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Abstract

Therapeutic monoclonal antibodies (mAbs) are the fastest growing group of drugs with 11 new
antibodies or antibody-drug conjugates approved by the Food and Drug Administration in 2018.
Many mAbs require effector function for efficacy, including antibody-dependent cell-mediated cyto-
toxicity triggered following contact of an immunoglobulin G (IgG)-coated particle with activating
crystallizable fragment (Fc) y receptors (FcyRs) expressed by leukocytes. Interactions between
IgG1 and the FcyRs require post-translational modification of the Fc with an asparagine-linked
carbohydrate (N-glycan). Though the structure of IgG1 Fc and the role of Fc N-glycan composition
on disease were known for decades, the underlying mechanism of how the N-glycan affected FcyR
binding was not defined until recently. This review will describe the current understanding of how
N-glycosylation impacts the structure and function of the IgG1 Fc and describe new techniques that
are poised to provide the next critical breakthroughs.
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Introduction Complex molecules have a long history in human health that
Monoclonal antibodies (mAbs) are powerful drugs for cancers, begms. with undefln'ed m1xture§ used as v%ca'cmes'and arrlvmg'at
a seminal moment in 1922 with the administration of a bovine

autoimmune disorders and infection in addition to many other
diseases. Positive drug attributes including high specificity and
tolerance promote the development of mAbs for a wide variety of
targets. Antibodies are complex molecules with multiple polypeptide
chains and post-translational modifications; human immunoglobulin
G1 (IgG1) is a 150 kDa heterotetramer with two conserved Asn-
linked carbohydrate chains (N-glycans) and 16 disulfide bonds
(Figure 1) (Liu and May 2012). Furthermore, proper 3D structure
is critical for mAb function and an important quality attribute
concerning commercial mAb production (Berkowitz et al. 2012).
Thus, the development, evaluation, validation and quality control of
mAbs as drugs differs substantially from small molecule therapeutics
that previously represented the pharmaceutical industry’s primary
products.

pancreatic extract to successfully treat a young male diabetic (Bliss
2007). Each basic discovery, from defining insulin as a protein to
sequencing the polypeptide chains to identifying residues that pro-
mote stability, has led to the improvement of human health through
enhancing insulin formulations, production and from protein engi-
neering (Brange et al. 1991). The development of modern insulin
variants informs the future development of IgG analogs as thera-
peutics. MAbs are predominantly built on an IgG scaffold though
atomic-level details governing critical interactions with the immune
system remain undefined. Based on the recent development of mAbs
and protein therapeutics in general, it is clear that basic descriptions
of IgG structure/function relationships will drive development of the

next generation of drugs.
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Figure 1. The IgG1 Fc N-glycan is essential for binding to the Fc y receptors. (A) IgG1 Fc is a heterotetramer consisting of two Fabs and a single Fc that binds
receptors. (B) The Fc N-glycan forms an interface with Cy2 residues through noncovalent intramolecular interactions. The volume of interacting residues is
shown with a gray background, and individual N-glycan and protein residues are highlighted. Blue squares represent N-acetylglucosamine residues; green

circles, mannose; and yellow circles, galactose.

Two heavy polypeptide chains and two light chains form an IgG
heterotetramer (Figure 1). IgG binds to a target through specifically
optimized loops contained in the antigen binding fragments (Fabs).
The C-terminal halves of the heavy chains form the crystallizable
fragment (Fc) that binds various surface-borne and soluble recep-
tors. IgG Fc contains an N-glycan at Asn297 that is required for
proper interactions with Fc y receptors (FcyRs) and the therapeutic
efficacy of mAbs that elicit antibody-dependent cell-mediated cyto-
toxicity (Nose and Wigzell 1983; Guillerey et al. 2016). Humans
express as many as five activating FcyRs including the high-affinity
FeyRI (CD64) and the low-affinity activating receptors FcyRlla,
FeyRlIlc (expressed by ~20% of individuals (Ernst et al. 2002;
Breunis et al. 2008)), Fcy RIlla and Fcy RIIIb (CD32a, CD32c, CD16a
and CD16D, respectively). Humans also express a single inhibitory
receptor FcyRIIb (CD32b). IgG also binds the C1q component of
complement to elicit complement-dependent cytotoxicity. Though
Clq binding requires oligomerized IgG and binds to a different Fc
surface than the FcyRs (Ugurlar et al. 2018), there are reports that
N-glycan composition affects efficacy (Peschke et al. 2017). The
neonatal Fc receptor and TRIM21 also bind IgG Fc and binding
may be influenced by N-glycan composition (James et al. 2007;
Jennewein et al. 2019). A few groups provided data that indi-
cated DC-SIGN and CD23 bind sialylated IgG (reviewed in Pincetic
et al. 2014), though recent results cast these conclusions into doubt
(Temming et al. 2019).

N-glycan composition impacts mAb recognition, and the com-
position of serum IgG shows strong correlations to disease. The
predominant structure found on serum IgG1 is a complex-type, core
fucosylated, biantennary N-glycan (Figure 2). Modifications at the
non-reducing termini can add one or two galactose residues that
each may be modified with one N-acetylneuraminic acid residue. A

correlation between the degree of galactose modification on IgGl
and rheumatoid arthritis provided the first indication that Fc N-
glycosylation may impact antibody structure and function (Parekh
et al. 1985). More recently, strong connections between the addition
of a core fucose residue to autoimmune disorders among many
IgG studies in serum and in vitro demonstrated that IgG N-glycan
composition is a crucial factor in human health and disease (Figure 2,
residue “0”) (Shields et al. 2002; Lauc et al. 2013; Chung et al. 2014;
Kapur et al. 2014; Mahan et al. 2016; Sonneveld et al. 2017; Clerc
et al. 2018; Doherty et al. 2018).

Surprisingly, the first atomic-resolution structure showed no
direct contact between the Fc N-glycans and the FcyR (Sondermann
et al. 2000). Later x-ray crystallography studies revealed small
differences in IgG Fc quaternary structure, and solution nuclear
magnetic resonance (NMR) spectroscopy showed subtle changes
in Fc structure and FcyR binding that correlated with N-glycan
composition (Krapp 2003; Yamaguchi et al. 2006). These results did
not reveal how N-glycan composition impacted receptor affinity, a
fact complicated by the observation that the Fc N-glycans appeared
immobilized through contacts with the polypeptide (Huber et al.
1976). However, this interpretation was challenged by NMR data
showing that polypeptide contacts only partially restricted motion
of the N-glycan under more physiological conditions and led to the
hypothesis that the N-glycan modulated receptor binding through an
indirect mechanism (Barb and Prestegard 2011).

Here we will review the most recent developments toward under-
standing how N-glycan composition impacts IgG1 Fc structure and
receptor binding. An article that thoroughly covers this entire history
would prove too expansive for this format. The understanding of IgG
Fc structure and function has changed dramatically in recent years,
and recent studies will form the focus of this review.
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Figure 2. The different Fc N-glycan compositions provide Fc with variable affinity for CD16a. (A) N-glycan compositions as discussed in the text; note the
abbreviated identifier to the left of the cartoon figures. (B) IgG1 Fc with each different N-glycan binds with different affinity to CD16a. These Kp values were
adapted directly from (Subedi and Barb 2016) but are consistent with other reports (Yamaguchi et al. 2006; Thomann et al. 2015; Dekkers et al. 2017). GlcNAc,

N-acetylglucosamine; Neu5Ac, N-acetylneuraminic acid.

The structure and function of IgG1 Fc is mediated by
interactions between the Fc polypeptide and N-glycan
residues

IgG1 Fc N-glycan composition impacts FcyR binding. Systematic
investigations into the role of Fc N-glycan composition on FcyR
binding emerged in the past few years. Though it was known that
FcyR binding was sensitive to glycosylation, these recent efforts
probed interactions for the entire set of human FcyRs with high
sensitivity and a large number of Fc glycoforms. One common
feature of these studies is the unique sensitivity of CD16 affinity
to Fc N-glycan composition (Thomann et al. 20153 Subedi and Barb
20165 Dekkers et al. 2017). Though CD32 likewise requires Fc N-
glycosylation for binding, CD16a and CD16b show a much greater
sensitivity to I[gG1 Fc N-glycan composition with longer N-glycans
promoting tighter interactions (Figure 2B).

The most dramatic affinity differences are due to the addition
of a fucose residue to the N-linked GlcNAc residue that reduces
affinity for CD16a in vitro (Shields et al. 2002; Shinkawa et al. 2003).
Two studies recapitulated the negative impact of core fucosylation
on CD16 affinity with a large number of Fc glycoforms, though
one study using isolated Fc showed a smaller 4 to 8-fold reduction
of binding (Subedi and Barb 2016) compared to another using full
length antibodies with a 40-fold reduction (Dekkers et al. 2017).
These differences may reflect additional sensitivity of the full-length
antibody to Fc N-glycan fucosylation. These studies also showed
a moderate benefit of galactosylation (~2-fold) and no consistent
measurable impact resulting from sialylation. One study reported
only a minimal effect of bisecting N-acetylglucosamine (linked g1-4
to the (3) mannose residue) (Dekkers et al. 2017).

Human IgG1 Fc displaying only a single N-acetylglucosamine
residue attached to N297 is produced in situ by the digestion of
IgG1 containing an afucosylated N-glycan by EndoS ((1)GlcNAc-Fc;
Figure 2B) (Collin and Olsen 2001). Surprisingly, this Fc glycoform
binds to CD16a, though with reduced affinity compared to Fc with
a larger N-glycan (Subedi and Barb 2015; Okbazghi et al. 2016).
Furthermore, human IgG trimmed to the single GlcNAc residue is
capable of clearing B cells in a mouse xenograft model (Kao, et al.
2015). These results may be explained by the identification of the
first N-glycan residue as contributing a greater degree of stability than

any other residue in the glycan (Hanson et al. 2009). The structural
relationship of this unique glycoform and the IgG1 Fc structure will
be discussed below.

Interactions at the Fc N-glycan/polypeptide interface stabilize N-glycan
motion. Following the definition of how Fc N-glycan composition
affects receptor binding and the identification of N-glycan motion,
multiple studies investigated N-glycan motion further to probe the
relationship between N-glycan composition, motion and receptor
binding affinity. An all-atom solvated molecular dynamics study
demonstrated that the galactose residue attached to the (a1-
6mannose) branch of a complex-type N-glycan on Fc exhibited
motion (Frank et al. 2014). These simulations were initialized
with the starting coordinates observed by x-ray crystallography
and showed the detachment of this glycan branch from the
protein surface, further supporting the earlier observation by NMR
and revealing how the glycan might deform to accommodate
conformational exchange (Barb and Prestegard 2011).

Studies on the motion of the Fc N-glycan with multiple glyco-
forms in solution show that composition impacts glycan interactions.
Measurements of the galactose residues before and after sialylation
using NMR spectroscopy showed that the modification slightly
stabilized the (¢ 1-6mannose) branch (Barb et al. 2012). A later study
investigated the motion of the branch N-acetylglucosamine residues
during N-glycan maturation starting with a hybrid Mannoses + N-
acetylglucosamine form and ending with a core-fucosylated, complex
type N-glycan with N-acetylglucosamine termini (Barb 2015). These
results indicated that each remodeling step increased the contact
between polypeptide and N-glycan residues during the remodeling
of an oligomannose precursor to a final disialylated complex-type
N-glycan and are consistent with previous observations in vitro
and in vivo (Butler et al. 2003; Bowden et al. 2012). This result
suggests that the amannose residues on the (¢1-6mannose) branch
of the oligomannose N-glycan likely form unfavorable contacts with
the polypeptide and each subsequent glycosyltransferase reaction
exploited different contact surfaces.

Hydrogen-deuterium exchange mass spectrometry (HDX)
experiments supported the conclusion that extending the Fc N-
glycan increases intramolecular interactions, revealing a reduction in
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deuterium uptake in the P245-T256 peptide following galactosyla-
tion (Kiyoshi et al. 2018). The galactose residue directly interacts
with residues on this peptide, potentially reducing deuterium uptake
by occluding solvent. The authors indicate these data represent
changes in the Cy2/Cy3 domain orientation. A comparable HDX-
MS study followed a greater number of N-glycan compositions,
including aglycosylated, (1) GlcNAc, Mannoses and a mixture of
Mannoseg-Mannoseiy and identified less polypeptide flexibility
in Fes with longer N-glycans (More et al. 2018). Interestingly, the
authors identified decreased flexibility in two key regions, the N297-
containing C’E loop and the region surrounding N315 and that
these two surfaces mediate aggregation. Consistent with the CD16a
binding data presented above, this study also reported a substantial
reduction in deuterium uptake for the (1)GlcNAc-Fc when compared
to the aglycosylated Fe.

Thus far, these data indicate a relationship between N-glycan
length and Fc affinity for CD16a. Furthermore, a longer N-glycan
appears to stabilize glycan motion and Fc structure. An experiment
to mutate phenylalanine residues at the intramolecular interface
directly probed this relationship. Prior studies showed that mutat-
ing residues at the interface increased N-glycan processing during
expression, potentially indicating increased motion of the N-glycans
on mutated Fcs and greater exposure to glycan modifying enzymes in
the Golgi (Lund et al. 1996; Yu, Baruah, et al. 2013). The observation
of Kelly and coworkers that aromatic residues form the strongest
interactions with carbohydrate residues through dispersive interac-
tions led to the choice to mutate the Phe241 and Phe243 residues
(Chen, Enck, et al. 2013). Mutated Fcs exhibited greater N-glycan
processing, with the proteins containing two Phe to Ser mutations
showing the greatest processing (Subedi, Hanson, et al. 2014). NMR
analyses of mutant Fcs, enzymatically remodeled to have nearly
homogeneous G2F glycans, indicated N-glycans on mutant Fes expe-
rienced increased mobility resulting from reduced intramolecular
contacts.

Interactions at the Fc N-glycan/polypeptide interface stabilize Fc
polypeptide motion and receptor binding. The IgG1 Fc Phe mutants
showed greater N-glycan motion with double mutants revealing
greater motion than single mutants and single mutants characterized

by greater motion than wild-type Fc. An additional experiment
demonstrated that these double Phe mutants, enzymatically
remodeled to display G2F N-glycans, also bound CD16a with less
affinity that the single Phe mutants that bound with less affinity
than the wild-type Fc (Subedi, Hanson, et al. 2014). Thus, weaker
intramolecular interactions between N-glycan and polypeptide
residues led to greater N-glycan motion and weaker receptor binding.
A 2D NMR fingerprint of the wild-type and mutant Fcs using
[N]-Tyr labeling indicated that Fc structure was largely preserved
in the mutants though one Tyr residue at position 300, near the
site of N-glycan attachment to Asn297, showed perturbation of
the local structure. A follow-up study indicated that the chemical
environment surrounding Tyr300 is uniquely sensitive to the N-
glycan composition and that the presence of an IgG1 Fc N-glycan
largely impacts structure of the C’ strand and CE loop, minimally
affecting on other areas of the protein (shown in Figure 3) (Subedi
and Barb 2015). Furthermore, the N-glycan stabilized C’E loop
motions on a ps-ms timescale.

Extensive molecular dynamics simulations show comparable
results with oligomannose-type N-glycans (Lee and Im 2017). These
glycans exchange with the Fc surface and form fewer intramolecular
contacts than complex type N-glycans particularly at the non-
reducing termini. Notably, the presence of a glycan stabilized the
C’E loop, leading to stronger receptor interactions.

Thus, the Fc N-glycan dampens motion of the C’ strand
and C’E loop. This dampening is enhanced by extending the N-
glycan to utilize a greater number of intramolecular interactions.
Though CD16a does not directly contact the bulk of the Fc N-
glycan, and certainly not the non-reducing termini, CD16a does
contact the CE loop (Sondermann, P., Huber, R., et al. 2000).
These results are consistent with the HDX-MS results discussed
previously indicating the presence of greater polypeptide structural
heterogeneity in Fcs with less stabilizing N-glycan contacts (Kiyoshi
et al. 2018; More et al. 2018). One exception to the statement
that extending the N-glycan enhances contacts and CD16a binding
affinity is modification of the core N-acetylglucosamine residue
with fucose. This topic will be specifically addressed in the
“IgG sialylation and fucosylation affects IgG Fc structure and
function” section below.
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Controversy: Does the N-glycan contribute to Fc quaternary structure?
Evidence to support the stabilization of the IgG1 Fc C’ strand and
C’E loop through intramolecular contacts mediated by the N-glycan
appears well established. However, recent evidence both supports and
contradicts the hypothesis that the N-glycan affects Fc quaternary
structure. Recent studies in this area have focused on comparing
glycosylated Fc with Fc that contains either a shortened (1) GlcNAc
N-glycan or completely lacks modification.

It has been assumed that deglycosylation alters Fc conformation,
thereby reducing affinity for proteins that elicit effector functions.
This assumption has been examined by x-ray crystallographic anal-
ysis of deglycosylated Fc. The crystal structures of aglycosylated
human IgG1 Fc (produced in Escherichia coli) (Borrok et al. 2012)
and enzymatically deglycosylated murine IgG1-Fc (PNGase F treat-
ment) (Feige et al. 2009) showed a closed conformation of the two
Cy2 domains, as judged from Pro239-Pro239 Ce distances ranging
from 18.9A to 19.6 A. Hence, an idea was proposed that the closed
conformation prevents interaction with FcyRs and the N-glycan at
Asn297 stabilizes the open conformation of Fc. Another model of Fc
with the N-glycan truncated to a single GlcNAc residue following
digestion with EndoS revealed a similarly collapsed conformation
(Baruah et al. 2012); however, this glycoform binds CD16a with
moderate affinity (Subedi and Barb 2015), indicating that the quater-
nary structures observed by crystallography fail to clearly separate Fc
forms capable of binding receptor from inert forms.

In contrast to these observations, a crystal structure of fully
deglycosylated human IgG1 Fc (produced in E. coli) was revealed
with an open conformation with the Pro239-Pro239 Ca distance of
27.6 A (PDB ID: 3DNK). A later study reported a crystal structure of
enzymatically deglycosylated human IgG4-Fc (PNGase F treatment)
that also adopted an open conformation with the Pro239-Pro239
Cu distance of 29.1 A (Davies, Jefferis, et al. 2014). The results are
inconsistent with the earlier crystallographic results. Taken together,
it is likely that deglycosylated Fc adopts a set of conformations
(including open and closed) and the observed structures in the
crystal may be highly dependent on the crystal packing environment.
Therefore, the crystal structures of deglycosylated Fc might not reflect
the predominant conformation sampled in solution. Thus, other
biophysical techniques are required to characterize conformation in
the solution state.

One approach is small-angle x-ray scattering (SAXS), a method
to analyze the conformation of macromolecules in solution. Several
groups reported SAXS analysis of glycosylated and aglycosylated Fc.
The radius of gyration (Rg) was obtained from the SAXS analysis,
which is defined as the root mean square distance of all atoms
from the common center of mass. Borrok et al. (2012) reported
that the glycosylated human IgG1 Fc displayed a Rg of 27.4 A,
compared to 28.3 A for aglycosylated Fc (E. coli expression). They
suggest that in solution the absence of a glycan promotes a more
open conformation. Yageta et al. (2019) performed a similar SAXS
analysis of glycosylated and aglycosylated Fc (E. coli expression)
that is consistent with the former result with Rg values of 26.4 A
and 28.9 A, respectively. Owing to the availability of many Fc
crystal structures, these authors analyzed the theoretical SAXS pro-
files based on individual crystal structures. The data indicated that
both glycosylated and aglycosylated Fc adopt a “semi-closed” Cy2
domain orientation. The conclusion is rather different from that
of Borrok et al., but they reasonably assumed that the scattering
from the N-glycan itself reduces the Rg of glycosylated Fc compared
with the aglycosylated Fc, without any changes in the Cy2 domain
orientation. Comparable MD simulations identified smaller distances

between the Cy2 domains for Fc with truncated N-glycans (Lee
and Im 2017). It is also possible that disorder of protein loops or
quaternary structure changes contributed to changes in Fc tumbling.

Relative orientation of the Cy2 and Cy 3 domains were also ana-
lyzed by stable isotope-assisted solution NMR spectroscopy (Subedi
and Barb 2015). Residual dipolar couplings (RDCs) can be used
to define the relative orientation of each observable amide N-H
bond vector for "N-labeled samples. RDCs from selectively "N-
labeled Fc samples (*N-Tyr and '*N-Lys labeled) were measured
for both glycosylated and aglycosylated (T299A) human IgG1 Fc.
RDCs reveal little difference between the predominant quaternary
structures of glycosylated and aglycosylated Fc in solution.

SAXS and NMR analysis were usually analyzed assuming a
single averaged conformation without consideration for a distri-
bution of multiple sampled conformations. Recent analysis using
single molecule Forster Resonance Energy transfer (FRET) is advan-
tageous, since this technique provides a histogram of the confor-
mations present in solution allowing conformational populations to
be detected (Kelliher et al. 2014; Piraino et al. 2015). To introduce
a probe into Fc, Ser258 of human IgG-Fc was mutated into Cys
and the acceptor and donor fluorescent dyes were introduced to
give antibody-dye conjugates with homo- and hetero-combinations
of acceptor and donor dyes. A comparison of the FRET efficiency
histograms obtained for glycosylated and deglycosylated human IgG
indicates that the Fc region becomes more flexible and can assume
a wider variety of structures upon deglycosylation with PNGase
F or EndoS. This observation further supports the idea that x-ray
crystallographic data of deglycosylated Fc captures one out of many
Fc conformations in solution.

Then why does removing the Fc N-glycan reduce the affinity with
effector molecules? Aglycosylated Fc likely samples a set of multiple
conformations while glycosylated Fc experiences a relatively limited
range of mobility. The more flexible nature of aglycosylated Fc may
be unfavorable for the interaction with effector molecules such as the
FcyRs. From a local viewpoint, the orientation of C’E loop, which
harbors the Fc N-glycosylation site at Asn297, is thought to be critical
for the binding to FcyRs. Solution NMR spectroscopy can provide
information on macromolecular motion by measuring the relaxation
parameters. By comparing the relaxation rates of glycosylated (WT)
and aglycosylated (T299A) human IgG1 Fc, it was found that the C’E
loop is relatively more flexible in aglycosylated Fc upon comparison
to glycosylated Fc (Subedi and Barb 20135). This is consistent with the
x-ray crystallographic data, in which human aglycosylated Fc struc-
ture displays high crystallographic temperature factors (B-factors) for
the C’E loop, relative to the core of the protein (Borrok et al. 2012).
These observations suggest that the conformation of the C’E loop is
stabilized by the presence of the N-glycan and the loop conformation
is essential for forming the FcyR interface.

Fc engineering targeting the C’E loop and glycan remodeling. The
ultimate goal of a structural definition is to generate sufficient data to
design Fcs with altered properties. A number of studies support the
role of the C’E loop and N-glycan in receptor binding and Fe stability.
A study by Isoda et al. (2015) tested the effect of each amino acid type
substituted at position 296. This residue is a Tyr in human IgG1 Fc
and located immediately adjacent to the glycosylated Asn297 residue.
Tyr300 may form contacts with the core fucose residue (Matsumiya
et al. 2007). With the exception of a Trp substitution, all residues
reduced affinity for CD16a and CD16b. A crystal structure of the
Fc Tyr296Trp variant indicated a presence of greater contacts that
slightly increase affinity for CD16a.
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The directed replacement of both the GIn295 and Tyr296 residues
increased Fc thermal stability and decreased N-glycan processing
(Chen et al. 2016). Based on an idealized structure, the Fc GIn295Phe
Tyr296Ala variant revealed reduced N-glycan processing evident
from the appearance of high levels of minimally-processed hybrid-
type N-glycans rarely observed on IgG1 Fc. The enhanced ther-
mal stability resulted from stabilization of the Cy2; however, this
mutation decreased binding to CD32a, CD16a and CD16b. It is
evident that decreased FcyR affinity in a mAb would severely limit
efficacy if Fcy R-mediated effector function is desired because the high
concentration of serum IgG (~10 mg/mL = 67 pM) is far above the
dissociation constant for IgG1 (50-400 nM).

A mutation to the Cy3 domain that disrupted Fc dimer forma-
tion also increased N-glycan processing (Rose et al. 2013). The Fc
Tyr403Glu variant of IgG1 and IgG4 showed increased N-glycan
processing similar to the Phe243 variant, indicating that Fc dimer
formation contributes to restricted processing of the Fc N-glycan.
These results are important for efforts to alter Fc properties by
modifying N-glycan processing during protein expression.

IgG sialylation and fucosylation affects IgG Fc structure
and function

Structural consequences of core fucosylation. Antibody-dependent cel-
lular cytotoxicity is a key effector function, relying on the binding
of antigen-antibody complexes to FcyRs. Most natural antibodies
are highly fucosylated. It was discovered that antibodies lacking core
fucosylation show a large increase in affinity for CD16a leading to an
enhanced ADCC activity. This discovery stimulated the development
of therapeutic antibodies with desired activity by specifically increas-
ing or decreasing fucosylation. Many therapeutic antibodies are,
however, modified with core fucose, which may indicate that Fcy R-
mediated activity is not desired for therapeutic purpose. One possible
mechanism explaining affinity enhancement by defucosylation was
revealed from x-ray crystallographic analysis, using afucosylated Fc
and glycosylated CD16a. Ferrara et al. (2011) reported a crystal
structure of afucosylated human IgG1 Fc in complex with a glyco-
sylated CD16a. Afucosylated Fc was prepared by introducing the
GnTIII gene into the host cell to produce bisected and afucosylated N-
glycans. For the preparation of the human CD16a, three out of five N-
linked glycosylation sites (38, 74 and 169) were removed by changing
the Asn residues (38, 74 and 169) to GIn. Asn162 and Asn45 were
kept because they are essential for the affinity toward IgG1 and for
expression, respectively. Further, the CD16a was expressed in the
presence of kifunensine, producing the oligomannose-type N-glycans.
In the crystal structure of the afucosylated Fc-glycosylated CD16a
complex, unique intermolecular carbohydrate—carbohydrate interac-
tions appeared, connecting N-glycans of the receptor the afucosylated
Fc N-glycan. In order to understand the regulatory mechanism of
IgG core fucosylation, fucosylated Fc was used for comparison.
In contrast to the complex with afucosylated Fc, carbohydrate—
carbohydrate contact area was significantly decreased in the complex
structure of fucosylated Fc with glycosylated CD16a. Core fucose
linked to the Fc is oriented toward the second N-acetylglucosamine
residue of the Asn162-glycan and as a result the Asn162-glycan must
move and hence carbohydrate—carbohydrate contact is not properly
formed.

Independently, Mizushima et al. (2011) reported the crystal
structure of afucosylated IgG1-Fc in complex with glycosylated
CD16a. In this case, CD16a possesses a complex-type biantennary
complex glycan at Asn45 and Asn162 and the other remaining N-

glycosylation sites were similarly mutated to abolish N-glycosylation.
Although the CD16a glycan composition differs between the two
reports (high mannose vs complex), carbohydrate—carbohydrate
interactions were observed. Ten sugar residues were observed with
the oligomannose-type Asn162-glycan (Ferrara et al. 2011) and eight
residues were detected in the complex with the complex-type Asn162-
glycan (Mizushima et al. 2011).

Recently, Falconer et al. (2018) reported the crystal structure of
afucoyslated IgG1 Fc in complex with CD16a with Mannoses N-
glycans, which was different from the previous reports. Among the
CD16a glycoforms (Mannoses, Mannoseg and complex-type), the
Mannoses form showed the highest affinity toward afucosylated Fc.
In fact, CD16a isolated from NK cells contains a substantial amount
of oligomannose and hybrid-type glycans (Patel et al. 2018). In the
crystal structure of the complex, in contrast with earlier reports,
electron density was detected only from single N-acetylglucosamine
residue attached to Asn162 of CD16a. It is unclear why the inter-
molecular N-glycan contacts were not observed. It is possible that
intermolecular N-glycan contacts in the previous cases formed as a
result of the crystal contacts. To better understand this point, the
analysis of N-glycan dynamics is required.

MD simulations were performed to examine the effect of Fc afu-
cosylation on the dynamics of the CD16a Asn162-glycan (Sakae et al.
2017). The root mean square fluctuation of Asn162-complex-type
glycan was significantly higher (5.5 A) in the fucosylated Fc system
than in the afucosylated Fc system (3.7 A). This can be interpreted as
a significant disruption of proper carbohydrate-carbohydrate inter-
actions upon Fc fucosylation. MD simulations were also performed
with CD16a displaying a Mannoses glycoform with either fuco-
sylated or afucosylated Fc (Falconer et al. 2018). The addition of
an Fc core fucose residue decreased the volume sampled by the
Asn162-linked glycan from 10,800 A3 to 9,100 A3. Falconer et al.
interpreted these results to indicate that the Fc core fucose restricts
the conformational space of Asn162, introducing a fucose-dependent
energetic penalty upon binding to Fc. This idea is opposed to the pre-
viously proposed mechanism that direct intermolecular glycan-glycan
contacts stabilized the complex (Ferrara et al. 2011; Mizushima et al.
2011). The mechanism of affinity enhancement upon defucosylation
is still controversial, but we must pay attention to the interpretation
of crystal structures which rather reflect a snapshot from many
possible conformations and are often affected by unwanted crystal
contacts.

Structural consequences of sialylation. Another topic regarding the
structure and function of the Fc N-glycan is sialylation. In general,
sialic acid can be incorporated in «2-3 or a2-6 linkages to a Gal
residue. Looking at the Fc part of natural IgG, sialylated glycans
are only a small population and are connected only through «2-6
linkages. «2-3 NeuSAc onto the a1-6 branch of the Fc glycan is
predicted to have a big impact on the native glycan-polypeptide inter-
face. In vivo studies have shown that intravenous immunoglobulin G
(IVIG) enriched in (@2-6) sialylation of the Fc glycan increased anti-
inflammatory activity by up to 10-fold when compared to nonen-
riched IgG (Anthony, Nimmerjahn, et al. 2008; Anthony et al. 2011).
When IVIG was treated with a sialidase to remove the modification,
the anti-inflammatory activity was abrogated (Kaneko et al. 2006).
Furthermore, ADCC activity is enhanced by («¢2—-6) sialylation in
the absence of core fucosylation in in vitro and in vivo assays
(Li et al. 2017).

How sialylation regulates the Fc activity is still unclear, but several
mechanisms were discussed and proposed. One proposed mechanism
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is that sialylated IgG-Fc is recognized by a specific receptor. In vivo
experiments showed that the anti-inflammatory effect of Fc required
expression of the murine C-type lectin receptor SIGN-R1 (Anthony,
Wermeling, et al. 2008). A human orthologue for SIGN-R1 is the C-
type lectin DC-SIGN, and it is also proposed to bind to sialylated Fc
(Anthony, Wermeling, et al. 2008). Later, Sondermann et al. (2013)
showed that «2,6-sialylated IgG binds to the IgE receptor CD23
in a cell-based ELISA assay. The model was based on a hypothesis
that sialylation of IgG Fc leads to a conformational change, which
triggers receptor binding. It should be noted that conflicting results
have been reported (Yu, Vasiljevic, et al. 2013; Temming et al. 2019),
thus further analysis will be required for the identification of bona
fide receptor(s). Other candidate receptors are implicated, including
DCIR (Massoud et al. 2014) and Siglecs (von Gunten and Simon
2008; Seite et al. 2010).

Attention has been paid to examine the effect of sialylation on the
conformational property of Fc. Several crystal structures of sialylated
Fc have been reported from several groups (Crispin et al. 2013;
Ahmed et al. 2014; Chen et al. 2017). Overall, the conformations of
sialylated Fc are within the range of Fc structures without sialylation.
In a representative crystal structure of sialylated Fc, electron density
of NeuSAc residue is observed only on the (@1-6Mannose) branch
and NeuSAc interacted through water-mediated hydrogen bonds
with residues found at the interface formed between the Cy2 and
Cy3 domains (Chen et al. 2017). The observed interaction between
NeuSAc and residues at the Cy2-Cy3 interface may modulate the
orientation of the Cy2-Cy3 domain and affect the binding affinity
toward FcyRs and the neonatal Fc receptor (Chen et al. 2017).
Based on the observation that certain N-glycan compositions caused
increased variation in Fc crystal structures, Bjorkman and coworkers
suggested that sialylation increases conformational flexibility of the
Cy2 domain which is associated with anti-inflammatory activity
of the Fc (Ahmed et al. 2014). However, this hypothesis does not
explain how the conformational flexibility of Fc affects receptor
binding. Thus, the mechanism behind the anti-inflammatory activity
of sialylated IgG is still an open question.

Studies on other IgGs

There are four human IgG antibody subclasses: IgG1,1gG2,IgG3 and
IgG4, which are homologous to over 90% at the amino acid level
(Vidarsson et al. 2014). The global structures of the four human IgG
subclasses are thus similar. However, the subclasses have sequence
variations especially in the hinge region and N-terminal Cy2 domain
(Vidarsson et al. 2014). This variation is likely linked to differing
affinities for the specific FcyRs and different abilities to activate
complement (Bruhns et al. 2009; Vidarsson et al. 2014). So far,
most studies have been conducted for human IgG1 subclasses and
a large set of human IgG1 crystal structures have been reported.
In contrast, the structural information on other subclasses is rather
limited.

Human IgG4 is the least abundant of the four classes of IgG in
serum, but displays unique biological properties. One is heavy chain
exchange, also known as Fab-arm exchange, to form a bispecific
but monovalent antibody (Aalberse and Schuurman 2002; Davies
et al. 2013). IgG4 binds Fcy receptors with lower affinity than
IgG3 with the exception of FcyRI (Bruhns et al. 2009) and does
not activate complement (van der Zee et al. 1986); these properties
make IgG4 suitable for therapeutics when effector functions are
undesired (Davies and Sutton 2015). For this reason, the IgG4
subclass is collecting a lot of attention as a preferred subclass for

immunotherapy, exemplified by the anti-PD1 therapeutic antibodies
(pembrolizumab/Keytruda® and nivolumab/Opdivo®).

Davies, Rispens, et al. (2014) reported the high-resolution crystal
structure of human IgG4 Fc, prepared from papain digestion of serum
IgG4 and using recombinant Fc. The overall topology of human
IgG4 Fc is very similar to human IgG1 Fc fragments. The Asn297
glycans were facing each other in the cavity formed between two
Cy2 domains. Shortly thereafter, the crystal structure of full-length
human IgG4 antibody S228P (pembrolizumab) was reported at 2.3 A
resolution (Scapin et al. 2015). Looking at the Fc region, the orien-
tation of one Cy2 domain is different from the previously reported
IgG4 Fc structure. In the structure of the full-length antibody, the
orientation of one Cy2 domain (chain B) displayed a rotation of
120° relative to the position observed in the isolated Fc, maintaining
the immunoglobulin fold. Consequently, the Asn297 glycan on chain
B is more solvent-exposed than chain A. This nature is verified by
measuring the deglycosylation rate of IgG4 and a reference IgG1.
The rate of IgG4 deglycosylation by PNGase F is faster than for
IgG1, suggesting that IgG4 N-glycan is more solvent-exposed than
in IgG1. However, one cannot rule out the possibility that this
unusual Cy2 conformation represents only one of many possible
conformations.

IgG3 is the third most abundant human IgG subclass. It contains
a long hinge region which is thought to provide additional flexibility
toward antigen binding (Vidarsson, G., Dekkers, G., et al. 2014).
A high-resolution (1.8 A) crystal structure utilized human IgG3 Fc
expressed with a modified yeast strain that added homogeneous
Mannoses N-glycans (Shah et al. 2017). Out of the five sugar
residues, the first three sugar residues corresponding to Mannose(81-
4)N-acetylglucosamine(81-4)N-acetylglucosamine revealed electron
density. The terminal mannose residues were not observed. The
protein-carbohydrate interactions for the three visible sugar residues
were identical to those previously reported for human IgG1l Fc
structures (Deisenhofer 1981, Nagae and Yamaguchi 2012).

Human IgG2 is known to form structural isomers that originate
from alternative disulfide bond formation of between the cysteines
in the hinge region (Wypych et al. 2008). It is suggested that the
activity of each human IgG2 isomer will be different (Dillon et al.
2008), and hence this point needs to be analyzed in detail. So far two
IgG2 Fc crystal structures were reported, one is isolated after papain
digestion and the other is from a recombinant construct (Teplyakov
etal. 2013). The human IgG2 Fc structures are very similar to human
IgG1 Fc structures. It is likely that sequence differences in the lower
high region between IgG1 and IgG2 account for differences in FcyR
binding affinity.

Structural studies on non-human IgG are limited. Recently, a
comprehensive study was performed for all IgG subclasses, IgG1,
IgG2, 1gG3 and IgG4-Fc of an Old-World monkey, Rhesus macaque
(Macaca mulatta, Mm) (Tolbert et al. 2019). Crystal structures of the
Fc from MmlgG1-4 were solved with resolutions from 2.8 A to 3.5 A.
The overall topologies of the MmIgG1-4 Fc resemble that of human
IgG1 Fc. Solution NMR spectroscopy was employed to analyze the
dynamics of the Fc-glycan at Asn297, with the aid of metabolic '3C-
labeling (Tolbert et al. 2019). N-glycan dynamics were evaluated
from the linewidth of anomeric 'H signals from Asn297-linked N-
acetylglucosamine residues. The linewidth is in the following order:
human IgG1-Fc (125 Hz) > Mm IgG1-Fc (102 Hz) > Mm IgG2-
Fc (83 Hz) > Mm IgG4-Fc (75 Hz) > Mm 1gG3 (66 Hz). This
indicates that among Mm IgGs, the Fc N-glycan dynamics is the
most restricted in Mm IgG1. This data is supported by the obser-
vation that the N-glycan of Mm IgG1-Fc is more stabilized through
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glycan-polypeptide interaction than Mm IgG2-4. Interestingly, Mm
IgG1 experienced the most glycan processing as compared to other
Mm IgGs, suggesting that the Mm IgG1 N-glycan is more accessible
to glycosyltransferases (galactosyltransferase, sialyltransferase etc.)
and this may be correlated with the slowest dynamics of Mm IgG1
Fc glycan.

Mice express different IgG subclasses that vary by strain and
include IgG1, IgG2a, IgG2b, IgG2¢ and IgG3. Subclass nomenclature
has arisen independently for each species and there is no general rela-
tionship between the subclasses from different species. A recent study
indicates that mouse FcyRIV is the homolog of human FcyRllla
(Dekkers et al. 2018). However, much less is known about mouse
IgG2 or mouse FcyRIV. Crystal structures of mouse IgG2c Fc have
been reported recently (Falconer and Barb 2018) and compared with
that of mouse IgG2b Fc. These two Fcs showed a high degree of
similarity with differences in loop residues including Tyr296. Solution
NMR analysis of the Asn297-linked N-acetylglucosamine residue
shows differences between mouse IgG2b, mouse IgG2¢ and human
IgGl1, in terms of anomeric 'H chemical shift, and that correlates
to receptor binding affinity. Even in highly conserved molecules,
structural and functional differences are present which should be
further investigated to fully establish structure/function relationships
across important model species.

Noteworthy technical achievements

Recent technical advances have provided a wealth of new tools to
probe Fc structure and motion. Progress is focused in two primary
areas. Developments in IgG1 Fc expression, purification and glyco-
engineering are substantial; this topic is directly related to pharma-
ceutical development and too broad to appropriately cover here (see
Loos and Steinkellner 2012; Subedi et al. 2015; Mimura et al. 2018).
The second major group of advances results from improvements to
analytical techniques or new analyses of IgG. These reports have not
themselves elucidated new aspects of the IgG Fc structure/function
relationship; however, these techniques warrant a separate section
highlighting significant progress in the past few years that may be
a foundation for future advances.

Solution NMR studies designed to probe protein motion require
assignment of the backbone nuclei. This allows the extraction of
atomic-level detail regarding protein structure and motion. Kato
and coworkers reported a major advance with the backbone reso-
nance assignment of the glycosylated IgG1 Fc fragment (Yagi et al.
2015). Ordinarily, Fc would be a challenging NMR target due to
the size of the molecule alone (~52 kDa). However, the challenges
are magnified because appropriately glycosylated IgG1 Fc cannot
be expressed in prokaryotic hosts and mammalian hosts are often
used instead. This requirement introduces two additional limitations.
First, proteins expressed in mammalian hosts, like the CHO cells
used in this study, cannot be deuterated because high deuterium
content of the medium is toxic to the host. Second, labeling expressed
protein with stable *C and "N isotopes is much more expensive
in a mammalian host compared to a prokaryotic host. The authors
reported the nearly complete assignment of IgG1 Fc (99% of HN,
N and Ca). This assignment provided a crucial starting point for
at least two studies described above (Subedi et al. 2014; Subedi and
Barb 2015).

IgG1 Fc binds multiple protein ligands through many different
interfaces (Hanson and Barb 2015). The Fc-binding portion of one
ligand, protein A, was developed to simultaneously bind IgG1 Fc
and lanthanide ions with high affinity (Barb and Subedi 2016).

Paramagnetic lanthanide ions provide a means to study distance and
orientation up to 50 A from the ion using solution NMR spec-
troscopy, but some ions also provide luminescence for microscopy
and fluorescence-type solution measurements, unpaired electrons for
EPR, and electron dense nuclei for electron and x-ray diffraction (Su
and Otting 2010; Koehler and Meiler 2011). This specific construct
revealed minimal motion of the paramagnetic ion relative to IgG1
Fc, expanding the utility of the tag for probing glycan and protein
motion and conformation (Barb and Subedi 2016).

An additional advance included the development of a suite of
NMR experiments to probe commercial antibodies and other ther-
apeutic proteins. One challenge facing the pharmaceutical industry is
appropriately validating the composition and structure of each prod-
uct batch. Unlike small molecule drugs, three-dimensional conforma-
tion is an essential property of therapeutic proteins and is challenging
to probe with traditional techniques used by the manufacturers.
A simple mass analysis is insufficient. Developing techniques with
suitable sensitivity, resolution and throughput represents a major
challenge. Marino and coworkers developed multiple methods that
provide sufficient resolution and are capable of characterizing phar-
maceutical products using natural abundance of *C and *N. One
method utilizes the unique property of methyl groups that provide
superior detection sensitivity and resolution (Arbogast et al. 2015).
Their developments reduced experimental time to 30 min and were
sensitive enough to show resolvable differences in antibodies with
different N-glycan composition. The next experiments correlated
backbone amide protons to the nitrogen nuclei, an approach that
is inherently less sensitive than detecting methyl correlations but
provides a fingerprint of the protein that is likely more influenced
by subtle conformational changes including changes in hydrogen
bonding (Arbogast et al. 2016). These experiments required more
instrument time of ~17 h for a single analysis, but provided a
greater magnitude of changes, detecting large differences in peak
positions following deglycosylation and applying a rigorous statis-
tical analysis to the spectra (Arbogast et al. 2017). Thus, NMR
is capable of detecting large conformational differences and small
structural differences resulting from processing (Brinson et al. 2019).
A related study by a group at Pfizer identified spectral features from
'H-BC methyl groups that correlated with aggregation (Majumder
et al. 2018). Aggregation is another significant problem in phar-
maceutical production, and is specific to individual mAb clones.
This report indicates that surprisingly melting temperature did not
correlate with aggregation behavior in a pilot study using three
mAbs, but spectral features measured by NMR did. This result may
represent a significant advance toward characterizing therapeutic
proteins, though future studies with a larger number of proteins
will determine if spectral features are reliable probes of aggregation
behavior.

Though the common application of mass spectrometry provides
mass information and generally does not probe molecular shape,
advances in ion mobility mass spectrometry are providing new
insight into protein structure and function. Tian and Ruotolo (2018)
reported the unfolding of different antibody glycoforms in the gas
phase. Though they observed greater sensitivity using the isolated
Fc fragment, this team differentiated antibodies that differed only in
glycoform.

Future considerations
Fundamental properties of IgG emerged in the past few years that
define how Fc composition impacts structure and receptor binding.
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This may appear surprising due to the importance and intense
scrutiny focused on this molecule since the description of IgG in 1939
and high-resolution models of the Fab and Fc in 1973 and 1976,
respectively (Tiselius and Kabat 1939; Poljak et al. 1973; Huber et al.
1976). Recent advances were largely driven by developments in phys-
ical techniques and Fc preparation methods, allowing researchers to
break free from the bounds imposed by the crystal lattice. It is then
worthwhile to consider which remaining undefined aspects may lead
to better therapies once defined. Here we identify three primary areas
for future research.

1. Future studies of unglycosylated antibodies may provide insight
into which conformations are disfavored by intramolecular N-glycan
interactions. A quantitative analysis of conformation states sampled
by the FcyR-binding loops of aglycosylated Fc that defines the pop-
ulations of each state will guide Fc engineering to limit the exposure
of residues that promote aggregation and potentially enhance FcyR
binding affinity. Similarly, it is likely that the Fc N-glycan completely
dissociates from the protein surface and becomes accessible to glycan
modifying enzymes. The structure of this state, and the definition of
the conformational rearrangements that promote sampling this state,
will impact Fc engineering to modify N-glycan composition during
expression.

2. 1gG1 is now a well-defined molecule, though some questions
still remain. Much less is known about 1gG2,3,4, IgD, IgM and IgE.
Each of these share an N-glycan at a position homologous to N297
of IgG1 Fc and display an aromatic residue similar to F243 (Subedi,
G.P,, Hanson, Q.M. et al. 2014). IgE likewise shares a comparable
receptor binding mode though the role of N-glycosylation in recep-
tor interactions is less well defined thatn IgG (Shade et al. 2019).
It is currently not known how N-glycosylation impacts structure
and function for these less-studied antibodies. Furthermore, little is
known about antibodies from other species which may provide com-
plementary evolutionarily-selected solutions to stability and receptor
binding. Unique among the five human antibody classes, IgA is
much different, lacking homologous glycosylation, the key aromatic
residue, and IgA displays a different receptor binding mode (Herr
et al. 2003).

3. Differences between the behavior of IgG1 and isolated Fc and
how Fc modulates interactions between two antibodies may provide
insight into improving Fc designs. The 10-fold greater impact of
IgG1 Fc fucosylation when compared to isolated Fc in measurements
of CD16a binding indicates that the presence of Fab domains may
impact Fc activity. Detailed studies to define these interactions will
lead to a more complete definition of antibody function. Hints to
the presence of intra- and inter-antibody interactions exist, including
the observation that IgG1 forms hexamers on surfaces (Saphire et al.
2001; Ugurlar et al. 2018). N-glycans are poised to modulate these
interactions as well, though sensitive techniques must be developed
to investigate these phenomena further.

It is likely studies of antibody structure and function will continue
for decades into the future. The results of these studies stand to
improve existing therapies and create engineered mAb backbones
for a wide range of future clinical applications, if investigators are
sufficiently bold and inventive to identify key features and residues
that may be altered for improved drug properties.
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