averages 
and standard deviations, shown as error bars, are from the last 1.5 ns of two 
independent 2 ns simulations.
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the necessary per-residue resolution required to understand 
subtle modifications to Fc that modulate function (Lobner 
et al., 2016; Ying et al., 2014).

Dihedral and angle measurements between the CH2 and 
CH3 domains averaged across all long MD simulations agree 
with measurements of deposited Fc crystal structures, and 
with the simulations of the intact NISTmAb. Across all four 
systems the CH2 domain is more mobile than the CH3 
domain, in agreement with previous data (Frank et al., 2014). 
Analysis of the glycans in the microsecond length simula
tions confirms the observations of flexibility in both branches 
of each chain’s biantennary glycan, measured experimentally 
by NMR chemical shift (Barb & Prestegard, 2011) and previ
ous molecular dynamics simulations (Fogarty et al., 2020; 
Turupcu & Oostenbrink, 2017), and shown in the 
Supplementary Information phi/psi plots of the Man-a(1-3)- 
Man and Man-a(1-6)-Man linkages (Supplementary Figures 10 
and 11). This helps confirm the importance in describing the 
ensemble dynamics that oscillate around an average Fc 
structure.

While the average values for all systems were within one 
standard deviation of each other (Supplementary Table 2), 
the trend in dynamics of Fc(-G-H) displayed slight differences 
(Figure 2). The first and second combined principal compo
nent projections of the Fc(-G-H) system were non- Gaussian 
outliers (Figure 2A). Further analysis of the independent sys
tems’ principal components (Figure 2B) showed that the Fc(- 
G-H) system was the most different from the other systems, 
through the RMSIP of the calculated set of 15 eigenvectors 
(Table 2). The motion along the first principal component, 
calculated independently for Fc(-G-H), showed CH2 domains 
moving directly towards each other. This motion arises due 
to the lack of covalent linkage between the two protein 
chains (hinge deleted) and lack of non-covalent interactions 
between the two CH2 domains (no glycans). The independ
ently calculated first principal components of the other sys
tems (Fc(þGþH), Fc(þG-H), Fc(-GþH)) show CH2 domains 
moving at an angle, avoiding collision of either hinge, gly
cans, or both. Note that a simple RMSF measurement in this 
case would be of little help to define differences in these 
dynamics (Supplementary Figure 7), as the same CH2 domain 
residues fluctuate in each mode – the direction-dependent 
motion is important to consider here, and points to the diffi
culty of creating robust measurements of biomolecular 
dynamics for these systems.

Fc domain opening is a well-studied phenomenon since 
Fc receptors bind at this location. To quantify the Fc dynam
ics beyond the local energy minimum sampled in the long 
timescale all-atom molecular dynamics simulations, we ran 
umbrella sampling simulations to explore more conform
ational space. We used umbrella sampling along a reaction 
coordinate that pulled apart and pushed together each 
chain’s CH2 domains, to probe past distances observed in 
either simulation or crystal structures of Fc (Supplementary 
Figure 1, Supplementary Table 1). By distributing the biasing 
energy for the conformational change along all CH2 domain 
alpha carbon atoms (104 atoms per domain in total, 
Supplementary Figure 3), we were able to decompose free 

energies along this reaction coordinate, from an over-closed 
distance of 35 Å to a wide distance of 55 Å. These values 
were outside those measured in crystal structures of Fc 
domains (Supplementary Figure 1, Supplementary Table 1).

The presence or absence of glycans has the largest effect 
on the free energy when the distance between CH2 domains 
is short. When glycans are absent (Fc(-G-H) and Fc(-GþH) 
systems), the domains are more easily pushed together. 
However, the presence of the hinge in the Fc(-GþH) system 
introduces a source of steric penalty between the domains, 
slightly raising the free energy at low distances. When gly
cans are present, a larger free energy penalty is present. The 
results are consistent with measured RMSD values which 
indicate that the presence of glycans stabilize the dimer 
across its interface, and result in lower fluctuations overall, 
including in the CH3 domains (Supplementary Table 2).

The presence or absence of the hinge has the largest 
effect on free energy when CH2 domains are pulled apart. 
When the hinge is present, the covalent linkage provided by 
the two disulfide bonds prevents the domains from being 
pulled apart easily, that is, there is a higher free energy pen
alty at longer COM distances. When the hinge is absent, it is 
much easier to pull the CH2 domains apart. Though the 
above trend is present in the hinge (þ/-) systems, there is a 
significant decrease in free energy while pulling CH2 
domains apart when glycans are absent in the Fc(-GþH) sys
tem compared to glycans present in the Fc(þGþH) system. 
This proves that glycans contribute a significant amount of 
energy to stabilizing the Fc domain dimer. To further exam
ine the role of the glycans, we looked at their interactions as 
a function of Fc opening. We observed glycan interactions 
persist longer when the hinge is absent, most likely due to 
the unrestricted motion in the CH2 domains (Supplementary 
Figure 12).

Conclusion

The Fc domain might be thought of as the less flexible 
domain of an IgG, but its dynamics play an important role in 
both determining and engineering function. Though aver
ages from molecular dynamics simulations faithfully repro
duce values observed in crystal structures, the dynamic 
motions of the various Fc hinge and glycan truncations, 
examined using principal component analysis, report on key 
differences. We have shown that upon pulling the Fc dimer 
apart to 55 Å, the presence of the hinge and glycans results 
in a 16.74 kJ/mol (4 kcal/mol) free energy increase over sys
tems with no hinge present, and that the presence of gly
cans contributes 12.55 kJ/mol (3 kcal/mol) free energy to Fc 
domain stabilization. Upon dimer constriction to 30 Å, the 
presence of the glycans results in a 12.55 kJ/mol to 20.92 kJ/ 
mol (3 kcal/mol to 5 kcal/mol) free energy increase over sys
tems without glycans present, with the presence of the 
hinge contributing 8.37 kJ/mol free energy over the hinge- 
less system (2 kcal/mol). The umbrella sampling simulations 
presented here probe Fc domain destabilization with high 
precision, and report stability values in terms of free energy 
on several Fc domain modifications.
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