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Abstract
Binding of the Fc domain of Immunoglobulin G (IgG) to Fcγ receptors on leukocytes can initiate
a series of signaling events resulting in antibody-dependent cell-mediated cytotoxicity (ADCC)
and other important immune responses. Fc domains lacking glycosylation at N297 have greatly
diminished Fcγ receptor binding and lack the ability to initiate a robust ADCC response. Earlier
structural studies of Fc domains with either full length or truncated N297 glycans led to the
proposal that these glycans can stabilize an “open” Fc conformation recognized by Fcγ receptors.
We determined the structure of an E. coli expressed, aglycosylated human Fc domain at 3.1 Å
resolution and observed significant disorder in the C′E loop, a region critical for Fcγ receptor
binding, as well as a decrease in distance between the CH2 domains relative to glycosylated Fc
structures. However, comparison of the aglycosylated human Fc structure with enzymatically
deglycosylated Fc structures revealed large differences in the relative orientations and distances
between CH2 domains. To provide a better appreciation of the physiologically relevant
conformation of the Fc domain in solution, we determined Radii of Gyration (Rg) by small angle
X-ray scattering (SAXS) and found that the aglycosylated Fc displays a larger Rg than
glycosylated Fc, suggesting a more open CH2 orientation under these conditions. Moreover, the Rg
of aglycosylated Fc was reduced by mutations at the CH2-CH3 interface (E382V/M428I), which
confer highly selective binding to FcγRI and novel biological activities.
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The Fragment crystallizable (Fc) portion of antibodies provides a link between both the
innate and adaptive immune systems as well as between humoral and cellular immunity.
Antibodies, whether generated by our own immune systems or administered therapeutically,
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interact with Fc gamma receptors (FcγRs) and complement components (such as C1q) to
clear pathogens or to destroy aberrant cells such as tumors.(1, 2) Antibodies of the
immunoglobulin G (IgG) subclass are composed of two identical Fragment antigen binding
(Fab) domains containing variable regions which bind to antigen and a single Fc domain
which mediates effector functions such as antibody-dependent cell-mediated cytotoxicity
(ADCC) and antibody-dependent cell-mediated phagocytosis (ADCP) via FcγRs and
complement dependent cytotoxicity (CDC) via C1q.(3)

The horseshoe-shaped, homodimeric Fc domain consists of two CH2 domains at the N-
terminus and two interacting CH3 domains at its C-terminus. Although the two CH2 domains
do not directly interact, the N-linked glycosylation at N297 bridges the gap between the two
domains while shielding the hydrophobic inner surface of CH2 from solvent. The N297
glycan consists of a core heptasaccharide (GlcNAc4Man3) chain that can be appended by
the addition of fucose at the initial GlcNAc residue or galactose residues at terminal
GlcNAc.(4) Additionally, sialic acid residues can also be added to terminal galactose
residues. The complete removal of the glycan at N297 greatly reduces binding to effector
FcγRs expressed by B cells, natural killer (NK) cells, granulocytes, and monocytes as well
as to the complement protein C1q, thus significantly diminishing ADCC and CDC.(5–7)
While extensive glycan truncations have been shown to be deleterious to the ability of the Fc
domain to interact with FcγRs, certain changes in the glycan composition can actually
promote favorable effector interactions. Indeed, efforts have focused on the engineering of
monoclonal antibodies with glycans optimized for various effector functions.(8, 9) For
example, defucosylation of the N297 glycan has been reported to enhanced binding of
FcγRIIIa and increase NK mediated ADCC by >50 fold.(10–13)

The X-ray structures of four different Fc domains with distinct glycan truncations suggested
that shortening of the N297 glycan results in progressively more “closed” conformations,
bringing the CH2 domains in closer proximity compared to fully glycosylated, “open” Fc
conformer.(14) These observations led to the prevailing model that the “open” conformation
of glycosylated Fc is critical for physiologically relevant binding to the effector FcγRs.
Additionally, the crystal structure of glycan truncation variants revealed minor
conformational changes within the C′E loops of the Fc domain.(14) As no aglycosylated
human Fc structure has yet been described, the exact structural reasons responsible for loss
of effector binding affinity in aglycosylated antibodies are unknown. However, a recent
structure of an enzymatically deglycosylated murine Fc exhibited a “super-closed” state with
the CH2 domains collapsing toward one another.(15) The observed Fc conformation was
consistent with the model that disruption of the open conformation is responsible for the
abrogation of FcγR binding and lack of ADCC displayed by aglycosylated Fc domains. It
should be noted that unlike the large movements in CH2 observed when the glycans are
truncated or removed, the CH3 domain shows essentially no structural perturbation.

Technical advances in recent years led to the high yield preparative expression of
aglycosylated antibodies in bacteria and methods for the isolation of full length IgGs from
combinatorial libraries expressed in E. coli.(16–18) Several antibodies lacking glycosylation
are now under advanced clinical evaluation.(19) For some therapeutic applications the lack
of ADCC/CDC exhibited by aglycosylated antibodies is a preferred property, however, in
many cases (such as with some anti-tumor antibodies) ADCC or CDC is desired.
Aglycosylated antibodies with restored or tailored ADCC properties are currently under
investigation. Recently, the screening of large combinatorial libraries has led to the isolation
of aglycosylated Fc variants that bind selectively only to FcγRI(20) or alternatively to the
both the activating FcγRIIa and the inhibitory FcγRIIb receptors(21) with high affinity. In
particular, the FcγRI selective aglycosylated Fc5 variant, containing two mutations E382V/
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M428I, was shown to uniquely induce cytotoxicity of target cells with monocyte-derived
dendritic cells as effectors, a phenotype not conferred by glycosylated IgG.(20)

The mutations in Fc5 are near the CH2-CH3 interface and distal to the FcγRI binding
epitope.(22, 23) This finding raises several questions specifically about the nature of the
Fc5:FcγRI interaction and more generally about the importance of the “open” conformation
of Fc domains. To address these issues we first solved the structure of a human
aglycosylated Fc. Analysis of this and other crystallographic information suggests that the
proposed “closed” conformations of aglycosylated Fcs observed in crystals may not be the
physiologically relevant form. SAXS analysis further revealed that aglycosylated Fc actually
has a larger Radius of gyration (Rg) than glycosylated Fc in solution. The aglycosylated Fc5
displays an intermediate Rg in solution indicating that the degree of “openness” of the
aglycosylated Fc can be altered by mutations selected to restore FcγRI binding.

Results and Discussion
The Structure of Aglycosylated Human IgG1 Fc

The structure of human IgG1 Fc purified from E. coli and therefore lacking glycosylation
was solved at 3.1 Å resolution. The crystal was in the P1 space group with two Fc dimers
(composed of polypeptides A,B and C,D respectively) in the asymmetric unit (Figure 1).
The two Fc dimers also interface at the CH2- CH3 elbow of chains A and C. Phasing by
molecular replacement and refinement led to a final model with an R- factor of 26.2%
(Rfree = 32.3%) (Table 1). To reduce structural bias the CH2 and CH3 domains were treated
as separate entities during molecular replacement and refinement, with residues bridging the
CH2-CH3 domains removed from non-crystallographic symmetry restraints.

The four polypeptides (A–D) are composed of residues G236-L443, G236-S442, G237-
S444, P238-S444 respectively with electron density for amino acids 221–235 (composing
the IgG hinge) and 445–447 missing in all chains. Hinge residues in all Fc structures to date
have been unobservable in electron density maps presumably due to their high flexibility.
(14) Electron density maps were generally well defined and provided unambiguous
interpretation of most coordinates, with the exception of small regions of the C′E, BC, and
FG loops in the upper CH2 domain of chains B and D. The high temperature factors and
sparse electron density in the upper CH2 loops of B and D may be due to tight packing
interactions with symmetry related Fcs within the crystal lattice.

C′E loop orientation
The orientation of the C′E loop (which harbors the Fc glycosylation site at N297) is critical
for effector FcγR binding.(14, 24) Alteration in the glycan composition(14, 25) have been
reported to cause perturbations in this loop that drastically reduce effector FcγR binding.
(26, 27) The CH2 domain of Chain A was compared with the CH2 domain of a recently
solved fully glycosylated Fc (PDB ID: 3AVE)(25, 28) revealing minor backbone deviation
from the glycosylated structure in the C′E loop starting at P291 to approximately T299
(Figure 2a). The most pronounced difference are at Y296 and S298 (Figure 2a). Electron
density for most of the Y296 and Q295 side chains was absent at 2σ density (2Fo-Fc).
Comparison of the Y296 orientation of our structure with an aglycosylated human CH2
domain alone(29) and with an enzymatically deglycosylated Fc structure (PDB ID: 3DNK)
revealed different Y296 side chain orientations relative to each other and relative to
glycosylated Fc structures (Figure 2b). The dramatic variability in Y296 is notable in light of
the importance of this residue in FcγRIIIa and FcγRIIa binding.(30) Additionally, The
human aglycosylated Fc structure displays high crystallographic temperature factors (B-
factors) for the C′E loop, relative to the rest of the structure (Figure 1). Indeed, a more
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dynamic/disordered C′E loop has been proposed to be among the reasons for the lack of
effector FcγR binding in the absence of glycosylation.(14)

Comparison with other Fc structures
Superposition of the aglycosylated Fc A,B dimer with the human glycosylated Fc fragment
3AVE(25, 28) revealed that the former adopted a more closed orientation (CH2 domains in
closer proximity, Figure 3a). Distances between P329 (P332 in murine Fcs) in the upper
CH2 domains had been used previously to compare the relative “openness” of the CH2 in Fc.
(14, 32) With P329 distances of 18.9 Å and 19.6 Å for the A,B and C,D dimers, the
aglycosylated structure is significantly more closed when compared with P329 distances of
fully glycosylated Fc domains (Table 2).

A further comparison with a recent structure of deglycosylated Fc (obtained by expression in
mammalian cells followed by enzymatic deglycosylation) revealed a much more complex
picture (Figure 3b, Table 2). Whereas the murine deglycosylated Fc (PDB ID: 3HKF) was
reported to adopt a “super closed” state with the Cγ2 domains in very close proximity to one
another (13.5 Å closer than in the glycosylated Fc 3AVE)(15), in a human deglycosylated
Fc (PDB ID: 3DNK) the CH2 domains assume a more open structure and are farther apart
relative to many glycosylated Fc domains (Table 2). The Pro329 distance in that structure is
in fact 9 Å greater compared to E. coli purified, aglycosylated Fc A,B dimer. It should be
noted that the human deglycosylated Fc differs from the human aglycosylated Fc reported
here by only 3 conservative amino acid changes, one of which, N297D, is due to the action
of the deglycosylase PNGase F.

Small angle X-ray Scattering
The fairly dramatic difference in CH2 domain proximity in the three Fc structures devoid of
glycan may be due to artifacts induced by crystal packing effects. Indeed, high salt
conditions during crystallization have been observed to alter Fc orientation in the crystal
state.(14) To gain a better insight into the conformation of the Fc domain in solution we
employed small angle X-ray scattering (SAXS). SAXS allows for accurate and precise
measurement of a protein’s radius of gyration (Rg), and has been used previously to
differentiate between open or closed conformations in solution for numerous proteins.(33–
35) In addition to glycosylated Fc and E. coli expressed aglycosylated Fc we also analyze
the shape parameters of the aglycosylated Fc5 mutant (E382V/M428I) which confers
selective binding to FcγRI and mediates dendritic cell activation and ADCC.(20)

Scattering curves of serially diluted Fc domains were extrapolated to zero concentration to
account for concentration effects (Figure 4a). All three proteins exhibited Kratsky plots
typical of well folded, non-aggregated samples (data not shown). As expected, scattering
curves were quite similar with minor differences between the three samples visible in the
higher resolution regions (s <0.15, Figure 4a). Radii of gyration (Rg) were determined from
zero concentration extrapolations of both short (0.5s) and long (5s) exposure data from the
slope of Guinier plots.(36) Small but significant difference in Rg values of glycosylated Fc,
aglycosylated Fc and the aglycosylated Fc5 mutant were observed (Table 3). Notably, the
glycosylated Fc displayed an Rg of 27.4 ± 0.1 Å compared to an Rg of 28.3 ± 0.1 Å for
aglycosylated Fc. This finding suggests that in solution the absence of glycosylation induces
a more open conformation and not the “closed” form suggested by most of the
crystallographic data, including ours.(14, 15) Interestingly, the Rg of aglycosylated Fc5
(27.9 ± 0.1 Å) was intermediate to those of the glycosylated and aglycosylated Fc forms.

The interparticle distance distribution functions or pairwise distributions, P(r) derived from
the scattering curves were also compared (Figure 4b). The maximum diameter for
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aglycosylated Fc was approximated at 100 Å whereas the aglycosylated Fc5 and
glycosylated Fc had a maximum diameter of 95 Å. The Rg values derived from P(r) curves
were consistent with the calculated values from the Guinier analysis (Table 3). Minor
differences in between the three P(r) curves can be seen in the 20–35 Å regions with the
aglycosylated Fc5 curve falling in between the glycosylated Fc and aglycosylated Fc.

Discussion
In this study, we describe the structure of a human, aglycosylated, E. coli expressed Fc
domain determined by X-ray crystallography. The major structural differences between fully
glycosylated Fc domains capable of binding to immune effector receptors and the
aglycosylated structure presented herein are a “closing” of the CH2 domains and disorder
within the C′E loop containing N297 (the glycan attachment point on the CH2 domain).

C′E loop flexibility has previously been reported in glycan truncated Fc structures as well as
in a deglycosylated murine Fc and a human aglycosylated CH2 domain.(14, 15, 29) The
normally rigid glycosylated C′E loop is known to be crucial to certain FcγR binding
interactions.(37) The lack of glycan stabilization of the C′E loop noted in our structure and
others is likely at least partially responsible for the lack of effector binding in Fc domains
lacking glycans. Recent crystallographic data also indicated that carbohydrates on FcγRIII
can productively interact with Fc N297 carbohydrates in the absence of fucosylation(38). Fc
domains lacking N297 glycosylation would lose any beneficial carbohydrate-carbohydrate
interactions for FcγRIII binding as well.

In addition to changes in the C′E loop, a more closed orientation of CH2 domains is
noticeable in both aglycosylated Fc dimers present in our structure. A progressive closure of
the CH2 domains has been noted in crystal structures of Fcs with enzymatically
truncated(14) and fully removed glycans.(15) This collapse of the CH2 domains has also
been suggested to be at least partially responsible for the loss of effector affinity.(15) A
deglycosylated Fc structure (PDB ID: 3DNK) has also been deposited without a closed CH2
domain. Indeed, 3DNK has a more open orientation than even some glycosyated Fc
structures (Table 2). This deglycosylated, yet more open structure counters the notion that
removing N297 glycans leaves a closed, collapsed Fc. Taken as a whole, the
crystallographic evidence suggests that Fcs lacking glycans can adopt a number of possible
orientations, and the observed orientation in crystals may be highly dependent on the crystal
packing environment and therefore might not reflect the state of these molecules in solution.
Interestingly, differences in the degree of “openness” between fully glycosylated Fc
structures have also been noted,(32) although not nearly to the extent seen in Fc structures
lacking glycans (Figure 3, Table 2). We speculate that part of the role of the N297 glycan is
to limit the dynamic nature of the CH2 domains, and restrict range of movement of the
domains.

To reconcile the disparate crystallographic data on the “openness” of the aglycosylated Fc
domain we chose to examine structural parameters in solution via SAXS. SAXS data
indicated surprisingly that E. coli produced aglycosylated Fc domains actually had a larger
Rg than glycosylated human Fc, thus suggesting that aglycosylated Fc domains have a more
open CH2 orientation in solution. SAXS scattering curves describe an average of the
possible conformations a protein adopts in solution. The collapsed CH2 orientations seen in
X-ray structures may be one of multiple forms that Fc domains lacking glycans are able to
adopt, however our SAXS data suggest that in solution they commonly adopt a
conformation with a higher Rg than glycosylated Fc domains.
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Interestingly, the aglycosylated Fc mutant Fc5 (E382V/M428I) had Rg 0.4 Å smaller than
wildtype aglycosylated Fc (Table 3). This smaller Rg may be indicative of a structural
change caused by the mutations in CH3 that increases binding to FcγRI at the apex of the
CH2 domain. We suspected that the CH2- CH3 region of aglycosylated Fcs may be fertile
ground for allosterically modifying distal effector functions.(19, 20)

Methods
Expression and purification of aglycosylated Fc proteins

E. coli Jude-1 (F′ [Tn10(Tetr) proAB+ lacIq Δ(lacZ)M15] mcrA Δ (mrr-hsdRMS-mcrBC)
φ80dlacZΔM15 ΔlacX74 deoR recA1 araD139 Δ(ara leu)7697 galU galK rpsL endA1
nupG) cells harboring pTrc99A-DsbA-Fc(20) encoding either wild-type or Fc5 were
cultured in 4 L flasks with 2.5 L working volume of Terrific Broth (TB) media at 37 °C. The
shake flasks were transferred to 30 °C and 1 mM IPTG was added and cells (OD600
approximately 0.6) were grown overnight (14hr). The cells were then harvested and the
supernatant was separated from cells by centrifugation at 9,000 rpm for 30 min. The culture
supernatant was then filtered through a 0.45 μm filter. One ml of Immobilized Protein A
agarose (Pierce Biotechnology) was and added to the filtered supernatant and incubated
overnight at 4 °C with gentle stirring. The immobilized Protein A agarose was then collected
in a column and washed with 50 ml PBS (pH 7.2). The column was then eluted using 0.1 M
glycine (pH 2.7) and neutralized immediately with 1 M Tris (pH 8.0). Fc containing
fractions were concentrated by ultrafiltration (10 kDa Mw cutoff) and purified by gel
filtration on a Superdex G75 column (Amersham Pharmacia). Aglycosylated Fc, Fc5 and
glycosylated Fc (Bethyl Laboratories) were then concentrated by ultrafiltration (10 kDa Mw
cutoff) and the buffer was exchanged to 20mM Tris (pH 8) with 5% Glycerol. All Fc
domains were confirmed to be dimers in solution by gel filtration.

X-ray Crystallography
Crystals of aglycosylated Fc were obtained in sitting drops using 15 mg/mL Fc added 1:1 to
a mother liquor of 10% PEG 1000, 20% PEG 6000, 0.1 M magnesium chloride and 0.2 M
Tris HCL, pH 7.0. Cryo-cooling in liquid nitrogen was achieved using the mother liquor
plus 20% glycerol as a cryoprotectant. A 3.1 Å resolution data set was collected from at
Beamline 8.3.1 at the Advanced Light Source (Lawrence Berkeley National Laboratories).
Diffraction data were scaled and integrated using HKL2000.(39) Molecular replacement was
successfully performed using PHASER(40, 41) with the CH2 and CH3 domains from PDB
3DNK as the search model. Two dimers were found in the asymmetric unit using PHASER.
The model was refined using Refmac(42) in the CCP4i suite.(43) Non-crystallographic
symmetry (NCS) restraints(44) were used throughout refinement with CH2 and CH3
domains of chains A–D linked with the exception of residues 335–345 (the region
connecting CH2 and CH3) and the C′E loops. A and C chains and B and D chains of the C′E
loop were linked by NCS due to tight crystal packing in the C′E loops of chains B and D.
No electron density detected for N-terminal residues 221–235 (hinge residues) and C
terminal residues 445–447; these residues are not in the models. Figures were generated
with PyMOL.(45)

Small Angle X-ray Scattering
Prior to the SAXS experiments, all Fc domains were dialyzed into a 20 mM Tris (pH 8)
buffer with 5% Glycerol as a cryoprotectant. SAXS data were collected at the SIBYLS
beamline of the Advanced Light Source (Lawrence Berkeley National Laboratories). SAXS
data were collected on 3 serial dilutions of each sample preparation at 5, 2.5 and 1.25 mg
ml−1. All data were collected with 1 Å X-rays. Three exposures were taken for each sample,
first a short exposure (0.5 s), then a long exposures of 5 s, followed by an additional 0.5 s
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exposure to check for radiation damage. The sample cell was washed between protein
solutions using a mild detergent soak followed by 3 rinses with buffer solution. Data for
buffer alone was also collected before and after each protein sample and subtracted from the
sample curve.

The radius of gyration (Rg), which is defined as the root mean squared (rms) distance of all
atoms from their common center of mass, was derived using Guinier analysis(36) in regions
where QRg < 1.3 using the program PRIMUS.(46, 47) Pair distribution functions were
generated using the program GNOM.(48) The maximum diameter of the particle (Dmax)
was adjusted in 5 Å increments in GNOM to maximize the goodness-of-fit parameter.
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Figure 1.
Overall structure of aglycosylated IgG Fc domain solved at 3.1 Å resolution. The range of
B-factors of all Cαs are represented by rainbow-colors ranging from blue (low) to red
(high). Two homodimers A,B and C,D are present in the asymmetric unit. The location of
the C′E loop is noted in the C,D dimer.
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Figure 2.
Comparison of C′E loops of glycosylated and aglycosylated CH2 domains. (a) The A chain
CH2 domain of the glycosylated Fc 3AVE (grey) is aligned with the A chain of our
aglycosylated CH2 domain (3S7G, red). Differences in the C′E loop orientation can be seen
in the ribbon diagram. Y296, N297 and S298 orientations at the apex of the C′E loop differ
significantly between glycosylated and aglycosylated CH2 domains. (b) The C′E loops of
glycosylated 3AVE (grey) are shown aligned with three previously solved CH2 domains
lacking glycosylation, 2DJ9 (yellow), 3DNK (blue), 3S7G A chain (red) and 3S7G B chain
(green). Y296 side chain orientations differ significantly from the glycosylated structure and
each other.
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Figure 3.
Comparison of overall opening/closing of CH2 domains among glycosylated and
deglycosylated structures. (a) Glycosylated Fc 3AVE (grey) is compared with the A,B dimer
of aglycosylated 3S7G (red). Pro 329 distances (measured from Cαs) are shown as dotted
lines. P329 distances for 3AVE and 3S7G are 25.1 Å and 18.5 Å respectively. E382 and
M428 are represented as sticks (cyan) to highlight the location of the Fc5 mutation (b) The
A,B dimer of aglycosylated 3S7G (red) is compared with deglycosylated human Fc, 3DNK
(blue) and the deglycosylated mouse Fc, 3HKF (green). P329 distances for 3DNK and
3HKF are 27.6 Å and 11.6 Å respectively.
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Figure 4.
SAXS analysis of glycosylated and aglycosylated Fcs. (a) Scattering profiles from 0.5
second exposure are shown for glycosylated Fc (yellow) aglycosylated Fc (red) and
aglycosylated Fc5 (blue). These profiles were obtained by extrapolating curves at different
concentrations to the zero concentration. The logarithm of scattering intensity is shown as a
function of the reciprocal vector (S). (b) The distance distribution functions (P(r)) of
glycosylated Fc (yellow) aglcyosylated Fc (red) and aglycosylated Fc5 (blue) are shown.
Curves were calculated from the SAXS scattering data in (a).

Borrok et al. Page 13

ACS Chem Biol. Author manuscript; available in PMC 2013 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Borrok et al. Page 14

Table 1

Data collection and refinement statistics

Data collection

Space group P1

Cell dimensions

a, b, c (Å) 98.2, 100.5, 116.9

α, β, γ (°) 65.7, 65.8, 77.8

Resolution (Å) 50–3.13 (3.26-3.13)a

Rsym (%) 6.1 (34.7) a

I/σI 12.6 (2.8) a

Completeness (%) 98.2 (97.1) a

Redundancy 1.9 (1.9) a

Refinement

Resolution (Å) 45–3.13 (3.24-3.13) a

No. reflections 17958 (925) a

Rcryst/Rfree (%) 26.2/32.3 (35.1/38.3) a

No. atoms

Protein 6640

Water 22

Wilson B-factor 87.2

R.m.s. deviations

Bond lengths (Å) 0.014

Bond angles (°) 1.46

PDB code 3S7G

a
Values in parentheses correspond to the highest resolution shell.
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Table 3

Observed Rg values for aglycosylated and glycosylated Fcs (in Å)

Rg Guinier Rg Guinier Rg

(0.5s exposure) (5s exposure) P(r)

aglycosylated Fc (wt) 28.3±0.1 28.4±0.1 28.2±0.1

aglycosylated Fc5 27.9±0.1 28.0±0.2 28.0±0.1

glycosylated Fc (wt) 27.4±0.1 27.2±0.1 27.5±0.1
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