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Immunoglobulin G plays a vital role in adaptive immunity and
antibody-based therapy through engagement of its Fc region by
the Fcy receptors (FcyRs) on immune cells. In addition to specific
protein-protein contacts, N-linked glycosylation of the IgG Fc has
been thought to be essential for the recognition of Fc by FcyR. This
requirement for the N-linked glycan has limited biomanufacture of
therapeutic antibodies by restricting it to mammalian expression
systems. We report here aglycosylated Fc domain variants that
maintain engagement to FcyRs, both in vitro and in vivo, demon-
strating that Fc glycosylation is not strictly required for the acti-
vation of immune cells by IgG. These variants provide insight into
how the N-linked glycan is used biologically in the recognition of
Fc by FcyRs, as well as represent a step toward the production in
alternative expression systems of antibody-based therapeutics
capable of eliciting immune effector functions.

surface plasmon resonance | antibody engineering | directed evolution |
yeast display | antibody biomanufacture

¢ gamma receptor (FcyR) engagement is essential to the

function of IgG in both immunity (1) and in antibody-based
therapy (2, 3). IgGs act as the adaptor between a pathogen and
the immune response by simultaneously binding antigen through
their variable regions and activating an immune response
through interaction of conserved Fc regions with FcyRs on cells
of the immune system. The human FcyR (hFcyR) family consists
of the activating receptors FcyRI, FcyRIIA, and FcyRIIIA, and
the inhibitory receptor FcyRIIB. While FcyRI binds IgG with
high affinity (nanomolar binding constants), FcyRIIA,
FcyRIIB, and FcyRIIIA bind IgG with micromolar affinity,
becoming activated only via avid multivalent interactions with
opsonized antigen (1). The binding of IgG to FcyR is highly
sensitive to the presence of glycosylation at a single N-linked
glycosylation site at asparagine 297 (N297) in its CH2 domain (4,
5), with a loss of binding to the low-affinity FcyRs observed in
N297 point mutants (6, 7), enzymatic Fc deglycosylation (8),
recombinant IgG expression in the presence of the N-linked
glycosylation-inhibitor tunicamycin (9), or expression in bacteria
(10, 11). In addition, the nature of the carbohydrate attached to
N297 modulates the affinity of the FcyR interaction (12, 13). The
sensitivity of FcyR binding to specific glycoforms has limited
therapeutic antibody biomanufacture to mammalian expression
systems, and has led to the development of glycosylation-
engineered mammalian cell lines (13, 14) and microbial strains
with humanized glycosylation (15) as methods of enhancing
antibody cytotoxicity.

In crystal structures of the complex, FcyR/Fc contact is
mediated not only by protein-protein contacts, but also by
specific interactions with the glycan on the Fc that are proposed
to contribute to binding affinity (16, 17). Additional intramo-
lecular contacts are made between the Fc-linked glycan and
residues on the IgG CH2 domain, and it is thought that these
interactions stabilize an open Fc conformation capable of being
engaged by FcyR (4). Successive truncation of an IgG; glycan
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results in an incremental loss of binding affinity (8) and con-
comitant incremental collapse of the open Fc conformation (18).
However, glycosylation is not strictly required for engagement of
all Ig receptors with their corresponding Fc ligands, notably in
the binding of IgE Fc to IgeR (19). Interestingly, the IgE Fc
adopts a similar mode of binding to FcR as the IgG; Fc in the
IgG; Fc:FcyRIII complex and both receptors and Fcs share
structural similarity (20). In the IgG; Fc:FcyRIII complex,
extensive contacts are made by both chains of the IgG; hinge
region, with additional receptor contacts made by the B/C loop,
F/G loop, and both side chains and glycosylation of the C'/E loop
of the CH2 domain (16, 17) [Fig. 14, supporting information (SI)
Fig. S1]. It is particularly striking that this loop plays a part in
receptor recognition through both direct side chain contacts as
well as in encoding information for a critical posttranslational
modification.

In the present study, we reasoned that by optimizing the
protein-protein interactions about the C'/E loop:FcyR interface
at the expense of glycosylation, we could identify aglycosylated
IgG, variants that maintain engagement to FcyRs. Here, we
demonstrate that a small subset of substitutions at both N297 and
T299 of the glycosylation motif lead to aglycosylated Fcs that
maintain engagement of FcyRs, and in a particular example are
active in vivo. Such aglycosylated antibodies would be facile
templates for further efforts to engineer Fc-effector functions
and potentially enable a far wider range of options for thera-
peutic antibody biomanufacture.

Results

Screening for Aglycosylated Fc Variants that Bind FcyRIIA. To deter-
mine if glycosylation of the Fc was an absolute requirement for
FcyR engagement by hlgG;, we constructed saturation mu-
tagenesis libraries at the Fc C'/E loop and screened them by
displaying the full-length IgG variants on the yeast cell surface
(Fig. S2). In this display system, the femtomolar affinity fluo-
rescein-binding 4m5.3 single-chain antibody (21) was reformat-
ted as a hlgG;, allowing 4m5.3 hIgG; library variants to be
captured on fluorescein-labeled yeast from which they are
secreted, by using a cell-surface secretion capture assay (22) in
conjunction with an engineered leader sequence that allows for
the improved secretion of fully-assembled hIgG; from S. cerevi-
siae (Rakestraw JA, S.L.S., Piatesi A, Antipov E, K.D.W.,
unpublished data). Three saturation libraries centered about the
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Fig. 1. Aglycosylated C'/E loop variants with FcyRIIA binding. (A) Cartoon
representation of the crystal structure of the higGy Fc complex with FcyRIll
(PDB ID 1E4K). FcyRlll is shown in green and both chains of the Fcin pale blue.
Fccontactsurfaces are colored: lower hinge (orange), B/Cloop (blue), C'/E loop
(red), and F/G loop (purple). Fc glycosylation is shown in yellow. The high-
lighted area shows an enlarged view of the C'/E loop interaction with FcyRIIl.
Fcresidues 296-300 are shown as sticks. (B) Unique sequences of aglycosylated
Fc variants isolated for FcyRIIA binding after two rounds of FACS. Displayed
sequences represent the residues randomized in the saturation libraries,
positions 296-300, with the WT sequence underlined. Numbersin parentheses
denote number of times a particular mutant was isolated. In some cases,
identical protein sequences were isolated from multiple unique clones at the
DNA level. Sequences of glycosylated variants enriched from the screen have
been omitted. (C) Unique sequences of aglycosylated Fc variants isolated for
FcyRIIA binding after a third round of FACS, using a more stringent screening
strategy. (D) Binding of yeast-produced 4m5.3 hlgG; variants to 10 nM
FcyRIIA3R streptavidin-Alexa 647 tetramers. IgG from yeast culture superna-
tants was loaded onto fluorescein-conjugated yeast and median fluorescence
intensity (MFI) of receptor labeling was measured by flow cytometry. Protein
A Alexa 647 labeling of all samples was assessed to determine similar IgG
loading (data not shown). All data represent the average of two trials.

C'/E loop—theoretically encoding all amino acid combinations
at residues 296-299, 297-299, and 297-300—were pooled and
screened for binding to fluorophore-labeled tetramers of a
soluble form of the FcyRITA3IR allele by multiple rounds of
FACS.

Using this screening strategy, in addition to glycosylated
variants and the wild type (WT) clone, mutants lacking the
canonical Asn-X-Ser/Thr N-linked glycosylation motif were en-
riched from the C'/E loop libraries for binding to FcyRIIA (Fig.
1B). After two rounds of screening, three aglycosylated motifs
were identified: the double mutants S298G/T299A and S298G/
T299G, and the single mutant T299A. After a third round of
screening at increased stringency, the sublibrary was dominated
by the S298G/T299A variant, suggesting it as the highest-affinity
FcyRIIA binding motif in the library (Fig. 1C).

To study the contributions of the S298G and T299A mutations
to receptor binding, a series of point mutants were constructed,
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Variant Rla RIIA"¥H  RIIAT3R  RIIB RIIIAT76F  RIIIA'6V  C1q
wt 0.04 55 5.0 9.8 13 4.6 0.3

N297Q 0.4 n.b. n.b. n.b. n.b. n.b. n.b.
S298G/ 0.3 7.0 1.7 5.7 n.b. n.b. n.b.

T299A

Fig.2. S298G/T299A binds to soluble and cell surface FcyRIIA and FcyRIIB. (A)
Reducing SDS/PAGE of HEK-produced WT 4m5.3 hlgG; and the aglycosylated
variants S298G/T299A and N297Q. (B) Glycan blotting with the mannose-
specific lectin LCA (Upper). Coomassie staining of SDS/PAGE was assessed to
demonstrate similar protein loading (Lower). (C) Dissociation constants (Kg)
for binding of FcyRs and C1q to WT 4m5.3 hlgG; and aglycosylated variants;
n.b., no binding detected. (D) Labeling of CHO cell lines stably transfected with
FcyRs with 4m5.3 IgG immune complexes. Cells were incubated with 1 ug of
ICs and analyzed by flow cytometry.

secreted from yeast, and assayed for their ability to bind to
FcyRITABIR (Fig. 1D). Both the S298G and T299A mutations
alone retain binding to FcyRIIA at comparable or increased
levels to WT IgGj, and the S298G mutation in the aglycosylated
T299A background yields a variant capable of binding FcyRITA
to a much greater extent. The S298G/T299A double mutant is
incapable of rescuing binding in the N297Q, N297D, and N297A
backgrounds, suggesting there is a strong requirement for as-
paragine at position 297 for FcyRIIA binding, even in the
absence of conjugated carbohydrate, a finding consistent with its
conservation in the initial library screen.

$298G/T299A Is Aglycosylated and Binds to FcyRs. To confirm that
the potential aglycosylated motifs identified from the yeast-
based screen indeed lacked the N-linked glycan and were capable
of engaging FcyRs, WT, S298G/T299A, and the nonreceptor
binding N297Q aglycosylated control were expressed and puri-
fied from HEK 293 cells. Both N297Q and S298G/T299A exhibit
increased mobility by reducing SDS/PAGE (Fig. 24) and, crit-
ically, are not recognized by the mannose-specific lectin LCA
(Fig. 2B), consistent with the expected absence of N-linked
glycosylation. Surface plasmon resonance measurements show
that S298G/T299A binds to both FcyRIIA alleles, FcyRITA3IR
and FcyRIIAB™ and to FcyRIIB; however, this mutant does
not bind to FcyRIIIA nor the complement component Clq, and
binding to FcyRI was weakened by 10-fold. (Fig. 2C). S298G/
T299A binds FcyRITA3IR with a dissociation constant (Kg) of
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Fig. 3. Platelet clearance in murine FcyR knockout, FcyRIIA3R transgenic
mice treated with chimeric antiplatelet antibody 6A6 hlgG; or the aglycosy-
lated variants N297A and S298G/T299A. Mice (n = 3) were injected with either
antibody or PBS control and bled at 4, 24, and 72 h after injection. Normalized
to platelet counts before injection, counts 4 h following injection of the 6A6
antibodies were 15.8 = 13.9% for WT, 39.5 = 5% for S298G/T299A, 71.0 =
6.1% for N297A, and 85.7 = 11.0% for those treated with PBS only. S298G/
T299A-treated mice displayed a statistically significant difference in platelet
reduction compared to N297A (P = 0.017) and PBS (P = 0.002), but not a
statistically significant difference compared to WT (P = 0.068).

1.7 uM, approximately threefold stronger than WT Fc, and binds
FcyRIA B with a K4 of 7.0 uM, slightly weaker than WT. A
small increase in affinity compared to WT for FcyRIIB was also
observed, suggesting a preferential binding of FcyR with an
arginine at position 131 (see Fig. 2C and Fig. S3).

To determine whether S298G/T299A can engage native FcyRs
as expressed on the cell surface, CHO cell lines stably transfected
with FcyRITABIR FcyRITABH and FcyRIIB were labeled
with 4m5.3 hIgG; immune complexes (ICs) (Fig. 2D and Fig. S4).
Both WT and S298G/T299A IgG ICs label all receptor-
expressing CHO cells in a concentration-dependent manner,
demonstrating that S298G/T299A binds FcyRs in this context as
well. Consistent with the soluble binding measurements, S298G/
T299A IgG ICs label FcyRIIA®IR- and FcyRIIB-expressing
CHO cells at similar levels as WT; however, S298G/T299A shows
only intermediate labeling of the FcyRIIA!3H allele, compared
to WT and the aglycosylated control.

$298G/T299A Activates FcyRIIA in Vivo. To determine whether this
aglycosylated IgG is functional in vivo, a murine platelet clear-
ance model was used to test the extent of S298G/T299A activity.
The platelet integrin antigen-binding antibody 6A6 was refor-
matted as a mouse-human IgG; chimera and the S298G/T299A
mutations subsequently introduced into the human Fc domain.
The antibody was tested in a transgenic mouse model, in which
the endogenous murine FcyRs have been deleted by gene
targeting and the human activation FcyR, FcyRITABIR s
expressed as a transgene, thus maintaining cell-type expression
appropriate for the human transgene (23). Mice with this
genotype were treated with WT, N297A, and S298G/T299A 6A6
hIgG; purified from HEK 293 cells and the extent of platelet
clearance measured over time (Fig. 3). After 4 hours, S298G/
T299A-6A6-treated mice (n = 3) showed a statistically signifi-
cant drop in platelet count when compared to those treated with
N297A-6A6 or PBS, exhibiting a response that was comparable
to WT-6A6 and demonstrating the ability of S298G/T299A
to productively engage FcyRIIA in vivo and result in platelet
clearance.

Model of S298G/T299A-FcyRIIA Interaction. To explore the struc-

tural basis for FcyR binding of this aglycosylated Fc domain
variant, we constructed homology models of Fc:FcyRIIA com-
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Fig. 4. Homology model of WT and S298G/T299A Fc interactions with
hFcyRIIA. (A) Structure of the WT B-chain Fc fragment bound to the con-
structed FcyRIIA3'R homology model. The portion of FcyRIIA (chain C) high-
lighted as orange sticks shows those side chains that were conformationally
relaxed, through rotamerization, during model construction. (B) Structure of
the aglycosylated N297(B) interactions with a superposition of the possible
discrete side chain conformations (rotameric states) of N297(B), T119(C), and
$126(C) in the S298G/T299A mutant form of the Fc fragment. (C and D)
Structure of the K117(C)-D265(B) salt bridge in the WT structure (C) enclosed
within the binding cavity in the presence of the oligosaccharide, and the same
salt bridge as seen in the aglycosylated S298G/T299A mutant (D). (E and F)
Residual potential after binding mapped onto the interaction face of the B
chain of the Fc fragment in the WT (E) and S298G/T299A mutant (F) structures.
White regions indicate areas of ideal complementarity between the Fc frag-
ment and FcyRIIA'3'R, while deep red or blue regions indicate areas of poor
complementarity because of ligand desolvation costs uncompensated by
interactions made upon binding. Red corresponds to negative residual po-
tentials and blue to positive residual potentials. The coloring scale, identical in
both panels, is indicated in units of kT/e.

plexes based on the previously solved structures of the IgG; Fc,
the FcyRIIA structure (24), and the Fc:FcyRIII complex (17)
(Fig. 4). Three features emerge from this modeling. First, in the
model of the WT interaction, there is only limited interaction
between the two N-linked glycans and FcyRIIA (see Fig. 44).
The asymmetric nature of the IgG; Fc:FcyRIIA interaction
predicts that the glycan attached to the B chain of the Fc dimer
may interact with residues K117, T119, F121, S126, and F129 of
the receptor, whereas the glycan attached to the other chain (the
A chain) does not make contact with FcyRIIA. These
glycan:FcyR contacts provide negligible calculated screened
electrostatic intermolecular interactions (approximately 0 kcal/
mol), compared to the much larger intramolecular ones between
glycan and Fc [roughly —1.3 kcal/mol, with a dominant contri-
bution from N297/glycan(B)-D265(B)] and suggest that both
oligosaccharides are primarily interacting with their respective
Fc chains. Second, N297 is important for the Fc:FcyRIIA
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interaction. Aglycosylated N297 has the potential to make
hydrogen bond interactions across the interface with S126 of the
receptor (see Fig. 4B). These interactions may be mediated by a
bridging water molecule that can be observed nearby in an
unbound FcyRIIA crystal structure (24). Replacement of N297
with glutamine or alanine disrupts this interaction (and fails to
make similar, stabilizing ones) and is consistent with the ob-
served absence of binding for such mutants (see Fig. 1D and Fig.
S54). Interestingly, replacement with aspartic acid may be able
to make a similar interaction; however the greater desolvation
penalty of the charged side chain upon FcyR binding likely
results in the reduced binding of this variant.

Finally, the intermolecular interaction between the aglycosy-
lated S298G/T299A mutant and FcyRIIA includes a salt bridge
formed between D265 on the B chain of the Fc dimer and K117
on the FcyR. In the WT structure, this interaction is shielded
from solvent by the oligosaccharide chain (see Fig. 4C). In the
aglycosylated S298G/T299A mutant, this salt bridge is exposed
to the solvent (see Fig. 4D), which nearly halves the screened
electrostatic interaction energy compared to WT (—5 kcal/mol
versus —10 kcal/mol). However, this effect is more than com-
pensated in the S298G/T299A mutant by a reduced desolvation
penalty (25), a measure of the loss of electrostatic interactions
with solvent upon binding, resulting in an overall stabilized
structure. This effect is illustrated (see Fig. 4 E and F) by a
reduction in the residual electrostatic potential present on
D265(B) in the mutant compared to the WT; similarly, Fig. 4
also shows the S298G mutation results in a reduced desolvation
penalty that contributes to the stability of the mutant complex.
Thus, the predictions made by this homology model provide a
hypothetical mechanism for the stability of the aglycosylated
Fc:FcyR complex, resulting from hydrogen bonding and elec-
trostatic interactions altered in the aglycosylated mutant.

Aglycosylated Fc Variants that Bind FcyRIIIA. To evaluate the con-
tribution of individual sidechains in the C'/E loop to FcyR engage-
ment, as well as the nature of the specificity between FcyRIIA and
FcyRIIIA seen in S298G/T299A, we constructed the full set of
single-point mutations at positions 297, 298, and 299, and assayed
yeast-secreted IgG variants for binding to both FcyRIIA and
FcyRIITA (see Fig. S5). Side-chain scanning of 297 and 299
revealed additional mutations that remove the glycosylation motif
but retain residual weak receptor binding: T299H to FcyRIIA, and
N297D and N297H to FcyRIIIA!SY (see Fig. S5.4 and C). T299A
is the only aglycosylated mutant identified that displays dual
specificity, exhibiting improved binding to FcyRIIA while retaining
moderate binding to the FcyRIIIA!7®V allele. Interestingly, the
nature of the side chains at position 299, and not just glycosylation,
greatly impacts receptor binding, as the yeast-expressed glycosy-
lated T299S mutant binds all receptors to a much lesser extent than
the WT Fc.

In contrast to positions 297 and 299, where mutations largely
disrupt the N-linked glycosylation motif Asn-X-Ser/Thr, multi-
ple substitutions in a glycosylated Fc background are tolerated
at position 298 (see Fig. S5B). FcyRIIA binding is much more
sensitive to substitution at position 298, with only glycine
(5298G) maintaining a level of binding that is comparable to
WT. In contrast, FcyRIIIA tolerates an array of substitutions at
position 298, and the data highlight potential mutations for
engineering FcyRIIIA versus FcyRIIA/FcyRIIB specificity,
such as the previously identified S298A and S298N mutations (6,
26). Only S298G maintained engagement to both FcyRIIA and
FcyRIITA in our assay, a finding that, taken together with a
preference for threonine at 299 (T299), suggests an explanation
for the conservation of the motif N-S/G-T in IgG CH2 domains
across virtually all species (see Fig. S1).

While our initial efforts, which focused on FcyRIIA, resulted
in specificity for FcyRIIA and FcyRIIB at the expense of

20170 | www.pnas.org/cgi/doi/10.1073/pnas.0809257105
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Fig. 5. Designed aglycosylated Fc mutants with FcyRIIIA binding. Yeast-
secreted 4m5.3 higG; C'/E loop double point mutants (A) or T299A point
mutants with the “second-site’” mutations K326E and K290E/N (B) were
loaded on fluorescein-conjugated yeast and assayed for binding to 10-nM
FCyRIIAT78Y, FcyRINIA'76F, and FcyRIIA'3'R (A only) streptavidin-Alexa 647 tet-
ramers by flow cytometry. All data represent the average of two trials and are
normalized to the WT signal.

FcyRIIIA binding (see Fig. 2C), the side-chain scanning data
suggested that aglycosylated Fcs that bind FcyRIIIA with com-
parable affinity to WT could also be identified. Within the C'/E
loop, rational design of double mutants based upon the weakly
FcyRIITA-binding N297D and N297H substitutions yielded
variants that bound FcyRIIIA!7®V at levels 10 to 40% of WT and
with specificity for FcyRIIIA (see Fig. 54), a desired property
in engineering Fcs with enhanced immune effector functions (2).
In a separate strategy, the consensus mutations K326E, K290E,
and K290N—identified in a separate screen for improved
FcyRIIA binding (data not shown) and through the efforts of
previous groups (26, 27)—were introduced into the T299A
background. Incorporation of the K326E mutation, located at
the base of the F/G loop, led to enhanced binding for FcyRIIIA,
approaching WT levels for FcyRIITA!7V and weakly binding
FcyRIITA!7F (see Fig. 5B). This result suggests that additional
second-site mutations at contact interfaces other than the C'/E
loop can lead to aglycosylated FcyRIIIA- and FcyRIIA-binding
Fcs with a range of affinities and specificities.

Discussion

Until this study, the general knowledge of the binding interaction
between IgG and FcyRs indicated a dependence on the N-linked
glycan attached to asparagine 297 on the IgG heavy chain. The
Fc variants described in this article clearly demonstrate that
glycosylation is not a strict requirement for FcyR engagement,
either in vitro or in vivo. In an initial strategy, by generating
aglycosylated Fc variants that bind to FcyRIIA and FcyRIIB, we
could demonstrate that the set of mutations necessary to switch
from a WT glycosylated binder to a functionally aglycosylated
binder is fairly small; in our case it involved the introduction of
only two point mutations. In a second more directed screening
strategy, we could further demonstrate that by introducing
additional modifications into our aglycosylated mutants, we can
combine features from single mutants discovered from different
screenings, thereby modulating the overall affinity features of
the IgG variant. This combinatorial behavior of the contribution
of single mutations is of special interest for the engineering of
IgG variants with very well-defined binding properties.

In addition to the enhanced FcyRITA!3R binding observed in
the aglycosylated S298G/T299A variant, we were able to restore
binding to FcyRIIIA!SV to near WT levels, suggesting that

Sazinsky et al.
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further engineering can also lead to aglycosylated variants with
WT or improved binding to FcyRIIIA. In particular, we antic-
ipate that introducing mutations into the T299A background,
which weakly binds both FcyRIIA and FcyRIIIA, will lead to
fully FcyR competent aglycosylated antibody variants. Building
upon these aglycosylated FcyRIITA-binding variants will be
essential for their potential use as cytotoxic antibodies, which
have emerged as a promising class of therapeutics for treatment
of human cancer in recent years (28). Support for a critical role
for FcyR engagement in the mechanism of antitumor activity,
and specifically for FcyRIIIA, has come from three independent
studies, which found a strong, positive correlation between
patient response and the presence of specific alleles of the
activating FcyR FcyRIIIA that conferred enhanced binding for
the IgG1 Fc domain of the antibody (29-31). While the S298G/
T299A variant does not bind complement, the above studies, as
well as murine models that demonstrate a dominant role for
FcyR engagement in therapeutic antibody activity (3), suggest
that restoration of complement binding would be unnecessary
for engineered Fc variants. In addition to their ability to bind
FcyR, it will also be important to assess the stability of these
variants, as previously characterized Fc variants (32) and deg-
lycosylated WT Fc (33) have displayed reduced thermal stability.

Given the small number of mutations required to achieve
N-linked glycosylation-independent FcyR binding, it is striking
that all naturally occurring IgGs nevertheless use this posttrans-
lational modification. Among different antibodies there is vari-
ation in the fucose and galactose-sialic acid attached to the core
glycan structure (Fig. S6), and it has been reported that these
variations dramatically influence the antibody activity. The
absence of fucose in the glycan was reported to enhance the
affinity of FcyRIIIA for IgG up to 50-fold (13), thereby switch-
ing the antibody into an inflammatory mode. This is required, for
example, for cytotoxic antibodies, but also occurs when autoan-
tibodies generate pathogenic immune complexes and activate
autoimmune cascades. In contrast to fucose, the presence of
terminal sialic acid was demonstrated to be the critical factor for
the anti-inflammatory action of high-dose intravenous Ig (12,
34). Sialic acid reduces the affinity of FcyRs to IgG by 5- to
10-fold (12) and, in addition, marks IgGs and subsequently
allows them to bind to non-FcR lectins (34) and mediate
downstream actions through these unique interactions, resulting
in anti-inflammatory responses, including the up-regulation of
FcyRIIB on effector macrophages (35). The conservation of the
N-S/G-T glycosylation motif among different species (Fig. S1) at
the expense of this posttranslational variability supports the view
that the glycan, although not necessarily required for FcyR
binding, serves as a platform for further modulation of the IgG’s
activity, enabling posttranslational switching or tuning of the IgG
function between an anti-inflammatory or inflammatory mode.

Finally, our demonstration that IgG variants that have uncou-
pled FcyR binding from N-linked glycosylation can be generated
opens up unique possibilities for protein engineering and bi-
omanufacture. Our results suggest that receptor binding affinity
and specificity can be engineered on the simpler template of an
unmodified polypeptide chain, and these properties can be
selected by yeast surface display of aglycosylated Fc mutant
libraries. Such mutants could then be produced in essentially any
recombinant expression system without loss of the desired
altered effector functions.

Materials and Methods

Library Construction. Libraries were constructed by homologous recombina-
tion of a mutated heavy-chain constant-region insert into the 4m5.3 heavy-
chain yeast-secretion vector template according to previously published meth-
ods (36). The 4m5.3 heavy-chain secretion vector was previously constructed
from the pRS316 shuttle vector by insertion of the GAL10 promoter and alpha
terminator, signal peptide, and 4m5.3 variable heavy-chain domain upstream
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of the higGy CH1 to CH3 constant domains (Rakestraw JA, S.L.S., Piatesi A,
Antipov E, K.D.W., unpublished data). Preparation of mutagenic C'/E loop
gene inserts and digested template vector are detailed in S/ Materials and
Methods. Gene inserts were transformed with digested template vector by
electroporation into the yeast strain YVH10/LC, a derivative of the yeast strain
YVH10, containing a chromosomally integrated copy of the 4m5.3 light-chain
yeast-secretion vector. The 296-299 and 297-300 saturation libraries had
~6 X 107 transformants, 60-fold greater than their theoretical diversity at the
DNA level (324 ~ 1.0 X 106); the 297-299 library had ~4 X 107 transformants.

Oligonucleotides. Oligonucleotides are detailed in SI Materials and Methods.

Library Screening. Library screening was performed using the cell-surface
secretion assay (CeSSA) (22). Briefly, libraries were grown in SD-CAA (2%
glucose, 0.67% yeast nitrogen base, 0.54% NayHPO,, 0.86% NaH,PO4H,0,
0.5% casein amino acids) at 30 °C to an ODggo of ~5, and then induced in YPG
(2% galactose, 2% peptone, 1% yeast extract, 0.54% Na;HPO,, 0.86%
NaH;P04-H;0) for 12 h at 20 °C. Following this preinduction phase, yeast were
labeled with fluorescein-PEG-NHS (Nektar) and reinduced in YPG containing
15% PEG (wt/vol) at 20 °C for 36 h. Cells were washed with PBS containing
0.1% (wt/vol) BSA (PBS/BSA) and labeled with biotinylated hFcyRIIA'3'R pre-
loaded onto streptavidin-Alexa 647 (Invitrogen). The library was sorted on a
BD FACSAria (Becton Dickinson) and collected cells grown in SD-CAA supple-
mented with penicillin/streptomycin (Invitrogen), for a total of three rounds
of screening. Library populations were labeled at increasingly stringent con-
centrations of FcyRIIA tetramer as follows: round one (50-nM FcyRIIA tet-
ramer), round two (2-nM FcyRIIA tetramer), and round three (80-pM FcyRIIA
tetramer). All clones isolated from screening were retransformed into
YVH10/LC and individually assayed for FcyRIIA binding.

Site Directed Mutagenesis. Site-directed mutagenesis is detailed in S/ Materials
and Methods.

Characterization of Yeast-Secreted Fc Mutants. Fc mutants freshly transformed
into YVH10/LC were grown in 5-ml SD-CAA at 30 °C until an ODggo =5, then
induced in 5-ml YPG at 20 °C for 72 h. Cell-culture supernatants were loaded
onto fluorescein-conjugated yeast overnight at 4 °C; yeast were then washed
with PBS/BSA, labeled with 10 nM of biotinylated FcyR preloaded onto
streptavidin-Alexa 647 at 4 °C for >2 h, and analyzed by flow cytometry.
Labeling with 10-ug/ml Protein A-Alexa 647 (Invitrogen) was performed as a
separate IgG loading control for all samples.

Mice. y~/~ FcyRIIB~/~ mice were generated in the Ravetch laboratory, back-
crossed for 12 generations to the C57BL/6 background, and crossed to
hFcyRIIA® mice (The Jackson Laboratory). Female mice at 2 to 4 months of age
were used for the experiments and maintained at the Rockefeller University
animal facility. All experiments were performed in compliance with federal
laws and institutional guidelines and have been approved by the Rockefeller
University.

Cell Culture. CHO cells were cultured according to the American Type Culture
Collection guidelines. CHO-hFcyRIIA'3H, CHO-hFcyRIIA'3'R, and hFcyRIIB
were obtained by transfection of the pCMV-Script-hFcyRIIA'3™H, CHO-
hFcyRIIA™3'R, and hFcyRIIB plasmids and subsequent selection with 1-mg/ml
geneticin (Invitrogen).

Antibodies and Recombinant Proteins. The 6A6-human Fc chimeric variants and
soluble hFcy-receptors were produced by transient transfection of 293T cells and
subsequent purification from culture supernatants. For protein production, cells
were cultured in DMEM supplemented with 1% Nutridoma SP (Roche). Cell-
culture supernatants were harvested 6 days after transfection, and protein was
precipitated by ammonium sulfate precipitation. The 4m5.3-human Fc chimeric
variants were produced by transient transfection of 293F cells (Invitrogen) and
subsequent purification from cell-culture supernatants. For protein production,
cells were cultured in Freestyle 293F Expression Medium (Invitrogen). Recombi-
nant receptors were purified with Ni-NTA (Qiagen) and recombinant antibodies
were purified with protein G Sepharose (GE Healthcare) or immobilized protein
A (Pierce) by affinity chromatography. All proteins were dialyzed against PBS.
Purity was assessed by SDS/PAGE followed by Coomassie Blue staining.

Immune Complex Binding Assay. For studying immune complex binding to
surface FcyRs, ICs were generated by incubating 10 ug of the respective 4m5.3
(anti-FITC) chimera with 10 ug of BSA-FITC (Sigma) in 1-ml PBS for 2 h at 37 °C
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while shaking gently. CHO cells were stained for 2 h at 4 °C with 1 ng, 0.5 ug,
0.2 pg, or 0.1 ug of ICs, washed with PBS and analyzed by FACS analysis.

Surface Plasmon Resonance Analysis. To determine the interaction between
soluble hFcy-receptors Rla (R&D Systems), FcyRIIA'3™H, FcyRIIA'3'R, FcyRIIB,
FcyRINIA, Clg (Calbiochem), and 4m5.3 antibody chimera, steady-state affinity
measurements on a Biacore T100 biosensor were performed. Antibodies were
immobilized at high densities to CM5 sensor chips (Biacore) by standard amine
coupling. Soluble hFcy-receptors were injected in five different concentra-
tions through flow cells at room temperature in HBS-EP running buffer
(Biacore) for 3 min at a flow rate of 30 ul/min and dissociation was observed
for 10 min. Kg values were calculated after subtraction of background binding
to a control flow cell using Biacore T100 Evaluation software.

Lectin Blot. Lectin blotting is detailed in S/ Materials and Methods.

In Vivo Model Systems. Mice were injected intravenously with 50-u.g 6A6-hFc1
WT, N297A, or S298G/T299A in 100-ul PBS. Platelet counts were determined
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before injection and at 4, 24, and 72 h after injection by blood collection of 50
ul from the retro-orbital plexus and measuring platelet counts of a 1:10
dilution in PBS/5% BSA in an Advia 120 hematology system (Bayer). Platelet
clearance for mice treated with each 6A6-hlgG variant was analyzed 4 h after
injection by a one-way ANOVA test using SIGMASTAT. Error bars represent the
standard deviation of three mice per group.

Computational Modeling. Computational modeling is detailed in S/ Materials
and Methods.
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S| Materials and Methods

Library Construction: Preparation of Digested Template Vector and
Mutagenic Gene Inserts. The 4m5.3 heavy-chain template vector
was prepared by digestion with Nhel (New England Biolabs) and
Xhol (New England Biolabs), which flank the 5 region of the
hIgG; CH1 domain (Nhel) and 3’ region of the CH3 domain
(Xhol). Saturation mutagenesis of the C'/E loop was performed
by gene reconstruction with the oligonucleotides 297-299NNK
(all oligos from Integrated DNA Technologies), 296-299NNK,
and 297-300NNK for each of the three libraries, respectively. In
a first PCR step, the mutagenic oligo and reverse primer
4m-CH3-epPCR-rev were used to amplify the region 5’ of the
C'/E loop through the 3’ region of the CH3 domain, using the
WT vector as a template. In a second PCR step, this PCR
product was used along with the forward primer 4m-CHI1-
epPCR-for to amplify the 3’ region of the 4m5.3 variable heavy
chain to the 3’ end of the CH3 domain, reconstructing the heavy
chain CH1 to CH3 gene insert with ~50 base pairs of overlap
with the digested template vector for efficient yeast homologous
recombination.

Oligonucleotides. 297-299NNK (5'-AGCCGCGGGAGGAG-
CAGTACNNKNNKNNKTACCGTGTGGTCAGCGTCCT)

296-299NNK (5'-CAAAGCCGCGGGAGGAGCAGNN-
KNNKNNKNNKTACCGTGTGGTCAGCGTCCT)

297-300NNK (5'-AGCCGCGGGAGGAGCAGTACNN-
KNNKNNKNNKCGTGTGGTCAGCGTCCTCAC)

4m-CHI1-epPCR-for (5'-ATGGAATACTTGGGTCAAG-
GAACCTCAGTCACCGTCTCCGCTAGC)

4m-CH3-epPCR-rev (5'-ATTTTGTTACATCTACACTGT-
TGTTATCAGATTTCGCTCGAGTCA)

297NNK (5'-CCGCGGGAGGAGCAGTACNNKAG-
CACGTACCGTGTGGTCAG)

298NNK (5'- GCGGGAGGAGCAGTACAACNNKACG-
TACCGTGTGGTCAGCG)

299NNK (5'- GGAGGAGCAGTACAACAGCNNKTAC-
CGTGTGGTCAGCGTC)

297NHC (5'- CCGCGGGAGGAGCAGTACNHCAG-
CACGTACCGTGTGGTCAG)

298NHC (5’- GCGGGAGGAGCAGTACAACNHCACG-
TACCGTGTGGTCAGCG)

299NHC (5- GGAGGAGCAGTACAACAGCNHCTAC-
CGTGTGGTCAGCGTC)

N, H, and K encode the following groups of nucleotide bases:
N encodes all four nucleotides; K encodes G and T; H encodes
A, C,and T.

Site Directed Mutagenesis. For side chain scanning of positions 297,
298, and 299, mutagenesis of the 4m5.3 heavy-chain yeast-secretion
vector was performed using the Quikchange Multi Site-Directed
Mutagenesis Kit (Stratagene) and the degenerate oligos 297NNK,
298NNK, 299NNK, 297NHC, 298NHC, and 299NHC. Clones were
identified and confirmed by subsequent sequencing and resequenc-
ing. All other point mutants were constructed by PCR-
amplification of the entire vector, using complementary primers
containing the desired point mutations.

1. Sondermann P, Huber R, Oosthuizen V, Jacob U (2000) The 3.2-A crystal structure of the
human IgG1 Fc fragment-Fc gammaRlll complex. Nature 406:267-273.

2. Lippow SM, Wittrup KD, Tidor B (2007) Computational design of antibody-affinity
improvement beyond in vivo maturation. Nat Biotechnol 25:1171-1176.
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Lectin Blot. 10 wg of 4m5.3 WT, N297Q, and S298G/T299A
antibody chimera were resolved by SDS/PAGE using a poly-
acrylamide gel (NuPAGE, Invitrogen) under nonreducing con-
ditions. Proteins were transferred to a PVDF membrane (Mil-
lipore), blocked with Western Blocking Reagent (Roche), and
followed by incubation with biotinylated LCA lectin (2 ug/ml,
Vector Laboratories) and alkaline phosphatase-conjugated goat
antibiotin antibody (Sigma). Bound antibody was visualized with
4-nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolyl
phosphate (Roche).

Computational Modeling. Beginning from the crystal structure of the
extracellular portion of the Fcy-RIIIB receptor bound to the Fc
region of the human IgG, (PDB ID 1E4K) (1), structures were
prepared using methods from Lippow et al. (2). Hydrogen atoms
were placed and the side chains of H116(C) and H131(C) on the
receptor were flipped by 180° around x, and treated in their neutral,
e-protonated form. In the Fc fragment, all histidine side chains were
neutral and protonated as indicated, to maximize hydrogen bonding
potential: 268(A)-8, 268(B)-g, 285(A)-8, 285(B)-6, 310(A)-6,
310(B)-¢, 429(A)-6, 429(B)-8, 433(A)-8, 433(B)-8, 435(A)-6, and
435(B)-6. A preliminary homology model of the corresponding
FcyRIIA complex was constructed on this backbone as follows: all
non-alanine, non-glycine residues further than 4.75 A from an
interface residue were replaced by alanine; both glycosylated and
aglycosylated forms of the structure were prepared; and in the
glycosylated structure, a sliding, restrained harmonic minimization
was performed on the side chain of the N-glycosylated N297(B).
Partial atomic charges for the N-glycosylated N297(C) residues
were derived by fitting to the electrostatic potential using the
restrained fitting methods of Bayly et al. (3) for each monosaccha-
ride. The charges associated with hydrogens missing in the poly-
saccharide were added to their parent atoms to ensure charge
conservation. To generate the FcyRIIA receptor structure, all
FcyRIIIB interfacial residues were mutated to their FeyRITAR!3!
counterparts using the dead-end elimination and A* protocol
described by Lippow et al. (2) in the presence of WT or mutant Fc
region. For each mutant sequence, the global minimum energy
conformation, as well as a collection of progressively higher energy
conformations, was identified in the context of discrete rotameric
conformational freedom of all placed side chains, except for the
glycosylated form of N297. All of the Fc mutants examined were
generated in the presence of the receptor during this conforma-
tional search. Note that one interfacial residue in the linker region
of the FcyR structure (E86 in the FcyRIIA sequence) was left as
a glycine, as all glutamate rotamers searched had a van der Waals
clash with the receptor backbone. In the unbound FcyRIIA crystal
structure (4), the two domains of the receptor separate slightly to
accommodate this larger residue. The solvent-screened electro-
static interactions and the residual electrostatic potential upon
binding for these structural models were computed by solving the
linearized Poisson-Boltzmann equation as described by Lee and
Tidor (5). PARSE radii and charges were used for all examined
complexes (6).

3. Bayly Cl, Cieplak P, Cornell WD, Kollman PA (1993) A well-behaved electrostatic
potential based method using charge restraints for deriving atomic charges—the RESP
Model. J Phys Chem 97:10269-10280.

4. Maxwell KF, et al. (1999) Crystal structure of the human leukocyte Fc receptor, Fc
gammaRlla. Nat Struct Biol 6:437-442.
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lower hinge B/C loop C’/E loop F/G loop
234 239 265 269 297 299 327 332
Species  Gene
Homsap  IGHGL APE VELFPPKPKDILMISRIPEV DPEVKFNWYVDGVEVHNAKTKPREEQY YRVVSVLTVLHODWLNGKEYKCKVSNK EKTISKAK
Homsap  IGHG2 VELFPPKPKDTLMISRIPEV DPEVQFNWYVDGVEVHNAKTKRREEQF FRVVSVLTVVHODWLNGKEYKCKVSNK EKTISKTK
Homsap  IGHG3 A VFLFPPKPKDTLMISRTPEV DPEVQFKWYVDGVEVENAKTKPREEQY| FRVVSVLTVLHQDWLNGKEYKCKVSNK EKTISKTK
Homsap  IGHGA A VFLFPPKPKDTLMISRTIPEV DPEVOFNWYVDGVEVHENAKTKEREEQF YRVVSVLTVLHQDWLNGKEYKCKVSNK EKTISKAK
Bostan  IGHGL ® VEIFPPKPKDILTISGIPEV DPEVKFSWFVDDVEVNTATTKPREEQF| YRVVSALRIQHQDWIGGKEFKCKVHNE VRTISRTK
Bostau 1GHG2 VEIFPPKPKDTLMITGTIREV NPEVQFSWEVDDVEVHTARTKPREEQF YRVVSALPIQHQDWTIGGKEFKCKVNIK VRIISRSK
Bostau 1GHG3 . VFIFPPKPKDTLTISGTPEV DPEVQFSWFVDDVEVHETARTKPREEQF YRVVSALRIQHODWLQGKEFKCKVNNK VRTISRTK
Camdro  IGHG2 A VFIFPPKPKDVLSISGRPEV DPEVSFNWYIDGVEVRTANTKPKEEQF YRVVSVLTIQHQDWLTGKELKCKVNNK ERTISKAK
Camdro  IGHG3 A VEVEPPKPKDVLSISGREPEV DPEVNFNWYIDGVEVRTANTKPKEEQF YRVVSVLTIQHQDWLTGKEFKCKVNNK ERTISKPK
Canfam  IGHGL v VLIFPPKPKDILRITRTIPEV DPEVQISWFVDGKEVHTAKTOSREQQF YRVVSVLPIEHQDWLTGKEFKCRVNHI ERTISKAR
Canfam  IGHG2 A VFIFPPKPKDTLLIARTPEV DPEVOISWFVDGKQMOTAKTQPREEQF YRVVSVLPIGHODWLKGKQFTCKVNNK ERTISKAR
Canfam  IGHG3 G VFIFPPKPKDILVTARTPTV NPEVQISWFVDSKQVQTANTQPREEQS YRVVSVLPIGHQODWLSGKQFKCKVNNK EEIISKTP
.... Canfam  IGHG4 v VEIFPPKPKDILRITRIPEL DPEVQISWFVDGKEVHTAKTQPREQQF YRVVSVLPIEHQDWLTGKEFKCRVNHI ERTISKAR
Equeab  IGHGL A VEIFPPNPKDTLMITRIPEV NPDVKENWYMDGVEVRTATTRPKEEQF YRVVSVLRIQHQDWLSGKEFKCKVNNQ ERTITKTK
. Equcab 1GHG2 R VFIFPPNPKDALMISRTPVYV YPDVQFSWYVDNTEVHSAITKQREAQF YRVVSVLPIQHODWLSGKEFKCSVTINV SRAISRGK
Equeab  IGHG3 A VFIFPPKPKDVLMITRIPEV SSDVLFTWYVDGTEVKTAKTMPNEEQUY, YRVVSVLRIQHQODWLNGKKFKCKVNNQ ERTISKAT
' Equeab  IGHG4 . VEIFPPKPKDVLMISRIPTV FPDVOFNWYVDGVETHTATTERKQEQN YRVVSILAIQHKDWLSGKEFKCKVNNOQ QKTISKET
Equeab  IGHGS A VEIFPPKPKDVLKISRKEPEV DPDVQFTWFVDGVETHTATTERKEEQF| YRVVSVLPIQHQDWLSGKEFKCSVTNK ERTTSKAK
Equeab  IGHG6 D VFIFPPNPKDTLMISRTPEV NPDVKFNWYVDGVEAHTATTKAKEKQD YRVVSVLPIQHODWRRGKEFKCKVNNR ERTITKAK
Macfas 1GHGL A VFLFPPKPKDTLMISRIPEV DPDVKFNWYVNGAEVEHAQTKPRETQY| YRVVSVLTVTHODWLNGKEYTCKVSNK OKTISKDK
- Macmul IGHGL s VFLFPPKPKDTLMISRTPEV DEDVKFNWYVNGAEVHHAQTKPRETQY YRVVSVLTVTHQDWLNGKEYTCKVSNEK OKTISKDK
Macmul 1GHG2 P VELFPPKPKDTLMISRIPEV EPDVKFNWYVDGVEVHNAQTKPREEQF| YRVVSVLTVTHQDWLNGKEYTCKUVSNK QKTVSKTK
Macmul 1GHG3 A VFLFPPKPKDTLMISRIPEV DPEVQFNWYVDGAEVHHAQTKRPREEQF YRVVSVLTVTHQDWLNGKEYTCKVSNK EKTISKAK
Mondom  IGHG . VFVFPPNPQDVLKLSRSPKYV L SGVQITWFKGEEEV.SSPKLTQKKLY| FOQVVSNLPVVHQEWLKGTSYTCKVNTS RKTISHTK
Musmus 1GHGL . VFIFPPKPKDVLTITLTPKY DPEVQFSWFVDDVEVHTAQTQRREEQF FRSVSELPIMHQDWLNGKEFKCRVNS A EKTISKTK
Musmus IGHG2A A VEIFPPKIKDVLMISLSPIV DPDVQISWEVNNVEVHTAQTQTHREDY LRVVSALPIQHQDWMSGKEFKCKVNNK ERTISKEPK
Musmus IGHG2B A VEIFPPNIKDVLMISLTIPKV DPDVQISWFVNNVEVHTAQTOTHREDY IRVYSTLPIQHODWMSGKEFKCKVNNK ERTISKIK
Musmus TGHG2C A VFIFPPKIKDVLMISLSPMY DPDVQISWFVNNVEVHTAQTQTHREDY LRVVSALPIOHQDWMSGKEFKCKVNNR EKTISKPR
Musmus 1GHG3 e VFIFPPKPKDALMISLTPKY DPDVEVSWFVDNKEVETAWTQPREAQY| FRVVSALPIQHQDWMRGKEFKCKVNNK ERTISKPK
Oryeun  IGHG P VEIFPPKPKDILMISRIPEV DPEVOFTWYINNEQVRTARPPLREQQF IRVVSTLPIAHEDWLRGKEFKCKVHNK EKTISKAR
oviari IGHGL VEIFPPKPKDILTISGTIRPEV DPEVOFSWFVDNVEVRTARTKPREEQF| FRVVSALPIQHQDWIGGKEFKCKVHNE VRTISRTK
oviari TGHG2 . VFIFPPKPKDSLMITGTPEV LPEVQFSWFVDNVEVRTARTKPREEQF| FRVVSALPIOHDHWTGGKEFKCKVHSK VRTISRAK
Pantro  IGHGL A VFLFPPKPKDTLMISRIPEV DPEVKFNWYVDGVEVENAKTKPREEQY| YRVVSVLTVLHOQDWLNGKEYKCKVSNK EKTISKAK
Ratnor  IGHGL VEIFPPKPKDVLTITLTIRKY DPEVHFSWFVDDVEVHTAQTRPPEEQF FRSVSELPILHQDWLNGRTFRCKVTS A EKTISKPE
Ratnor  IGHG2A . VEIFPPKTKDVLTITLTRPKYV DPEVRFSWFIDDVEVHTAQTHAPEKQS LRSVSELPIVHRDWLNGKTFKCKVNSG EKSISKPE
Ratnor ~ IGHG2B  V VFIFPPKPKDILLISQNAKY EPDVOQFSWFVNNVEVHTAQTQPREEQY FRVVSALPIQOHQODWMSGKEFKCKVNNEK EKTISKPK
Ratnor 1GHG2C VFIFPPKPKDILMITLTPKY EPDVOFSWFVDNVRVFTAQTQPHEEQL FRVVSTLHIQHQDWMSGKEFKCKVNNK EKTISKPR
Ratrat 16HG2C VEIFPPKPKDILMITLTPKY EPDVOFSWFEVDNVRVFTAQTQPHEEQL FRVVSTLHIQHQDWMSGKEFKCKVNNK EKTISKEPR
susser  IGHGL . VEIFPPKPKDILMISQTPRPEV HAEVQFSWYVDGVEVHTAETRPKEEQF YRVVSVLPIQHQDWLKGKEFKCKVNNV TRTISKAI
Susscr  IGHG2A . VFIFPPKPKDTLMISRTIPQV NPEVQFSWYVDGVEVHTAQTRPKEEQF YRVVSVLPIOHQDWLNGKEFKCKVNNEK TRITISKAK
susser 1GHG2B VEFIFPPKPKDTLMISRTIPQV NPEVQFSWYVDGVEVHTAQTRPKEEQF YRVVSVLPIQHQDWLNGKEFKCKVNNK TRIISKAK
Susser  IGHG3 VEIFPPKPKDTILMISQTPREV HAEVQFSWYVDGVEVHTAETRPKEEQF YRVVSVLPIQHQDWLKGKEFKCKVNNV TRTISKAL
susser  IGHG4 . AFIFPPKPKDTLMISRTIPKYV NPEVQFSWYVDGVEVHTAQTRPKEEQF YRVVSVLPIQHQDWLNGKEFKCKVNNK TRIISKAK
susscr  IGHGS . AFIFPPKPKDTFMISRTPKYV NPEVQFSWYVDGVEVHTAQTRPKEEQF YRVVSVLPIQHODWLNGKEFKCKVNNK TRIISKAK
Trivul 1GHG VFLFPPNPKDTLTLSRVPKI L SEVQISWYKGENAI.DSPKPTERKLY| FQVVSTLSVAHQEWLNGVAYTCKVDNK RKTIFHTK
Species Key
Homsap:  Homo sapiens (Human)
Bostau:  Bos taurus (Bovine)
Camdro:  Camelus dromedarius (Camel)
Canfam:  Canis familiaris (Dog)
Bqueab:  Equus caballus (Horse)
Macfas:  Macaca fascicularis (Crab-eating macaque)
Macmul:  Macaca mulatta (Rhesus monkey)
Mondom:  Monodelphis domestica (South American short-tailed grey opossum)
Musmus:  Mus musculus (Mouse)
Orycun:  Oryctolagus cuniculus (Rabbit)

Ovis aries (Sheep)

Pantro:  Pan troglodytes (Chimpanzee)
Ratnor:  Rattus norvegicus (Rat)

Ratrat:  Rattus rattus (Black rat)

Susscr:  Sus scrofa (Pig)

Trivul:  Trichosurus vulpecula (Silver-gray brushtail possum)

Fig. S1. 1gG Asn-Ser-Thr motif conservation across species. Sequence alignment of IgG CH2 domains. Data represents those sequences present in the IMGT
database (7, 8), aligned initially using the IMGT/Domain Display tool and then manually adjusted. Loops that make contact with FcyR in the higGy FcyRIIl complex
are color coded: lower hinge (orange), B/C loop (blue), C'/E loop (red), and F/G loop (purple).
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Fig.S2. Full-length higG Fc display on the yeast cell surface.Yeast transformed with 4m5.3 heavy-chain and light-chain secretion vectors are conjugated with
NHS-PEG-fluorescein, then induced for secretion in PEG-containing medium. IgG variants are preferentially captured on the fluorescein-labeled yeast cell from
which they are secreted (9). The displayed library is subsequently screened with preformed tetramers consisting of biotinylated-soluble hFcyRs and fluorophore-
conjugated streptavidin (SA).
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C’/E loop
hIgGl 296yNSTY300

’ FcyRI L26AFKEFHW! 32
e FCyRIIA-131R SQKFSRL
yd FCyRIIA-131H SQKFSHL
FCYRIIB SKKFSRS
FCYRIII DRKYFHH

Fig. $3. C'/E loop contacts with FcyRs. hFcyR family sequence alignment near predicted contacts with the higGy C'/E loop (10). Asn-Ser-Thr glycosylation motif
shown in red. Position 131 of the aligned FcyRs is shown in blue. Dotted lines represent predicted contacts between residues on the Fc and FcyR (10).
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ICs: 1ug 0.5ug 0.2ug 0.1ug

CHO || } ' I CHO |
_fl I“- _.JI _a'l \ J'I II.\ ./ 2. SE——|

|
CHO-RIIA3H i/ U ) | CHO-RIIA®3MH |
)

CHO-RIA®B®R | || [\ ! i .- CHO-RIIATR

CHO-RIB | | | A I Il CHO-RIIB |

— wt — N297Q — S298G/T299A — negative

— anti-RIIB

— anti-RIIA
Fig. S4. S298G/T299A labels FcyRs expressed on CHO cells. (A) Labeling of CHO cell lines stably transfected with FcyRs with 4m5.3 1gG ICs. Cells were incubated
with 0.1 to 1 ug of ICs and analyzed by flow cytometry. (B) Control staining of CHO cell lines with anti-FcyRIIA and anti-FcyRIIB antibodies. The anti-FcyRIIB

antibody was used at a concentration that resultsin a detectable cross reactivity with FcyRIIA3'R, Labeling at this concentration distinguishes between FcyRIIAT3 1R
and FcyRIIAM3TH,
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Fig. S5. Side chain scanning of Fc positions 297, 298, and 299. (A-C) Yeast-secreted 4m5.3 higG; point mutants were loaded on fluorescein-conjugated yeast
and assayed for binding to 10-nM FcyRIIA3R, FcyRINA78Y, and FcyRINIAY6F streptavidin-Alexa 647 tetramers by flow cytometry. All data represent the average
of two trials and are normalized to the WT signal; * indicates binding to variant not determined. (D and E) Histograms of FcyRIIA'3'R streptavidin-Alexa 647 and
FcyRINAT8V streptavidin-Alexa 647 tetramer labeling of weakly binding aglycosylated clones.
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Man == GIcNAc === Gal === Sial

Asn297 == GIcNACc == GIcNAc = Man === GIcNAc
: \
Fucose Man = GIcNAc === Gal === Sial

Fig. S6. Composition of the N-linked glycan attached to Asn-297. Gal, galactose; GIcNAc, N-acetylglucosamine; Man, mannose; Sial, sialic acid. Dark lines
represent core glycosylation, dotted lines represent glycoforms variably attached to the core structure.
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