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Protein—protein interactions are essential for the control of cellular
functions and are critical for regulation of the immune system.
One example is the binding of Fc regions of IgG to the Fc gamma
receptors (FcyRs). High sequence identity (98%) between the
genes encoding FcyRllla (expressed on macrophages and natural
killer cells) and FcyRlllb (expressed on neutrophils) has prevented
the development of monospecific agents against these therapeutic
targets. We now report the identification of FcyRllla-specific arti-
ficial binding proteins called “Affimer” that block IgG binding and
abrogate FcyRllla-mediated downstream effector functions in mac-
rophages, namely TNF release and phagocytosis. Cocrystal structures
and molecular dynamics simulations have revealed the structural
basis of this specificity for two Affimer proteins: One binds directly
to the Fc binding site, whereas the other acts allosterically.

Fc gamma receptor llla | specific inhibitor | Affimer | allosteric |
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mproved understanding of genetic, genomic, and cellular pro-

cesses underpinning human disease has led to the identifica-
tion of a multitude of protein—protein interactions that represent
potentially important therapeutic targets, frequently for multiple
diseases. Drug discovery has traditionally focused on classical
enzyme pockets, and chemical libraries are screened to identify
inhibitors using biochemical and biophysical assays. Protein—
protein interactions are notoriously difficult to target by this approach,
since the interfaces frequently comprise large contact surfaces, which
generally lack the deep pockets required for traditional medici-
nal chemistry approaches. In recent years, alternative strategies
have emerged including fragment-based approaches to explore the
chemical space or the use of peptide-based recognition molecules,
such as hydrocarbon-stapled peptides, alpha mimetics, nonanti-
body protein scaffolds, and antibody-aided technologies (reviewed
in ref. 1). Proteomimetic molecules have inherently greater po-
tential to bind to critical interaction interfaces and sterically block
protein—protein interactions. Traditional computational-based
design tools have tended to focus on orthosteric inhibitors that di-
rectly target the interaction site, such as the receptor ligand-binding
domain or active site of an enzyme. Approaches for therapeutic
development include stabilization of protein complexes and iden-
tification of allosteric modulators that bind at sites distant to the
interacting proteins (2, 3).

Currently, antibodies are the best-studied group of protein-
based inhibitors with a wide range of therapeutic humanized
monoclonal antibodies already in clinical use (4). However, anti-
bodies are not always ideal as molecular tools due to their multiple
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domains and chains, poor stability, high production costs, and
batch-to-batch variation, some of which may be due to glycosyl-
ation heterogeneity (5). Artificial binding reagents (protein, RNA,
and DNA aptamers) are relatively small and make attractive
alternatives to antibodies. We have recently established a scaf-
fold consensus protein based on plant cystatins, called “Affimer,”
also known as “Adhiron” (12 kDa), which provides a highly stable
scaffold (melting temperature = 101 °C) for presenting one to
three variable amino acid sequence regions for molecular recog-
nition (6). These variable regions (VRs) form a binding interface
analogous to that presented by the complementarity-determining
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regions of an antibody. Affimer ]proteins are selected from
phage display libraries (>3 x 10'), allowing rapid identifica-
tion of highly specific reagents that selectively bind to a target
and often act as competitive or allosteric inhibitors (7-9). Non-
antibody-binding proteins tend to recognize binding hot spots,
which are small groups of amino acids on the target protein that
contribute the majority of the interaction free energy (10). We
propose that Affimer proteins can be used to study protein function
and to disrupt protein-ligand interactions. This unbiased approach
may also increase the potential for introducing selectivity where
multiple receptors bind to a single ligand or, conversely, where
multiple ligands bind to a single receptor. We have explored the
potential utility of this approach using human Fc gamma receptors
(FcyRs) as a model system.

Human FcyR-ligand interactions constitute a biological system in
which multiple layers of complexity facilitate the fine-tuning of im-
mune responses to infections. IgG is the major ligand and mediates
both pro- and antiinflammatory effects following immune complex
formation and engagement with different FcyRs. These activating
and inhibitory receptors play a central role in the initiation and
regulation of many immunological processes, including setting
thresholds for B cell activation, recruitment of leukocytes, proin-
flammatory mediator release, phagocytosis, and antibody-dependent
cellular cytotoxicity (ADCC) (11, 12). Our genetic studies have
demonstrated a number of independent associations with genes in
the FCGR locus in different autoimmune and inflammatory dis-
eases (13-15). We have also described higher expression levels of
FcyRl1lIa on circulating CD14** monocytes in rheumatoid arthritis
patients compared with healthy controls; these higher levels cor-
related with increased TNF release on exposure to immune com-
plexes and inferior treatment outcomes (16). Animal models also
provide a strong rationale for targeting FcyRs in autoantibody-
mediated inflammatory diseases, including autoantibody/immune
complex-induced arthritis (17, 18).

There are six functional human FcyRs subdivided into three
classes (FcyRI, FcyRIIa, FeyRIIb, FcyRIle, FeyRIIIa, and
FcyRIIIb). Multiple segmental duplications and deletions during
hominid evolution have resulted in a family of highly homolo-
gous receptors with significant divergence of biological functions
from those observed in rodents (19, 20). The level of homology
has been a major obstacle for the development of FcyR-specific
therapeutics.

A number of FcyR class-specific monoclonal antibodies have
been tested in humans, predominantly to block ADCC in im-
mune thrombocytopenia purpura (21). An antibody against
FeyRIII (CD16-3G8) led to transient increases in platelet count,
demonstrating early efficacy. However, in addition to immuno-
genicity, a number of infusion and atypical hypersensitivity reac-
tions were observed in conjunction with neutrophil and monocyte
cytopenias that led to early termination of this program. Although
these were believed to be secondary to unwanted engagement of
the therapeutic Fc region with FcyRs, these were not abrogated
when a humanized anti-FcyR with an aglycosylated Fc was used,
suggesting that alternative approaches may be required (reviewed
in ref. 22). Blockade of the critical proximal signaling molecule
spleen tyrosine kinase (SYK) downstream of several FcyRs ini-
tially showed promising efficacy in rheumatoid arthritis (23),
chronic lymphocytic leukemia, and non-Hodgkin’s lymphoma
(24), providing clinical support for therapeutic FcyR blockade
in human disease. However, further development in rheumatoid
arthritis has been suspended, principally due to adverse off-target
events (25).

In this proof-of-principle study, we have screened artificial
binding protein libraries against a recombinant, glycosylase-treated
FeyRIIla ectodomain and identified several FcyRIIIa-specific
Affimer proteins. We present two Affimer proteins and their
structures derived from X-ray crystallography of their complexes
with FcyRIlIa, allowing structures to be solved at atomic resolu-
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tion. Molecular dynamics (MD) simulations based on the X-ray
crystallographic models supported the molecular basis of Affimer
protein’s mode of action and selectivity for FcyRIIIa. One
Affimer protein [Protein Data Bank (PDB) ID code SML9Y]
bound close to the Fc-binding domain, acting as a steric in-
hibitor, whereas the other (PDB ID code 5SMN2) recognized an
allosteric site and bound in the interdomain hinge region.

Our results demonstrate the feasibility of generating highly
specific inhibitors of protein-ligand interactions that bind un-
explored sites and illustrate the utility of Affimer proteins in the
study of protein function at both a molecular and cellular level.

Results

Identification and Characterization of FcyRllla-Specific Affimer
Proteins. The extent of the challenge faced when developing spe-
cific agents against FcyRIIla is illustrated by the structural align-
ment of FcyR crystal structures, demonstrating the high degree of
target homology (Fig. 1A4). This is particularly true for FcyRIIla
and FcyRIIIb; only two amino acids are consistently different be-
tween FcyRIIla and both common human neutrophil alloantigen
types of FcyRIIIb (NA1 and NAZ2, highlighted in red in Fig. 1B), but
FcyRIIIb has four further polymorphic amino acids (highlighted in
yellow in Fig. 1B): NA2 has one more site for N-linked glycosylation
than FcyRIIIa (Asn64) and differs in having serine at residue 18,
whereas FcyRIIla and FcyRIIIb-NA1 have arginine at this locus.

For phage display we used FcyRIIla ectodomain bait that had
been produced in HEK293T cells in the presence of kifunensine
and treated with endoglycosidase F1 to facilitate crystallization and
to allow valid comparisons between structural and biophysical data.
A total of 72 randomly chosen Affimer proteins were tested for
binding to FcyRIIla using phage ELISA after three rounds of se-
lection. Of these, 52 gave positive results, and DNA sequencing
revealed six unique clones. The most frequently recovered Affimer
proteins were expressed as soluble proteins. AfG3 differed from
AfF4 in terms of primary sequence, being derived from different li-
braries; AfF4 has an extra VR on an N-terminal extension (NTE)
(Fig. 1C). We measured the FcyRIIla-AfF4 and —AfG3 interactions
by isothermal titration calorimetry (ITC), fitting a 1:1 binding model,
which gave estimated Kgs of 217 nM and 2.6 uM, respectively (Fig.
1D). These ITC measurements may represent underestimates of the
actual Ky, as the N-values of 0.6 and 0.8 for AfF4 and AfG3, re-
spectively, may indicate the presence of an inactive proportion of
the analyte.

When amine-coupled to carboxymethylated dextran sensor
chips, the soluble ectodomain of FcyRIlIIa interacted with both
AfF4 and AfG3 with rapid association and dissociation rates (Fig.
S1A4) and 1:1 stoichiometry, allowing fitting to a Langmuir kinetic
model, with calculated Kgs of 963 nM for AfF4 and 253 nM for
AfG3. Since kinetic measurements at high analyte concentrations
were around the detection limits of the instrument used, we cal-
culated steady-state affinity from the same interactions, estimating
the Ks to be 1.03 pM for AfF4 and 2.77 pM for AfG3. In addition,
we performed surface plasmon resonance (SPR) assays on fully
glycosylated and endoglycosidase F1-treated FcyRIIla immobi-
lized via a biotinylated C-terminal Avitag on streptavidin-coated
chips. The orientated receptor displayed steady-state affinity for
AfF4 and AfG3 at ~860 and ~680 nM, respectively, with neg-
ligible difference conferred by glycosylation (Fig. S1B).

Affimer Proteins Block IgG Binding with a High Degree of FcyR
Specificity. Since primary cells expressing FcyRIIIa also express
a number of other FcyRs, HEK293 cells stably expressing indi-
vidual FcyRs were constructed to test the specificity of each
Affimer protein. Each gene was fused to a C-terminal SNAP tag
(26), except for FcyRIIIb, which was GPI-linked to the membrane.
For FeyRIlIa allotypes each C-terminal SNAP domain fusion was
coexpressed with the common y-chain of FceR to facilitate cell-
surface expression.
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Fig. 1. The challenge of structural homology and the selection of specific protein-based inhibitors of FcyRllla. (A) Superimposed crystal structures of three
FcyR ectodomains are shown as ribbon diagrams in complex with a space-filling model of the Fc domain of IgG1. FcyRlla (PDB ID code 3RY®6) is shown in yellow,
FcyRllla (PDB ID code 3AY4) is shown in purple, and FcyRlllb (PDB ID code 1T83) is shown in green. (B) Structural homology between FcyRllla and FcyRlllb. The
four amino acids in yellow differ in the FcyRIllb NA1 and NA2 allotypes; the two amino acids in red discriminate FcyRllla from FcyRIlIb; and the location of the
FcyRllla-158F/V allotype is green. The FcyRIlIb-NA2 allotype has an extra N-linked glycosylation site at Asn64. Extracellular domains 1 and 2 are depicted in
aquamarine (D1 residues 1-89) and wheat (D2 residues 90-174), respectively. (C) The aligned amino acid sequences of AfF4 and AfG3 highlighting the
positions of VR1, VR2, and the affinity tag (AT). Note that AfF4 has an additional NTE. Residue numbering within the VRs is indicated. (D) ITC of the FcyRllla—
AfF4 and -AfG3 interactions with isotherms and data fits. FcyRllla was at 10 pM in the sample cell, and Affimer proteins were injected in stepwise additions of
2 L to a final concentration of 100 pM.
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Fig. 2. Affimer proteins AfF4 and AfG3 specifically reduce immune complex binding to FcyRllla. Heat-aggregated HAG-binding assays utilized HEK293 cells
stably expressing the full-length Fcy receptors. Cells were treated with each Affimer protein before the addition of HAG followed by anti-human F(ab’),
fragments labeled with phycoerythrin (PE); binding was measured by flow cytometry. (A, Top Row) Representative examples of the effect of AfF4 and
AfG3 on immune complex (HAG) binding on cells expressing FcyRlla; the unfilled distribution represents the untreated cells, and the gray distribution represents
binding to cells pretreated with Affimer protein. The filled black region represents background binding of F(ab’), fragments to the cells. (Middle Row) Both
Affimer proteins reduce HAG binding to cells expressing FcyRllla alone. (Bottom Row) Affimer proteins had little effect on HAG binding to cells expressing FcyRlllb. (B)
Histograms showing the reproducibility of AfF4 and AfG3 inhibition of HAG binding to FcyRs expressed stably on HEK293 cells. Values are normalized to Affimer
proteins-untreated (HAG only) measurements. Error bars indicate the SD within three biological replicates. (C, Top and Middle) Representative experiments that
demonstrate both Affimer proteins (AfF4 and AfG3) reduce the binding of heat-aggregated IgG1 to both common allotypes of FcyRllla, -158F and -158V. The open
black histograms show the binding of HAG to cells expressing FcyRllla. The effect of preloading the receptors with Affimer proteins for 1 h before adding HAG is
shown as a solid gray histogram. The filled black histograms are controls without HAG. (Bottom) Both Affimer proteins displaced HAG from the 158V allotype when

added after HAG. *P < 0.05, ***P < 0.001, two-tailed Student's t test.

We then assessed blockade of heat-aggregated IgG1 (HAG)
binding on stably transfected HEK293 cells. Both AfF4 and AfG3
significantly reduced (P = 0.01) HAG binding to FcyRIIIa (158V)
(Fig. 2 A and B). Our cellular assays on FcyR specificity demon-
strated that AfF4 and AfG3 did not have a significant effect on the
binding of HAG to ectopically expressed FcyRIIa and FcyRIIIb,
confirming considerably weaker interactions between the Affimer
proteins and these homologous FcyRs (Fig. 24).

Importantly for therapeutic applications, AfF4 and AfG3 in-
hibited HAG binding to both the FcyRIIIa-158F and -158V allo-
types. These Affimer proteins also displaced bound HAG from
FcyRIIla-158V, the allotype with a greater affinity for IgG1 com-
plexes (Fig. 2C).

To understand how the Affimer proteins blocked FcyRIlIla func-
tion and achieved such high specificity, we determined the crystal
structures of AfF4 and AfG3 in complex with the FcyRIIla ectodo-
main. The crystals belonged to space groups P2,2,2; (AfF4) and P2,
(AfG3), both diffracting to a resolution of 2.35 A, and were refined to

Robinson et al.

convergence (Ryord/Reree Of 21.9/27.2% and 20.6/24.6%, respectively)
(Table 1). All structures demonstrated that the core Affimer protein
scaffold maintained its compact structure while the VRs formed
contacts with FeyRIlla (rmsd <0.5 A in all cases). For clarity
of referencing amino acid positions in FcyRs and Affimer
proteins, FcyRIIla and FeyRIIIb will be referred to henceforth as
“ya-” and “yb-,” whereas Affimer proteins will be referred to as
“AfG3-” and “AfF4-,” respectively. The two selected Affimer pro-
teins bound to opposite faces of the FcyRIlla ectodomain, with
AfF4 interfacing with the two FcyRIIla-discriminating residues
va-Gly129 and ya-Tyr140 and AfG3 making contacts with FcyRIIIa
extracellular domains 1 and 2.

The FcyRlIlIIa residues contributing to IgG binding, described
in Ferrara et al. (27), are depicted in green on the receptor surface
in Figs. 34 and 4A4. Analysis of PDB ID code 3SGJ coordinates
using PISA [European Molecular Biology Laboratory-European
Bioinformatics Institute (EMBL-EBI)| estimated the total bur-
ied surface area of this interaction interface to be ~950 A% and
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Table 1.
Statistic

Scaling and refinement statistics for crystallographic Affimer protein—-FcyRllla complexes
AfF4-FcyRllla (5ML9)

AfG3-FcyRllla (5MN2)

Average unit cell

56.48 A, 72.49 A, 96.45 A

64.99 A, 59.92 A, 100.0 A; p = 102.1°

Space group P2:242, P2,
Overall Inner shell Outer shell Overall Inner shell Outer shell

Low-resolution limit, A 56.48 56.48 2.43 51.09 51.09 2.45
High-resolution limit, A 2.34 9.08 2.34 2.35 8.47 2.35
Rmerge (all 1+ and 1-) 0.148 0.059 1.020 0.040 0.014 0.807
Rmeas (all I+ and 1-) 0.179 0.071 1.235 0.049 0.018 0.997
Rpim (all I+ and 1-) 0.097 0.038 0.678 0.028 0.010 0.578
Rmerge in top intensity bin 0.054 0.015
Total no. of observations 47,492 806 4,301 82,177 1,702 9,183
Total no. unique observations 16,390 296 1,548 30,227 653 3,431
Mean, (1)/sd(1) 7.1 24.2 1.5 15.7 55.9 1.2
Completeness, % 954 84.3 92.5 95.8 90.6 97.2
Multiplicity 2.9 2.7 2.8 2.7 2.6 2.7
Average mosaicity, ° 0.18 0.14
Wilson B factor, A2 37.3 58.5
Refinement

Reflections used in refinement 16,154 30,207

Reflections used for R-free 832 1,510

R-work/R-free 0.219/0.272 0.206/0.246

Protein residues 275 529

Ligands/ions 1 1

Solvent molecules 84 146

Rms bonds, A 0.002 0.002

Rms angles, ° 0.49 0.49

Ramachandran favored, % 97.05 97.43

Ramachandran allowed, % 2.95 2.57

Ramachandran outliers, % 0.00 0.00

Rotamer outliers, % 0.00 0.00

Clash score 0.46 0.37

Average B-factor, A2 45.51 73.64

Protein 45.05 73.46

Ligands 63.17 91.92

Solvent 41.67 62.75

estimated a solvation-free energy gain of —8.4 kcal/mol, with the
formation of 10 hydrogen bonds.

AfF4-FcyRllla Cocrystal Structure Reveals a Steric Mode of Inhibition.
AfF4 residues in the two VRs, VR1 and VR2, interacted with ya-
Ile106-His107 and ya-His119-Asp148. Several residues in the
AfF4 NTE (His5-Alal0) also interfaced with FcyRIIIa. Analysis
with PISA (EMBL-EBI) estimated the total buried surface area
of the FcyRIITa—AfF4 interaction to be ~940 A? and estimated a
solvation-free energy gain of —9.0 kcal/mol with the formation of
12 direct hydrogen bonds. All hydrogen-bond pairings are listed
in Table S1.

The overlapping buried surface area between IgG Fc and AfF4
totaled about half of the individual interfaces, suggesting that AfF4
probably acts as a competitive inhibitor of IgG (Fig. S2).

The AfF4-FcyRIIla crystal structure shows that the AfF4-
binding region includes two amino acids that discriminate between
FcyRIIIa and FcyRIIIb ya-Gly129/yb-Asp129 and ya-Tyr140/
yb-His140 (Fig. 34). To provide atomistic insight into the pre-
ference of AfF4 for FcyRIlla, we used MD simulations to com-
pare the interactions of AfF4 with both FcyRIIIa and FcyRIIIb by
mutating the AfF4-FcyRIIIa complex in silico to resemble AfF4—
FcyRIIIb-NA2. Simulations were performed in triplicate for 200 ns
for each complex. Calculations of the rmsd (Fig. S3) showed that
triplicates remained stable during the timescale of the simulations
and that 200 ns was sufficient for the rmsd to converge to a stable
value, which indicates that no significant global conformational
changes took place.
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Simulations were first subjected to atomic fluctuation analysis
(Fig. S4), a measure of the average per-residue mobility throughout
the simulations, which identified that VR2 of AfF4 was more
mobile. Visual inspection of simulations around the AfF4 VR2-
FeyRIIla interface confirmed the mobility of VR2 and that the
aromatic ring of ya-Y132 orientates toward ya-Gly129 in FcyRIIla
simulations and away from yb-Asp129 in FcyRIIIb NA2 simulations
(Fig. 3 B and C). This is likely due to steric clash of the tyrosine ring
with the yb-Asp129 side chain, causing the ring to move position. As
observed in the X-ray structure, simulations confirmed that the
absence of a sidechain in ya-Gly129 allows the AfF4-Phe57 (VR1)
sidechain to sit on top of ya-Gly129. AfF4-Phe57 in this position
may also contribute to a hydrophobic pocket centered on AfF4
VR2 and ya-Tyr132. Conversely, the presence of a sidechain in
yb-Asp129 leads to a steric clash with the AfF4-Phe57 sidechain.
AfF4-Phe57 is therefore more mobile in FcyRIIIb-containing
simulations (Fig. 3B), which may further weaken the AfF4 VR2-ya-
Tyr132 binding pocket. In summary, AfF4 inhibits IgG binding to
FcyRIIIa by steric blocking of the IgG binding site, and the speci-
ficity mechanism of AfF4 is likely due to the variation at position
129 in FcyRIIla/b, which leads to steric clash with a number of
important binding residues.

AfG3—FcyRllla Cocrystal Structures Revealed Allosteric Mode of Inhibition.
As described above, crystals of FcyRIIIa-AfG3 belonged to space
group P2, with four chains in the asymmetric unit (chains A and B:
FeyRIIIa; chains C and D: AfG3), with chain A and D forming one
FcyRIITa-AfG3 complex and chain B and C the other. Because
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Fig. 3. Molecular basis of interaction specificity of AfF4 for FcyRllla over FeyRIlb. (A) Overview of AfF4 (orange) interaction with FcyRllla/b (domain 1 in
aquamarine and domain 2 in wheat) showing FcyRIlla/b-discriminating residues in red and IgG contacts in green. N-linked glycans with distinguishable
electron density in the crystal structures are depicted as sticks and are listed in Table S6. The zoomed area for B is also shown. The AfG3-binding position is
depicted as a transparent cartoon to aid comparison. (B) The AfF4 VR interface in FcyRIlla and FcyRIllb from MD simulations. AfF4 VR1 and VR2 are depicted as
ensembles of snapshots taken at 20-ns intervals in representative simulations of the FcyRllla- and FcyRIlIIb-AfF4 interactions. Interatomic distances between
ya/b-Gly/Asp129 [CA] and ya/b-Tyr132 [HH] are illustrated as dashed lines and are represented in dynamic measurements in C. In FcyRllla the ya-Tyr132
sidechain orientates toward ya-Gly129, enabling AfF4 VR2 to form stable hydrophobic interactions involving ya-Tyr132 and AfF4-Phe57. In FcyRlllb the
yb-Asp129 sidechain clashes with yb-Tyr132, causing the ring to orientate away from yb-Asp129. yb-Asp129 also clashes with AfF4-Phe57, leading to disruption
of the AfF4 VR2 hydrophobic interaction and higher mobility of VR2 and AfF4-Phe57 in FcyRlllb. (C) Interatomic distance d averaged over triplicate MD

simulations of FcyRllla— and FcyRIlIb-AfF4 interactions.

there are fewer crystallization contacts than in chain A, chain B, and
in particular D2 of chain B, is highly flexible, resulting in poor local
quality of the electron density map and a high average B factor
(Table S2). The overall rmsd per alpha carbon (Ca) between the AD
and BC complexes is nonetheless only 0.62 A (217 aligned atoms),
with the differences entirely distal to the binding interface. Thus, the
FcyRIITa-AfG3 complex formed by chain A and D was used for all
following analyses and as the template for MD simulations.
Analysis of the FeyRIITa-AfG3 cocrystal with PISA (EMBL-
EBI) gave a total buried surface area in the interface of ~710 A?
(estimated solvation-free energy gain of —7.5 kcal/mol). All
hydrogen-bond pairings are listed in Table S3. AfG3 bound to
the interdomain hinge region of FcyRIIla, and there was no
overlap with the IgG-binding site (Fig. 44). AfG3 residue Phe52
(VR1) sits in a hydrophobic pocket formed by the main chain of
ya-Arg97 and the sidechains of ya-GIn83, Trp98, and in particular
forms CH-=n interactions with ya-Tyr17. AfG3 Gly51 [O] forms an

Robinson et al.

H-bond with ya-Val99 [N]. ya-Trp98 intercalates between VRI1
and VR2, forming water-mediated interactions to AfG3-Phe52 [O]
and to AfG3-GIn83 [O]. The residues in VR2 that form sidechain
interactions with FcyRIIIa are GIn83-Asn86. AfG3-Trp84 stacks
on top of AfG3-His85, which stacks on top of ya-His87. In ad-
dition, they interact with the sidechains of ya-Argl8, ya-GIn83,
va-Glu85, and ya-Thr167. Importantly, ya-Argl8 is a discrimi-
nating residue between FcyRIIla/FcyRIIIb-NA1 and FcyRIIIb-
NA2 (ya-Argl8/yb-Serl8) and is key in the binding of AfG3,
even though it does not interact directly with AfG3. Most of the
hydrophilic interactions are via bridging water molecules. For in-
stance, Wat520 is coordinated by ya-Tyrl7, ya-Glu85, and the [O]
of AfG3-His85 such that it is forced into an uncommon, but not
disallowed, torsion angle conformation of ¢ = 59.2° and y = —100.1°.
This positions the sidechain so that it interacts again via a water
molecule (Wat615) with the backbone of ya-Val86 and is able
to form the m—n—stacking interaction mentioned above. The
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Fig. 4. Molecular basis of AfG3 selectivity for FcyRllla. (A) Overview of the binding position of AfG3 (orange cartoon) to FcyRIIl (D1 in aquamarine, D2 in
wheat, 19G contacts in light green, polymorphic residues in yellow, FcyRllla discriminatory residues in red). N-linked glycans with distinguishable electron
density in the crystal structures are depicted as sticks and listed in Table S6. The zoomed window for B is indicated by the black box. The AfF4-binding position
is depicted as a transparent cartoon to aid comparison. (B) MD simulation snapshot of the interaction of AfG3 with FcyRllla (purple sticks) and FcyRlllb (green
sticks). ya-Trp98 intercalates between AfG3 VR1 and VR2, resulting in several stable intermolecular H-bonds, whereas these contacts did not form in the MD
simulations in FcyRlllb. (C) Cartoon representation of FcyRllla (aquamarine and wheat) interacting with 1gG Fc (salmon). The interdomain angle O is described
by lines connecting the [CA] of ya-Trp90 at the top of the hinge and the [CA] of Asn169 in D2 and the [CA] of GIn83 in D1. Mode vectors describing the
allosteric change from the IgG-bound state to the AfG3-bound state are shown as blue arrows. Mode vectors shorter than 3 A are not shown. (D) Schematic
representation of the allosteric change induced by AfG3. Unbound FcyRIll (PDB ID code 1FNL) describes a D1-D2 interdomain angle 6 of 46°, which opens to
53° on interaction with IgG Fc. FcyRllla interaction with AfG3 narrows the D1-D2 angle by 12° to 41°, and we hypothesize that this allosteric shift causes

sufficient deformation of the IgG Fc binding site to induce IgG Fc displacement.

discriminatory ya-Argl8 is held in place by an ion pair with ya-
Glu85 and interacts with Wat520 and Wat506, which in turn in-
teract with the VR2 loop.

Triplicate MD simulations (200 ns) of FcyRIlla and FcyRIlIa,
mutated in silico to resemble FcyRIIIb, in complex with AfG3 were
performed. H-bond analysis of the simulations identified a number
of intramolecular H-bonds that formed between ya-Argl8 and D2
residues of FcyRIIIa, which facilitated the narrowing of the D1-D2
interdomain angle. Specifically, ya-Argl8 [O] participated in an
intramolecular H-bond with ya-GIn94 [Ne2], ya-Argl8 [H] with
ya-Ala95 [O], and ya-Argl8 [NH1/NH2] with ya-Glul66 [OE1/
OE2] (Table S4). In the MD simulations, ya-Argl8 was observed
interacting with AfG3-VR2 through an H-bond between the ya-
Argl8 [NH1/NH2] atoms and AfG3-Asn86 [OD1]. Conversely, in
FcyRIIIb, ya-Serl8 preferred participating in intramolecular
H-bonds with neighboring residues from D1 of FcyRIIIb (yb-Glu21
and yb-Leu20). H-bonds between FcyRIIIa and Wat520 and
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Wat615, as seen in the crystal, and between AfG3 and Wat517
were also observed in the MD simulations.

Narrowing of the interdomain angle likely allowed ya-Trp99 to
move closer to AfG3, leading to intercalation of ya-Trp99 between
VR1 and VR2 and the formation of several intermolecular H-bonds
and an additional intramolecular H-bond (Fig. 4B and Fig. S5).
Conversely, as yb-Ser18 in FcyRIIIb formed only a single weak
interdomain contact, the interdomain angle did not narrow, and
yb-Trp99 was unable to form these contacts.

Measurement of the D1-D2 interdomain angles (described by
Ca atoms in ya-GIn83, -Trp90, and -Asn169) in unbound FeyRIIIb
(PDB ID code 1FNL), IgG-FcyRlIIIa (3SGJ), and AfG3-FcyRIIIa
(SMN2) identified hinge angles of 46°, 53°, and 41°, respectively
(Fig. 4 C and D).

To analyze how this change in the interdomain angle may affect
IgG binding, we superimposed the D2 domains (ya-Trp90-Gln174)
derived from our X-ray structure SMN2 on the FeyRIlIla structure
bound to IgG (3SGJ). This shows that the overall shape of the
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IgG-binding site is not disturbed and that only D2 is involved in
binding. However, very subtle small conformational changes upon
AfG3 interaction prevent IgG binding. For example, the stacking
interaction of AfG3-Trp84, AfG3-His85, and ya-His87 stabilizes
the BC loop (11e88-Trp90) in a conformation that prevents AfG3-
Trp90 from moving, leading to a steric clash with Pro329 in chain
B of IgG. In summary, simulations demonstrated that the pres-
ence of ya-Argl8 in FcyRIIIa-AfG3, but not of yb-Serl8 in
FeyRIIIb-AfG3, allows direct interaction of ya-Argl8 with AfG3
and leads to narrowing of the D1-D2 interdomain angle through
multiple ya-Argl8-mediated interdomain contacts. This narrow-
ing effectively forms the AfG3-binding interface by bringing
VR1, VR2, and ya-Trp99 into close proximity.

Our proposed mechanism of IgG blocking is thus allosteric re-
straint of the interdomain angle that typically opens to accommo-
date IgG binding (28).

Affimer Proteins Block Downstream Effector Functions in FcyRllla-
Expressing Monocytic Cells. We sought to demonstrate that AfF4
and AfG3 could block clinically relevant FcyRIIIa effector functions
using the THP-1 monocytic cell line. We characterized the cell line
and determined that THP-1 cells were of the FCGR3A4-158FF,
FCGR2A4-131HH, and FCGR2C-STP/STP genotype, rendering them
incapable of functional FcyRIIc expression. This allowed us to select
suitable monoclonal antibodies for evaluation of FcyR expression
under different experimental conditions using flow cytometry.
Staining with CD32-3D3 (which recognizes FcyRIIa-131R,
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Fluorescence Intensity

Resting THP-1

FcyRIIb, and FcyRIIc but not FcyRIIa-131H) represents
FcyRIIb expression in this cell line. Transcriptional analysis
also confirmed that FCGR2B transcript variant 3 (RefSeq
NM_001002274) and FCGR3A, but not FCGR3B, were tran-
scribed, thus confirming that the anti-CD16 (3G8) staining
was a true reflection of FcyRIIIa expression.

Following phorbol myristate acetate (PMA) differentiation,
THP-1 cells demonstrated marked up-regulation of FcyRIIla
(CD16) and increased expression of FcyRIIb (CD32-3D3) along
with decreased expression of FcyRIIa (CD32-IV.3) and, to a lesser
extent, FcyRI (CD64), compared with resting cells (Fig. 54). The
marked increase in FcyRIIIa expression following culture with
PMA allowed us to test the ability of the Affimer proteins to in-
hibit effector functions in the presence or absence of FcyRIlla
expression.

The contribution of FcyRIIla to HAG-induced TNF pro-
duction was determined in both resting and PMA-differentiated
THP-1 by assessing the level of inhibition obtained with FcyRIII-
specific F(ab’), fragments (Fig. 5B). Our results showed that
FcyRIIIa blockade with F(ab’), fragments resulted in a 34.5%
increase in cells showing no TNF production following differ-
entiation with PMA and no demonstrable inhibition in TNF
production in resting THP-1 cells that do not express appreciable
amounts of FcyRIIla (Fig. 5B). We then assessed the ability of
AfF4 and AfG3 to inhibit HAG-mediated TNF production.
Resting THP-1 and PMA-differentiated THP-1 cells were pre-
treated with the Affimer proteins and assessed for their ability to
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Fig. 5. Affimer proteins are effective inhibitors of FcyRllla-dependent functions. (A) FACS profiles for resting monocytic THP-1 cells (Left) and PMA-
differentiated, macrophage-like THP-1 cells (Right). In each case, the specific antibody staining is shown as an unfilled distribution, and the isotype con-
trol staining is shown as a filled distribution. The high-affinity FcyRla (CD64) is reduced in differentiated THP-1 cells, along with the activatory FcyRlla (CD32-
1IV.3). The inhibitory FcyRIlb is up-regulated in differentiated cells along with FcyRllla. (B) Affimer proteins were more effective in blocking HAG-induced TNF
release in differentiated cells (Right) than in undifferentiated cells (Left), confirming their specificity for FcyRllla. This was represented as an increase in the
percentage of TNF~ cells. Blocking F(ab’), fragments against FcyRllla inhibited TNF production only in differentiated THP-1 cells. F(ab’), fragments against
FcyRIIl (CD16) were far more effective in differentiated cells, reflecting the differences in FcyRllla expression shown in A. F(ab’), fragments from preimmune
serum had no effect on TNF production. (C) Both Affimer proteins were as effective as F(ab’), fragments in reducing phagocytosis of IgG opsonized E. coli in
differentiated THP-1 cells.
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produce TNF in response to HAG. Each Affimer protein dem-
onstrated inhibition of TNF production in PMA-differentiated
THP-1 at a level comparable to that observed with the FcyRIIIa-
specific F(ab’), fragment. Resting THP-1 cells that do not ex-
press FeyRIIIa display less than 10% inhibition of HAG-induced
TNF production, consistent with the levels seen following block-
ade with the FcyRIIIa-specific F(ab’), fragment.

We then compared the ability of Affimer proteins to inhibit
phagocytosis of IgG-opsonized Escherichia coli in both resting
and PMA-differentiated THP-1 cells and compared this with the
level of inhibition observed following pretreatment with FcyRIII-
specific F(ab’),. Inhibition of phagocytosis by each of the Affimer
proteins was observed only in PMA-differentiated THP-1, where
FeyRIlla was expressed, and at a level comparable to that in cells
treated with FeyRIII F(ab’),, consistent with data on inhibition of
TNF production (Fig. 5C).

Discussion

We describe the isolation of highly specific steric and allosteric
inhibitors of FcyRIIla using Affimer protein technology. These
Affimer proteins specifically block IgG immune complex (HAG)
binding to FcyRIIla but not the closely related FcyRIIb and
FcyRIla and also inhibit downstream effector functions such as
TNF release and phagocytosis. While some FcyR class-specific
monoclonal antibodies recognize epitopes in the IgG binding
site, no commercially available antibody is specific for FcyRIIIa.
This lack of specificity has been demonstrated in vivo when both
monocyte and neutrophil cytopenias were observed in clinical tri-
als of the CD16-3G8 monoclonal antibody that recognizes both
FcyRIIIa (expressed on natural killer cells and some peripheral
blood monocytes) and FcyRIIIb (expressed on neutrophils) (29).
Preservation of neutrophil function offers the potential to dampen
inflammatory processes orchestrated by macrophages while leaving
host immunity to infections afforded by neutrophils intact.

We have identified an Affimer protein (AfF4) that binds within
the IgG-binding site and acts as a highly specific steric inhibitor of
IgG binding to FcyRIIIa but not to FeyRIIa or FeyRIIIb, as shown
by HAG-binding assays using HEK293 cells expressing a single
FcyR allotype. Elucidation of the structural basis for this speci-
ficity may facilitate engineering of CD16 therapeutic antibodies to
achieve increased selectivity for FcyRIIIa over FeyRIIIb. Through
X-ray crystallography and MD simulations, we have shown that
AfF4 specificity for FeyRIIIa is likely focused around the region
containing the FcyRIIla/b-discriminating residue (ya-Gly129/
yb-Asp129), showing that subtle differences in primary sequence
can lead to local changes in topology that can have knock-on effects
on molecular recognition.

An allosteric site in the hinge region of FcyRIIla was recog-
nized by AfG3, which holds the receptor ectodomain in a re-
stricted conformation, preventing the opening of the structure
associated with IgG Fc binding and in particular ya-Trp90. A
major attraction of targeting allosteric sites is that they may be
less evolutionarily conserved, and therefore allosteric inhibitors
can potentially be more selective. Interestingly, AfG3, although
binding to FcyRIIla at a seemingly conserved region to FcyRIIIb,
showed high cellular specificity to FcyRIIla. Our proposed mech-
anism of AfG3 specificity is that the presence of yaArgl8 can
organize a large number of intramolecular H-bonds that, when
AfG3 binds, create a tight FcyRIIIa-AfG3 interface that cannot
occur with FcyRIIIb.
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This highlights that allosteric regulation could provide a valid
method for modulating biological function even in highly con-
served proteins. Reduced binding of HAG to both FcyRIIla-158F
and -158V allotypes, but not to FcyRIIa or FcyRIIIb, was observed.
Pertinently, both Affimer proteins disrupted complexes of prebound
HAG to FcyRIIIa-158V as well as blocking HAG binding to re-
ceptor pretreated with Affimer protein.

The molecular design of Affimer protein, which employs a
stable scaffold for the constraint of flexible regions of variable amino
acid sequences, uses the same successful strategy for generating
specific protein—protein interactions as antibodies. The high
plasticity of the VRs combined with the chemical heteroge-
neity achievable through the wide variety of sequences gener-
ated by phage display ensure that sufficient biochemical space
is explored and conformational space is sufficient to discover
Affimer proteins capable of discriminating between highly ho-
mologous receptors. However, the delicate balance of interactions
involved implies that rational design of future inhibitors based on
structural information alone may not be adequate and that each
Affimer protein identified as a binder should be considered
unique. Indeed, this may be why loop grafting can result in affinity
differences between different scaffolds, for example as observed
in ref. 30.

The effect of each Affimer protein on clinically relevant
FcyRIIla effector functions was confirmed by the TNF pro-
duction and phagocytosis assays. Although FcyRI, FcyRIla, and
FcyRIIla are expressed on the monocyte-like THP-1 cells, the
inhibition of these downstream functions was correlated with the
greatly increased FcyRIIla expression in THP-1 cells differenti-
ated with PMA. TNF release is a relevant in vitro model of re-
ceptor signaling, since immune complex-activated macrophages
have been shown to release large amounts of TNF in rheumatoid
arthritis (31).

Affimer protein technology therefore represents a promising
methodological approach for the generation of highly stable,
easily expressed antibody mimetic reagents with capabilities to
modulate protein function and protein—protein interactions. X-
ray structures and molecular dynamics simulations of Affimer
protein/FcyRIIla complexes provide a structural basis for un-
derstanding the potential mechanism of inhibition. Written in-
formed consent was provided for the use of healthy human
donor cDNA as cloning template and was approved by the Leeds
(East) National Health Service Research Ethics Committee
(Ref: 04/Q1206/107).
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