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ABSTRACT
Immunoglobulin G1 (IgG1) is the most abundant circulating human antibody and also the scaffold for
many therapeutic monoclonal antibodies (mAbs). The destruction of IgG-coated targets by cell-mediated
pathways begins with an interaction between the IgG Fc region and multiple varieties of membrane-
bound Fc g receptors (FcgRs) on the surface of leukocytes. This interaction requires the presence of an
asparagine-linked (N-)glycan on the Fc, and variations in the N-glycan composition can affect the affinity
of CD16A binding (an FcgR). Contemporary efforts to glycoengineer mAbs focus on increasing CD16A
affinity, and thus treatment efficacy, but it is unclear how these changes affect affinity for the other FcgRs.
Here, we measure binding of the extracellular Fc-binding domains for human CD16A and B, CD32A, B and
C, and CD64 to 6 well-defined IgG1 Fc glycoforms that cover »85% of the pool of human IgG1 Fc
glycoforms. Core a1–6 fucosylation showed the greatest changes with CD16B (8.5-fold decrease), CD16A
(3.9-fold decrease) and CD32B/C (1.8-fold decrease), but did not affect binding to CD32A. Adding
galactose to the non-reducing termini of the complex-type, biantennary glycan increased affinity for all
CD16s and 32s tested by 1.7-fold. Sialylation did not change the affinity of core-fucosylated Fc, but
increased the affinity of afucosylated Fc slightly by an average of 1.16-fold for all CD16s and CD32s tested.
The effects of fucose and galactose modification are additive, suggesting the contributions of these
residues to Fc g receptor affinity are independent.
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Introduction

Immunoglobulin G (IgG) is a versatile molecule developed
by the immune system to neutralize invading pathogens
with high specificity, and it is now employed by clinicians
to treat a wide range of diseases. Biologics are the fastest
growing class of new prescription drugs driven largely by
the phenomenal expansion of monoclonal antibody (mAb)-
based therapies.1 Though some mAbs are able to affect dis-
ease simply by irreversibly binding the target epitope and
blocking function (e.g., anti-tumor necrosis factor adalimu-
mab), many mAbs recognize cell surface biomarkers and
recruit circulating lymphoid and myeloid cells to destroy
the diseased tissue. This latter process requires Fc g recep-
tors (FcgRs) that are expressed on the surface of recruited
macrophages/monocytes, natural killer (NK) cells and neu-
trophils. The FcgRs bind mAb-coated tissues through the
IgG crystallizable fragment (Fc) and kill the target by
phagocytosis or cell-mediated cytotoxic processes.2

Human cells express 5 activating FcgRs (CD64, the “high
affinity” FcgR, and the “low affinity” FcgRs CD32A, CD32C,
CD16A, CD16B) and one “low affinity” inhibitory receptor
(CD32B) (Fig. 1). The expression profile for these receptors is
complex and discussed in detail elsewhere.3 A few features,
however, should be noted. Macrophages express the entire
complement of FcgRs; na€ıve NK cells express primarily
CD16A and neutrophils primarily CD16B.4 Signaling through

the low affinity receptors requires IgG oligomers, formed as a
result of target opsonization.5 Even so, in vitro affinities of
mAbs binding to the extracellular CD16A domains correlate
with improved treatment outcome in treated patients.6,7 Thus,
in vitro measurements of monovalent affinity are important
metrics in mAb optimization.

IgG:FcgR interactions, and thus most mAb-mediated thera-
pies, rely on the presence of an asparagine-linked (N)-glycan at
residue Asn297 of the IgG Fc region.5,8 This complex carbohy-
drate is added to the newly synthesized immunoglobulin poly-
peptide chain during transport into the lumen of the
endoplasmic reticulum (ER). The IgG N-glycan is remodeled
by glycosyltransferases and glycosylhydrolases during transit
through the ER and Golgi in a template-independent manner.
The result is a distribution of IgG glycoforms that are primarily
of a biantennary complex-type with »7–12 linked monosac-
charide units and contain variable levels of fucose, galactose
and N-acetylneuraminic acid.9 Proper N-glycan remodeling is
required for efficient effector function, and the N-glycan com-
position is known to contribute to FcgR-mediated immune
activation.10

The IgG1 Fc N-glycan forms an intramolecular carbohy-
drate/polypeptide interface that stabilizes the polypeptide
loop containing Asn297, the site of N-glycan attachment.11

Truncating the N-glycan length or disrupting the carbohy-
drate/polypeptide interface reduces CD16A binding.12,13

CONTACT Adam W. Barb abarb@iastate.edu 2437 Pammel Drive, rm 4210 Molecular Biology Building, Ames, IA, 50011.
© 2016 Taylor & Francis Group, LLC

MABS
2016, VOL. 8, NO. 8, 1512–1524
http://dx.doi.org/10.1080/19420862.2016.1218586

http://dx.doi.org/10.1080/19420862.2016.1218586


Recent advances in expression technologies produce glyco-
engineered mAbs with reduced fucosylation to achieve
tighter CD16A binding, stronger cell-mediated cytotoxicity
and better patient outcomes.14,15

A number of studies have reported the effects of IgG carbo-
hydrate composition on receptor-binding affinity (for exam-
ples, see ref. 13, 14, 16-21). These studies have used different
FcgR ligands, including Fc and a wide range of mAbs; as a
result, it is impossible to accurately compare different reports
to quantify the effect of IgG N-glycan composition among dif-
ferent receptor fragments. Here, we measured the binding of 6
FcgRs to 6 IgG1 Fc glycoforms covering >85% of the glycan
variability in the human IgG1 Fc pool22 to establish the relative
contribution of each carbohydrate modification for each recep-
tor. We were able to prepare and validate pure glycoforms, as
well as quantify receptor binding in vitro with high precision.
Our results provide clear insight into only the Fc:FcgR interac-
tion component of FcgR-mediated cellular activation, and
eliminates the influence of multiple variables present in cell
activation studies, including immune complex size/construc-
tion, cell viability/health, FcgR density, and the effect of mono-
valent Fc:FcgR affinity in multivalent immune complex:cell
surface interaction. We expect these results will be informative

in the greater context of cell and immune system activation,
and will be helpful to guide next-generation monoclonal anti-
bodies with engineered Fc regions. Rather than full-length IgG,
the Fc is used because full receptor binding properties of IgG
are retained in the Fc portion, the IgG1 Fc is common to all
IgG1-based mAbs, and removing the antigen-binding frag-
ments likely does not affect Fc structure.23-25 The data reported
herein revealed unanticipated differences among the FcgRs
that will contribute to understanding of the effect of a single
glycan modification on mAb binding to all FcgRs in the body.

Results

Fc g receptor expression and homogenous IgG1 Fc
preparation

Fc g receptor extracellular soluble domains fused to an N-
terminal green fluorescent protein (GFP) tag expressed from
HEK293F cells at high glycoprotein yields (90–170 mg/L) and
high purity for the CD16s and CD32s (Fig. 2). The extracellular
domains of CD32B and CD32C are indistinguishable by pro-
tein sequence and are analyzed as a single construct (hereafter
referred to as CD32B/C; Fig. 1.). An optimized CD64 construct

Figure 1. A comparison of the IgG-binding Fc g receptors. (A) Domain organization of the Fc g receptors and (B) a comparison of the percent sequence identity for the
extracellular regions used in this study. (C) IgG1 binds these receptors through the crystallizable fragment (Fc) and recognizes antigens through the antigen-binding frag-
ment (Fab).

MABS 1513



without a GFP tag expressed at lower levels (4.3 mg/L) and
appears as a smear on an SDS-PAGE with reduced Coomassie
staining resulting from high N-glycosylation (7 sites; Fig. 2B).
We estimate CD64 is 90–95% pure following purification. IgG1
Fc expression in the same cell line (with or without a reported
inhibitor of fucosylation26-28) produced a limited range of gly-
coforms that were remodeled in vitro with a b-galactosidase
and glycosyltransferases to produce nearly homogenous IgG1
Fc preparations29,30 that eluted in a single peak at »52 kDa
from a size-exclusion chromatography column (Fig. 2C).

Further analysis of the Fc glycoproteins by mass spectrome-
try (MS) confirmed their high homogeneity. An analysis of the
PNGaseF-released N-glycans revealed little variation in the Fc
N-glycan preparations (Fig. 3), particularly with respect to
galactose and fucose modification. However, the sialylated
forms were less homogenous. Though sialylation of IgG1 Fc is
difficult to achieve,30 we consistently recovered at least 80% of
the disialylated and core-fucosylated A2G2F form, but only
60% of the A2G2 form with the remainders being monosialy-
lated. This level of conversion was consistent with repeated
experiments and suggests differences in N-glycan accessibility
to the a2–6 sialyltransferase (ST6Gal-I) due to the presence of
a core a1–6-linked fucose residue. Analysis of the intact Fc gly-
coproteins by electrospray ionization-mass spectrometry (ESI-
MS) confirmed the glycan remodeling and protein homogene-
ity. Representative spectra of the G0 and G0F forms are shown
in Fig. 4. MS spectra of our Fc preparations show limited prote-
olysis of the C-terminal tail (removing LeuSerProGlyLys resi-
dues). These residues were not observed in structures of the Fc
determined by X-ray crystallography.31-35 The G0 preparation
revealed an additional, less abundant form that was consistent
with proteolysis at the C-terminus that removes an additional
Ser residue plus GluProLysSer residues at the N-terminus
(Fig. 4C). These N-terminal residues occur well before the Cys
residues that form the hinge disulfides in IgG1 Fc. They are not

expected to affect receptor binding, and likewise do not appear
in structures of the Fc determined by X-ray crystallography.

Binding analyses

Surface plasmon resonance (SPR) provided kinetic and
equilibrium binding measurements for the interaction
between immobilized homogenous IgG1 Fc preparations
and the Fcg receptors. Sample binding interferograms and
fits to equilibrium binding data for the IgG1 Fc G0 and
G0F forms are shown in Figs. 5 and 6. The equilibrium dis-
sociation constants measured for the IgG1 Fc G2F / CD16A
interaction were similar to those measured previously by
SPR with immobilized CD16A, by isothermal titration calo-
rimetry, and by a bead binding assay.12 CD16 and CD32
proteins showed the clear establishment of binding equilib-
ria at all concentrations analyzed and high quality fits of
equilibrium binding isotherms (Table 1). The association of
CD64 was much slower at the low concentrations tested,
and many conditions failed to reach equilibrium within the
timeframe of the experiment. As a result, we were unable to
determine equilibrium binding constants for CD64 using
equilibrium data, and instead analyzed the rates of associa-
tion and dissociation to estimate binding affinity (Fig. 7).
The CD64 kon and koff are compared to rates measured
using CD16s and CD32s in Table 2.

Receptor identity, not surprisingly, proved to be the largest
contributor to observed binding affinity variability when using
the predominant human IgG1 Fc glycoforms (G0F, G1F (not
studied here) and G2F) with CD64 > CD16A > CD32A >

CD32B/C > CD16B. These results are similar to those of previ-
ous studies that used full-length IgG1 and no explicit control of
Fc glycosylation with CD64 (KDD15 nM) > CD32A (192 nM)
> CD16A (500 nM) > CD16B (5 mM) > CD32B (8 mM).36,37

In addition to polypeptide sequence, we found IgG1 Fc N-

Figure 2. Analysis of Fc and receptor proteins. Reducing SDS-PAGE analysis of the purified Fc g receptor fragments visualized with Coomassie brilliant blue staining.
CD16A, 16B, 32A and 32B/C were expressed as N-terminal polyhistidine and GFP fusions (A). CD64 is expressed with a C-terminal polyhistidine tag (B). The receptors run
as diffuse bands on a gel due to the high levels of N-glycosylation. CD16A has 5 N-glycan sites, CD16B: 6, CD32A: 2, CD32B/C: 3, CD64: 7. (C) All Fc materials eluted as a
single peak from a S200 size-exclusion chromatography column at a retention time that indicated a molecular mass of »52 kDa. The elution volumes of several standard
molecules are indicated with arrows at the top of the chromatogram.

1514 G. P. SUBEDI AND A. W. BARB



glycan composition changes dramatically altered the binding of
some, but not all, Fc g receptors.

Fucosylation decreases CD16A,B and CD32B/C affinity but
not CD32A

Core fucosylation of the IgG1 Fc N-glycan was shown to
decrease the IgG1 Fc:CD16A affinity in vitro by 2.6–10 fold for
IgG monomers16,17,38 and 19–50 fold for IgG dimers.14 We
determined that Fc core fucosylation decreased the IgG1 Fc:
CD16A affinity by 3.9 § 0.6 fold after comparing the effect of
fucose addition to each glycoform (e.g., G0 vs. G0F). A similar
result was expected for CD16B; however, binding was reduced
by 8.5 § 0.8 fold. The effects on each Fc glycoform on CD16A
and CD16B binding are shown in Fig. 8. This may be explained
by the fact that CD16A and 16B have a conserved N-glycan (on
Asn162) that was shown to stabilize the Fc:FcgR interaction
when fucose is absent,33,34 although it is unclear why the effect
of fucose is considerably greater for CD16B than 16A given the
high degree of identity at the polypeptide level (Fig. 1B).

Core fucosylation had nomeasureable effect on CD32A binding
(1.02 § 0.06-fold increase; Fig. 9), which is expected because
CD32A does not contain a predicted N-glycan at the site homolo-
gous to Asn162 of CD16A and CD16B. The soluble CD32B/C con-
struct also does not contain a homologous CD16A/B Asn162 N-
glycan site; however, fucosylation reduced CD32B/C affinity by 1.8
§ 0.1 fold when removing the effects of galactosylation and sialyla-
tion. Fucosylation increased both kon and koff for CD64 binding,
but had little measureable effect on affinity. The binding kinetics
for CD16A, B CD32A and B/C were not affected in a similar man-
ner and no clear connections between fucosylation and Fc g recep-
tor binding kinetics were found (data not shown), which agrees
with previous reports.14,39 A comparison of the relative Fc g recep-
tor binding affinity to afucosylated Fc forms was CD64> CD16A
> CD16B> CD32A> CD32B/C.

Fc stabilization through galactose modification

Yamaguchi et al. previously demonstrated that galactosylation
of a fucosylated Fc increased CD16A affinity by 1.7 fold,13 close

Figure 3. Mass spectrometric analysis of N-glycans following in vitro enzymatic remodeling on IgG1 Fc reveals a high level of homogeneity. N-glycans were cleaved from
IgG1 Fc, purified, permethylated then analyzed by MALDI-MS. Cartoon diagrams show the potential N-glycan configuration (using the CFG convention; 59 http://glyco-
mics.scripps.edu/CFGnomenclature.pdf); isobaric ions were not differentiated. Observed masses are indicated. Key: blue square: N-acetylglucosamine, green circle: man-
nose, yellow circle: galactose, red triangle: fucose, purple diamond: N-acetylneuraminic acid.
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to our finding of 2.0 fold for G0F vs. G2F (Table 1). We found
similar effects for CD16s and CD32s that increased affinity by
an average of 1.7 § 0.3 fold. There was no clear difference
between the stabilization of fucosylated Fc versus afucosylated
(data not shown). These data indicate galactosylation stabilizes
the Fc in a general receptor binding conformation. This result
is notable, considering the >15 A

�
distance between the galac-

tose residues and the Fc g receptor binding site on Fc, but can
be explained by the allosteric effect of the N-glycan on receptor
binding.12

N-glycan sialylation shows minimal effect

In previously published studies, IgG1 Fc sialylation was
reported to have either a profound effect on CD16A bind-
ing40,41 or no measurable effect.19 In our experiments, N-acetyl-
neuraminic acid addition (sialylation) to fucosylated Fc showed
no measurable effect on binding to any CD16 or CD32 receptor
(1.00 § 0.06-fold increase). Sialylation of afucosylated Fc did
show a slight increase in affinity (1.16 § 0.11 fold). The lack of
a sialylation effect is expected considering that the Fc receptors
do not contact sugar residues on the non-reducing termini of
the N-glycan32,42 and N-acetylneuraminic acid residues on the
IgG1 Fc N-glycan do not interact with the Fc polypeptide
directly.30,43

Discussion

The “low affinity” FcgRs responded differently to changes in
IgG Fc N-glycan composition, with CD16B showing the great-
est range followed by CD16A >> CD32B/C > CD32A (Fig. 9).

Fucose addition accounted for the majority of the variation by
reducing CD16A and B binding, but had a much smaller effect
on CD32B/C and no measurable effect on CD32A. It is inter-
esting to note that galactose addition consistently increased
affinity for all low affinity receptors, indicating a mechanism
that likely stabilizes the Fc itself in a receptor-independent
manner. Furthermore, the effect of fucose and galactose addi-
tion was additive. Sialylation affected receptor binding to the
least extent, with a statistically significant increase in affinity
only noted for sialyation of afucosylated Fc binding to CD16B.
There is growing evidence that the IgG1 Fc N-glycan composi-
tion changes in response to disease.44-48 Our data indicate var-
iations in Fc N-glycan composition profiles alter relative FcgR
binding affinities. Considering the tissue-specific expression
profile for the FcgRs,3 changes to the IgG1 Fc N-glycan compo-
sition therefore have the potential to direct which leukocyte
populations are affected and, as a result, direct the body’s
response to infection.

It was surprising that variation in the IgG Fc fucosylation
caused a larger change to CD16B binding than observed for
CD16A, considering the high degree of CD16A/B homology
(Fig. 1) and the preservation in CD16B of an N-glycosylation
site known to stabilize the afucosylated Fc:CD16A interac-
tion.17,18,33,34 Although CD16A is often considered the primary
target for the Fc of therapeutic mAbs,10,49,50 a growing body of
evidence reveals a possible role for CD16B and neutrophil acti-
vation as an important mAb mechanism of action. Glycoengi-
neered obinutuzumab, a CD20-targeting mAb that contains
reduced fucose levels (plus a bisecting N-acetylglucosamine res-
idue), has a 7-fold higher affinity to CD16B than the rituximab,
which also targets CD20.51 Tighter CD16B binding correlated

Figure 4. Analysis of IgG1 Fc glycoforms by ESI-MS. Raw spectra for the intact G0 (A) and G0F (B) glycoforms. Deconvoluted spectra for G0 (C) and G0F (D) are also shown.
Slightly lower-than-expected observed masses are likely due to incomplete reduction of the 7 Cys residues in this construct.
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with neutrophil activation, and might explain the better
suppression of cancer progression observed for chronic
lymphocytic leukemia patients.49,52 These data implicate
CD16B-targeting mAbs developed from afucosylated IgG1

with galactose-terminated N-glycans as a new direction for
future mAbs designed to recruit neutrophils.

Multiple groups have speculated on the structural role of
Fc N-glycan composition. Krapp et al. (2003) highlighted

Figure 5. Representative SPR analysis of afucosylated IgG1 Fc (G0 form) binding to the Fc g receptors. The left column shows the sensograms and the right column shows
the analysis of maximum response values at binding equilibrium fitted with a binding isotherm.
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evidence for changes in the orientation of the Fc Cg2
domains upon extending the N-glycan to a galactose-termi-
nated form (G2F).53 These structures were still constrained
by contacts within the crystal lattice, but offered a tangible

hypothesis suggesting additions to the N-glycan non-reduc-
ing termini pushed the Cg2 domains apart and provided an
optimal Cg2-Cg2 distance for FcgR binding. This model is
not supported by studies by our lab on molecules in solution

Figure 6. Representative SPR analysis of fucosylated IgG1 Fc (G0F form) binding to the Fc g receptors. The left column shows the sensograms and the right column shows
the analysis of maximum response values at binding equilibrium fitted with a binding isotherm.
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at physiological pH that indicates the Fc N-glycan does not
contribute much to the quaternary structure of the Fc, but
rather stabilizes primarily the local secondary structure of a
single polypeptide loop formed by residues including and
adjacent to the site of N-glycan attachment (Asn297).11,12

Though the data we present here do not directly address the
structural features of Fc, based on our previous reports we
believe that galactosylation of the Fc N-glycan contributes to
stabilization of the Asn297-containing C’E loop. The role of
fucosylation has been addressed by multiple groups and is
thought to specifically disrupt the Fc:CD16A interface.33,34

The data presented herein define the role of Fc N-glycan
composition on FcgR binding. Our Fc constructs do not
provide an opportunity to measure cell activation, although
our results are quantitatively consistent with a recent report
of Fc N-glycan composition on CD16A-expressing NK92
cell activation. Connell-Crowley and coworkers altered the
N-glycan composition of 2 mAbs with glycosidase diges-
tions, chromatography and antibody production techni-
ques,54 and determined that a 1% decrease in fucosylation
resulted in a 24% increase in antibody-dependent cell-medi-
ated cytotoxicity (ADCC). Reducing galactose levels showed

Table 1. Equilibrium dissociation constants for the Fc gamma receptors.

afucosyl IgG1 Fc core fucosylated IgG1 Fc

G0 G2 A2G2 G0F G2F A2G2F

Receptor KD (nM) C/¡ err KD (nM) C/¡ err KD (nM) C/¡ err KD (nM) C/¡ err KD (nM) C/¡ err KD (nM) C/¡ err

CD16AC 101 12 64 8 51 8 409 32 208 14 220 3
CD16BC 757 21 402 21 329 26 6250 300 3150 150 3090 130
CD32AC 1370 70 785 26 765 31 1320 110 803 93 825 66
CD32BC 1980 200 1540 160 1350 131 3740 260 2660 150 2470 1470
CD64� 1.41 0.09 1.69 0.32 1.1 0.20 0.48 0.16 n.d. n.d. 0.63 0.71

C- determined from fitting intensity data at equilibrium
�- determined from fitting a kinetic model to the sensorgrams
n.d.- not determined

Figure 7. Kinetic analysis of CD64 binding to immobilized IgG1 Fc (G0 and G0F forms). The left column shows a plot comparing observed association rates at each recep-
tor concentration and the right column the observed dissociation rates at each receptor concentration measured from the SPR sensograms shown in Figs. 5 and 6. The
kon was estimated by measuring the slope of a line that best fits the data in the right column and is reported in Table 2. The koff was determined by averaging the
observed dissociation rates. Standard deviation of the mean is shown in the plots of koff rates as dashed lines.
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a decrease in ADCC, and neuraminidase treatment did not
affect ADCC. These results perfectly mirror our results
where fucosylation most dramatically affected CD16A bind-
ing, a small but significant effect was noted upon galactosy-
lation, and no effect was observed with N-acetylneuraminic
acid. We interpret this agreement between our results and
those of Connell-Crowley and coworkers to indicate the
strength of our experimental approach and the applicability
of in vitro studies of the Fc:FcgR interaction to guide the
next generation of IgG1-based antibodies through Fc-N-gly-
can optimization.

Materials and methods

Materials - All materials were purchased from Sigma-Aldrich
unless otherwise noted.

Protein expression and purification - Human IgG1 Fc (resi-
dues 216–447) and CD16A (residues 19–193, V158 allotype)
were expressed and purified as described. 12 The extracellular
domains of receptors CD16B (residues 19–193), CD32A (resi-
dues 43–216, LR (H143) allotype) and CD32B (residues 43–

216) with N-terminal His8 and GFP tags and a tobacco etch
virus protease (TEV) digestion site were cloned into the pGen2
vector using the EcoRI and HindIII restriction sites.30, 55 As
similar strategy to express CD64 failed to recover significant
amounts of protein; as a result, CD64 (residues 16–292) was
cloned with C-terminal TEV site and His8 tag between the NotI
and HindIII sites of the pGen2 vector. Receptors were
expressed via a transient transfection of HEK293F cells (Life
Technologies) and purified using a Ni-NTA agarose (QIAGEN)
column as described previously.12,55 Afucosylated Fc
forms (G0, G2, A2G2) were expressed in the presence of
250 mM 2-deoxy-2-fluoro-L-fucose26 (Santa Cruz Biotech).
IgG1 Fc glycovariants were analyzed with a 3.2/100 S200 col-
umn using an €AKTA Pure FPLC (GE Healthcare). Fc samples
(40 mL of 0.2 mg/mL) were injected and eluted at a flow rate of
0.075 ml/min with continuous monitoring at 280 nm. The col-
umn was equilibrated and eluted with a buffer containing
20 mM 3-morpholinopropane-1-sulfonic acid (MOPS),
100 mM sodium chloride, pH 7.2. The volume at which Fc
eluted was compared to the elution volume of blue dextran,
bovine serum albumin (BSA), carbonic anhydrase (CA) and
cytochrome C.

Table 2. Rate constants for Fc gamma receptor binding.

afucosyl IgG1 Fc core fucosylated IgG1 Fc
G0 G0F

Receptor kon (mM¡1 s¡1) C/¡ err koff (s
¡1) C/¡ err kon (mM¡1 s¡1) C/¡ err koff (s

¡1) C/¡ err

CD16A 420 11% 0.00433 6% 67.8 6% 0.0138 6%
CD16B n.d. 0.27000 33% n.d. 0.2200 3%
CD32A 110 17% 0.11800 14% 163 9% 0.0780 22%
CD32B n.d. 0.16000 9% n.d. 0.2400 4%
CD64 360 1% 0.00051 2% 2200 3% 0.0011 13%

n.d.- not determined because the observed association rates were not linear with respect to IgG concentration

Figure 8. Relative effect of Fc core fucosylation on CD16 affinity. Errors of fit for the dissociation constants are shown.
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Glycan remodeling - Fc glycovariants were prepared by pre-
viously described in vitro N-glycan remodeling methods.30,56

Approximately 5 mg of purified Fc from the HEK293F expres-
sion was treated with a b-1,4 galactosidase (New England Biol-
abs) to prepare the agalactosylated G0F forms. Samples were
purified as previously described, and placed in a buffer contain-
ing 20 mM MOPS, 100 mM sodium chloride, 20 mM manga-
nese chloride, pH 7.2. To prepare the G2F (digalactosylated)
form, approximately 4 mg of Fc sample was treated with a
b-1,4 galactosyltransferase (GalT) plus 10 mM UDP-galactose
and incubated at 37�C for 24 hr. Equal amounts of GalT and
UDP-galactose were added after 24 hr. Samples were purified
and placed in a buffer containing 20 mM MOPS, 100 mM
sodium chloride, and 20 mM manganese chloride, pH 7.2. The
disialylated form (A2G2F), was prepared as previously
described.30 Afucosylated forms (G0, G2 and A2G2) were pre-
pared as described above except material was purified from
HEK293F cells cultured in the presence of 250 mM 2-deoxy-2-
fluoro-L-fucose. All samples were then placed in a buffer con-
taining 20 mMMOPS, 100 mM sodium chloride, pH 7.2.

Analysis of remodeled glycans by Mass Spectrometry -
Released N-glycans of all Fc glycovariants were analyzed as
described previously56,57 using matrix-assisted laser-desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
on a Voyager-DE PRO (Applied Biosystems).

Analysis of Fc forms by Electrospray Ionization-Mass Spec-
trometry - Fc (0.1 mg/mL) in 100 mL of 20 mMMOPS, 100 mM
sodium chloride, 50 mM dithiothreitol, pH 7.2 was denatured by
heating at 95�C for 5 min. Samples were further analyzed by a liq-
uid chromatography system coupled with ESI-MS (Q Exactive
Hybrid Quadrupole-Orbitrap Mass Spectrometer; Thermo Scien-
tific). Samples (10 mL) were injected at a flow rate of 0.1 mL/min
onto a C4 reversed-phase column (5mM, 30mm£ 1mm, Restek)
previously equilibrated with 95% solvent A (0.1% formic acid in
water) and 5% solvent B (0.1% formic acid in acetonitrile) at 20�C.
Samples were eluted using a linear gradient of 5–100% solvent B
from 3 to 10 min followed by a 5 min elution with 100% solvent B
before washing with 95% solvent A and 5% solvent B. The ESI-MS
instrument was set to positive polarity with 60 eV in-source colli-
sion-induced dissociation (CID) with a mass scan range of 700–

4000 m/z. Data were displayed and analyzed using Thermo Xcali-
bur Qual Browser (version 3.0.63). Average protein masses were
deconvoluted using ProMass Deconvolution software (Thermo
Scientific).

IgG1 Fc Immobilization - A Biacore T100 instrument was
used to measure the binding affinities between Fc and its recep-
tors. All SPR measurements were performed at 25�C by standard
amine coupling procedures58 with Fc immobilized on a CM5 sen-
sor chip (GE Life Sciences). The carboxymethyl dextran surface
was activated by 1:1 mixture of 0.4 M 1-ethyl-3(3-dimethylamino-
propyl)carbodiimide hydrochloride and 0.1 M N-hydroxy succini-
mide for 7 min at a flow rate of 5 ml/min. Fc between 1–50 mg/mL
in 1mL of 10 mM sodium acetate, pH 5.0 was coupled by injecting
at a flow rate of 5ml/min. Immobilizationwas completed by deacti-
vating residual sites using 1 M ethanolamine, pH 8.5 for 7 min.
Final immobilization response units were between 400–700 for
1 mg/mL and 5000–6000 for 50 mg/mL. Flow line 1 on all sensor
chips was used as a blank with no immobilized Fc.

Binding analysis using surface plasmon resonance - All bind-
ing analyses were performed with binding buffer containing
20 mM MOPS, 100 mM sodium chloride, 1 mM BSA and
0.05% P20 surfactant (GE Life Sciences), pH 7.4. The CM5
chip surface was regenerated by a 100 mM glycine, pH 3.0
wash for 30 s to remove bound receptors. A minimum of one
replication for each condition was collected on different days.
Representative results are shown.

SPR data analysis - All the Biacore sensograms were proc-
essed using Biacore T100 Evaluation Software (Version 1.0).
Sensograms were zeroed in the response unit axis and response
of the blank injection was subtracted from the analyte injected
flow cell responses to remove systematic artifacts. The equilib-
rium response units (RU) for different analyte concentrations
[A] were fitted to obtain the dissociation constant (KD) by
using Equation (1) with the maximum response unit (Rmax)
obtained among the measured concentration range.

RUD Rmax � ½A�ð Þ 6 KD C ½A�ð Þ (1)

The observed rates of association and dissociation were
obtained by fitting an exponential equation to the association

Figure 9. A comparison of the averaged relative effects of monosaccharide additions to the IgG1 Fc N-glycan on low affinity FcgR binding.
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or dissociation profiles observed in the SPR sensorgrams. kon
was determined by measuring the slope of a line fitted to the
observed association rates. koff was determined by averaging
the observed dissociation rates. Presented data are representa-
tive of at least 2 independent experiments for each condition.
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