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Abstract: A method for analyzing ligand-receptor binding kinetics is described, which is based on
an engineered FC domain (FChk) that forms a covalent heterodimer. To validate the system, the
type | IFN receptors (IFNAR1 and IFNAR2) were expressed as IFNAR1-FChk, IFNAR2-FCkh, and
IFNAR1/IFNAR2-FChk fusion proteins. Surface plasmon resonance (SPR) analysis of binary IFN«2a/
IFNAR interactions confirmed prior affinity measurements, while the affinity of the IFNa2a/IFNAR1/
IFNAR2-FChk interaction reproduced the affinity of IFNa2a binding to living cells. In cellular assays,
IFNAR1/IFNAR2-FChk potently neutralized IFN«2a bioactivity with an inhibitory concentration equiv-
alent to the Kp measured by SPR. These studies suggest that FChk provides a simple reagent to
evaluate the binding kinetics of multiple ligand-receptor signaling systems that control cell growth,
development, and immunity. © 2013 The Protein Society
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Introduction

Cytokines transmit signals across the cell membrane
by oligomerizing cell surface receptors.'™ Crystal
structure analysis has shown that the basic signal-

ing unit is often a ternary complex, where the cyto-
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erodimerization), to activate cellular activity.*>® In
either case, one receptor chain usually exhibits
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control targeting of cytokines to specific cells. The
direct link between receptor binding and biological
function emphasizes the need to accurately measure
these protein—protein interactions to improve our
understanding of cell communication and facilitate
the development of improved cytokine biologics.

The analysis of monomeric ligand-receptor bind-
ing kinetics is routinely performed using surface
plasmon resonance (SPR). However, cytokine bind-
ing to receptor heterodimers, the actual functional
units required for signaling, is usually not eval-
uated. A major reason for this is the three-
dimensional nature of biacore chip dextran layers,
which do not mimic the planar lipid environment of
the cell membrane. To overcome this problem,
coiled-coil domains have been used to assemble
receptor heterodimers.®!® This eliminates the prob-
lem of chip surface heterogeneity by placing the
receptors adjacent to one another. However, purifica-
tion and coupling of the molecules to the chip sur-
face are often problematic. Elegant studies have
recently been performed on supported lipid bilayers
by attaching histidine-tagged receptors to bis-NTA-
coupled lipids that allow the receptors to undergo
lateral movement.''? However, these studies
require considerable expertise to perform and do not
seem appropriate for general laboratory use.

Immunoglobulin FC domains are often used in
biotechnology and therapeutic applications. Several
cell surface receptors (e.g., CLTA-4, IL-1R, LFA-3, and
TNFR) fused to FC domains have been approved as
human therapeutics.'® Ridgway et al. have extended
the utility of the FC by identifying steric “knobs into
holes” (kh) mutations in the CH3—CH3 dimer inter-
face that promote formation of an FC heterodimer
(FCkh) that allows the production of bispecific Abs.**
However, the cysteines in the Ab hinge region of the
Abs form disulfide bonds regardless of whether FC
dimers (e.g., two FCk or two FCh chains), or hetero-
dimers (e.g., an FCk and FCh chain), are assembled.

To generate an improved reagent for the analy-
sis of cytokine-receptor monomer and heterodimer
interactions by SPR, the “symmetric” Ab hinge
region of FCkh has been replaced with cysteine resi-
dues engineered to form a disulfide bond specific for
FCkh heterodimer formation. This design has
resulted in an improved FCkh reagent that func-
tions as a purification tag, coupling reagent, and
heterodimerization domain that allows analysis of
monomeric and heterodimeric ligand-receptor inter-
actions. To test the system, the type I IFN receptors,
IFNAR1 and IFNAR2, were produced as IFNAR-
FChk fusion proteins for SPR analysis (Fig. 1). Type
I interferons (IFNs) induce antiviral, antiprolifera-
tive, and immunomodulatory activities on diverse
cell types.'®7 Several studies have shown that
receptor binding affinity is directly related to the
biological activity of the IFNs.'®2° In addition,
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Figure 1. Schematic diagram of IFNa2a receptor assembly
and IFNAR-FChk molecules used for SPR analysis.

biophysical studies have characterized IFN/IFNAR
receptor interactions using diverse methods.?"?? For
these reasons, the type I IFN receptor system was
used to test the functionality of FChk to assemble,
purify, and characterize IFN binding kinetics to
monomeric and heterodimeric IFNARs. SPR analysis
demonstrated that the affinity of the IFNa2a/
IFNAR1/IFNAR2-FChk interaction was equivalent
to the affinity of IFN«a2a binding to living cells.'®
These studies confirm the usefulness of this simple
system for studying a wide variety of diverse pro-
tein—protein interactions with affinities that span
over five orders of magnitude.

Results

Design and production of a disulfide-linked
FCkh heterodimer
A FC heterodimer (FCkh) was designed based on a
previously described “knob-into-holes” strategy'* by
inserting knob (k, T366Y) and hole (h, Y407T) muta-
tions into separate plasmids (FCh and FCk) encod-
ing an antibody IgG2a heavy-chain FC region. Using
the IgG2a crystal structure (PDB ID = 1IGT?®), cys-
teine residues were positioned into FCk and FCh to
selectively form an interchain disulfide bond upon
FCkh heterodimer formation. To accomplish this,
the FC dimer interface was interrogated for inter-
interface amino acid positions (within ~8 A of one
another) that would allow disulfide bond formation
upon heterodimer formation, but not upon FC homo-
dimerization. Based on this analysis, an E376C
mutation was added to the FCk chain and a
“GGCGT” sequence was encoded at the C-terminus
of FCh, following residue F472.

Coexpression of FCk and FCh chains efficiently
formed (~100%) disulfide-linked FCkh heterodimers
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Figure 2. Analysis of FCh/FCk assembly and structure. Labels at the top of the gels denote transient expression of plasmids
encoding FCh, FCk, and FCh + FCk (labeled FChk) in insect cells. The ability of the proteins to assemble into disulfide-linked
homodimer or heterodimer was evaluated by SDS-PAGE under oxidizing (A) and reducing (B) conditions. DAMAVER bead
model (grey) of FChk derived from the SAXS data (C). An alpha carbon representation of the FC domain (black) from 1IGT is
shown fit into the average bead model. The arrow points to residue G250 in the CH2 domains and the distance between these

residues.

rather than FCkk and FChh homodimers (Fig. 2).
FCk expressed alone does not assemble into
disulfide-linked FCkk dimers, whereas expression of
FCh efficiently forms disulfide-linked FChh homo-
dimers. The solution structure of FCkh was deter-
mined by small-angle X-ray scattering (SAXS) to
confirm that FChk adopts the same overall structure
as the FC crystal structure (1IGT). Radius of gyra-
tion (Rg) and dpyax values obtained from the SAXS
data (R, = 28.8 A, dmax = 15 A) were similar to val-
ues calculated for the FC crystal structure (B, =
25.5 A, dpax = 82.5). The fit of the FC crystal struc-
ture into the average bead model suggests that the
N-termini of the CH2 domains in FCkh are sepa-
rated by ~21 A [Fig. 2(C)]. This distance is approxi-
mately twice as large as observed for the N-termini
of heterodimeric coiled-coil assembly domains.?*25
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Production and ligand-binding properties of

IFNAR1-FChk and IFNAR2-FCkh monomers

To determine if FCkh could be used to purify and
attach receptors to biacore chips for SPR experi-
ments, the extracellular regions of IFNAR1 and
IFNAR2 were cloned in frame with FCh and FCKk,
respectively. To assemble IFNAR1-FChk and
IFNAR2-FCkh fusion proteins (Fig. 1), plasmids
encoding IFNAR1-FCh and FCk, as well as IFNAR2-
FCk and FCh, were coexpressed in insect cells.
IFNAR1-FChk and IFNAR2-FCkh were purified
from the expression media by protein A and size
exclusion chromatography [SEC, Fig. 3(A)]. On the
size exclusion column, IFNAR1-FChk and IFNAR2-
FChk ran at molecular weights (MWs) of 122 and 82
kDa, respectively [Fig. 3(A)]. FChk disulfide bond
formation was confirmed by SDS-PAGE analysis of
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Figure 3. Characterization of IFNAR-FC fusion proteins. (A) Size exclusion chromatographs of IFNAR1-FChk (dashed line),
IFNAR2-FChk (grey dots), and IFNAR1/IFNAR2-FChk (black line). SDS-PAGE analysis of the purified fusion proteins under oxi-
dizing (top gel) and reducing (bottom gel) conditions (B). For clarity, the FC designations are not added to the chromatographs

or to labels across the top of the gel.
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Figure 4. IFNa2a binding to IFNAR-FC fusion proteins. SPR sensorgrams (black) are shown for IFN«a2a binding to IFNAR2-
FCkh (A), IFNAR1-FChk (B), and the IFNAR1/IFNAR2-FChk heterodimer (C). The model used to fit each sensorgram is denoted
in the figure along with the resulting fit (red lines) to the data. The selected model discussed in the text is denoted by **. Sen-
sorgrams were collected by injecting twofold dilutions of IFNa2a over the concentrations shown on each figure. Kinetic con-
stants for the SPR experiments are shown in Tables | and Il. The equilibrium dissociation constant (Kp) for the IFNa2a/IFNAR1
interaction is also shown in (B). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

IFNAR1-FChk and IFNAR2-FCkh under oxidizing
and reducing conditions [Fig. 3(B)]. Under oxidizing
conditions the fusion proteins ran as single bands
with MWs observed by SEC. However, on reducing
gels, the proteins separated into two bands corre-
sponding to IFNAR1-FCh and FCk, or IFNAR2-FCk
and FCh [Fig. 3(B)]l. This analysis confirmed that
FCkh can be used to assemble monomeric IFNAR1-
FCkh and IFNAR2-FCkh fusion proteins as opposed
to commonly produced FC receptor dimers.

The IFNa2a/IFNAR2 interaction was studied by
injecting IFNa2a over IFNAR2-FCkh, which was
coupled to a biacore chip using an anti-FC antibody
[Fig. 4(A)]. Sensorgrams from three experiments
were fit to a 1:1 binding model resulting in %, and
kq values of 5.5 X 10° M 's™! and 0.032 s, which
corresponds to an equilibrium dissociation constant
(Kp) of 5.8 nM (Table I). The observed binding con-
stants are consistent with previous values obtained
for the IFN«2a/ITFNAR2 interaction using different
experimental methods.?! IFNa2a was also injected
(78-5000 nM) over IFNAR1-FChk coupled to biacore
chip surfaces [Fig. 4(B)]. Three equilibrium experi-
ments yielded a Kp of 3080 nM for the IFNa2a/
IFNAR1-FChk interaction. A Kp value of 3692 nM
was obtained from rate constants (k, = 6.5 X 10°
M 1s7! and kg = 2.4 s71), determined from a single
kinetic experiment. The Kp value obtained for the
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IFNa2a/IFNAR1-FChk interaction is also similar to
previously reported values (Kp = 3-5 pM).22
Together, these studies validate the use of the FCkh
heterodimers for SPR analysis of cytokine-receptor
interactions.

Production and analysis of IFNAR1/IFNAR2-
FChk heterodimers

To evaluate IFNa2a binding to IFNAR1 and
IFNAR2, plasmids encoding IFNAR1-FCh and
IFNAR2-FCk were coexpressed in insect cells to pro-
duce an IFNAR1T/IFNAR2-FChk heterodimer (Fig.
1). Media from the expression experiment were puri-
fied by protein A chromatography and SEC [Fig.
3(A)]. The estimated MW of IFNAR1T/TFNAR2-FChk
on SEC is 160,300, which is consistent with its pre-
dicted MW of 137,405. The predicted MW includes
15,585 Da of N-linked carbohydrate, which corre-
sponds to insect cell-derived hexasaccharides (1039
Da each) attached to each of the 15 predicted NXS/
T-linked sites in the heterodimer.2® SDS-PAGE anal-
ysis of IFNAR1/IFNAR2-FChk under oxidizing and
reducing conditions confirmed that IFNAR1-FCh
and IFNAR2-FCk chains are covalently linked by a
disulfide bond [Fig. 3(B)]. Thus, the same MW and
1:1 stoichiometry of IFNAR1/IFNAR2-FChk, as well
as IFNAR1-FChk and IFNAR2-FCkh, was confirmed
by SEC and SDS-PAGE analysis.
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Table I. Binding Parameters for IFNa2a /IFNAR-FChk Interactions

k1 X 10° Foa X 10°

M ts™h kia (57 Kp (nM) M ts™h koa X 10 * (s71) Ky (pM)
IFNAR1-FChk? 6.5 = 0.3 24 +0.1 3692 — — —
IFNAR2-FCkh? 55+ 8 0.032 = 0.003 5.82 — — —
IFNAR2-FCkh 47 + 0.2 0.036 = 0.001 7.59 42.0 = 0.1 210 = 0.27 5100
IFNAR12-FChk* 62 = 0.06 0.00073 + 0.5¢° 0.12 — — —
IFNAR12-FChkP 43 + 1 0.031 = 0.004 7.21 59.5 + 0.1 1.52 = 0.07 25.5
IFNAR1/IFNAR2

molar ratio®

4.3 79 £ 1.0 0.042 = 0.001 5.32 2.2 + 0.1 2.4 + 0.01 10,909
1.7 57.0 + 0.3 0.034 = 0.001 5.96 1.08 = 0.01 4.3 + 0.01 39,815
0.5 70.1 = 0.8 0.049 = 0.004 6.99 29.5 = 0.1 5.1+ 0.01 1729
0.0 37.3 + 0.2 0.034 = 0.002 9.00 37 + 0.2 34.0+ 2.0 9000

Each sensorgram was fit with a heterogeneous ligand model.
# Sensorgrams fit with 1:1 model.
b Sensorgrams fit with heterogeneous ligand model.

¢ Molar ratio of IFNAR1-FChk to IFNAR2-FCkh, where IFNAR2-FCkh was coupled at constant level of 40 RU.

SPR sensorgrams collected for IFN«a2a binding
to the IFNAR1/IFNAR2-FChk were complex, mean-
ing that they could not be fit with a simple 1:1 bind-
ing model [Fig. 4(C)]. As IFNAR1/IFNAR2-FChk is
an assembly of two receptors (IFNAR1 and
IFNAR2), a heterogeneous ligand model (HLM)
incorporating two distinct rate equations was used
to fit the sensorgrams. IFNa2a/IFNAR1/IFNAR2-
FChk sensorgrams fit with the HLM resulted in one
binding constant equivalent to the IFN«a2a/IFNAR2-
FCkh binary complex (Kp = 7.2 nM), whereas the
second Kp value (26 pM) approximated the Kp of
IFNa2a binding to living cells and to IFNARs
attached to supported lipid bilayers (Table I'®?2
The HLM yielded the best agreement to the experi-
mental sensorgrams, which is shown by comparing
1:1, HLM, and two-state model fits in Figure 4(C).
The Kp derived from each model ranges from 120
pM (1:1 model, Table I) to 8 pM for the two-state
model (Table II). The HLM and two-state models
were also applied to the IFNa2a/IFNAR2-FCkh sen-
sorgrams as a control [Fig. 4(B), Tables I and II].
These studies demonstrated that the HLM yielded
essentially the same Kp and rate constants as
observed for the 1:1 model [Fig. 4(B) and Table II].
The two-state model applied to the IFNa2a/IFNAR2-
FCkh sensorgrams yielded the same Kp value (Table
II) obtained using the 1:1 and HLM, with an addi-
tional set of rate constants that were not required
for the fitting. Interestingly, the second off-rates
(kaq) in the two-state model were decreased by ~10-
fold relative to off-rates obtained in the 1:1 and
HLM. Overall, this suggests that the appropriate

model for analysis of the IFNa2a/IFNAR1/IFNAR2-
FChk sensorgrams is the HLM.

Use of the HLM suggests that IFN«2a forms a
mixture of IFNa2a/IFNAR2 binary complexes and
IFNa2a/IFNAR1/IFNAR2 ternary complexes on the
chip surface. The chemical purity of IFNAR1/2-FChk
(Fig. 3) suggests that the heterogeneous binding
properties are not due to problems with the stoichi-
ometry of the heterodimer. It is possible that a frac-
tion of IFNAR1-FCh within the IFNAR1/IFNAR2-
FChk heterodimer is unable to bind IFNa2a, owing
to steric occlusion, upon attachment to the SPR chip
surface, which prevents capture of IFNAR2/IFN«a2a
complexes by IFNAR1. The percent of IFN«2a/
IFNAR1/IFNAR2-FChk ternary complexes formed,
relative to IFNa2a/IFNAR2 binary complexes, was
estimated to be 55% from analysis of RU,,, values
calculated in the HLM fitting routine. Good agree-
ment was observed between the calculated RU,, .y
values, derived from the HLM, and the RU,,,, value
observed in the SPR sensorgrams. Specifically, the
sum of the two calculated RU,,.x values was 5.3 and
6.5 RU (11.8 total), respectively, whereas the
observed RU,, ., from the 25 nM IFN«2a sensorgram
was 10.4 RU. To further validate the affinity of the
IFNa2a/IFNAR1/IFNAR2-FChk interaction deter-
mined by SPR, the ability of IFNAR1/IFNAR2-FChk
to neutralize IFNa2a-mediated gene induction was
tested using cells stably transfected with a luciferase
reporter under control of the IFN-inducible 6-16
gene promoter (Fig. 5).2” The inhibitory concentra-
tions (ICs0) of IFNAR1/IFNAR2-FChk required to
block the activity of 8 pM or 5 nM IFN«a2a were 25.5

Table II. Two-State Binding Parameters for IFNo2a /IFNAR-FChk Interactions

By x 10° M 's™h ka(s™Y ko (s7H ka(s™h Ky (pM)
IFNAR2-FCkh® 47+ 8 0.029 + 0.003 0.00015 + 0.4e * 0.0021 =2.0e * 5850
IFNAR12-FChk® 14 * 0.2 0.013 + 0.001 0.0086 + 1.0e % 0.000072 = 3.0¢® 8.0

? Sensorgrams fit with two-state model.
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Figure 5. Luciferase assay (A) showing IFNa2a dose-response curve (triangles) and neutralization of constant IFN«2a (8 pM, diamonds;
5 nM, circles) with increasing IFNAR1/IFNAR2-FChk concentrations. Black lines correspond to nonlinear least square fits of the data
using Sigma plot. (B) Sensorgrams (black) and model fits (different colored lines) for 10 nM injections of IFNa2a over biacore chips
coupled with constant IFNAR2-FCkh (40RU) and IFNAR1-FChk levels of 0 RU (yellow line), 25 RU (purple line), 88 RU (cyan line), and
228 RU (red line). This corresponds to IFNAR1/IFNAR2 molar ratios of 0, 0.5, 1.7, and 4.3, respectively. Kinetic constants for the SPR
experiments are shown in Table I. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pM and 11.6 nM, respectively. From these experi-
ments, the IFNAR1/IFNAR2-FChk affinity constant
(K;) was estimated as 12.5-18.5 pM wusing the
Cheng-Prusoff equation,?® which is similar to the Kp
value determined by SPR (Table I).
IFNAR1/IFNAR2-FChk was coupled at low lev-
els to prevent mass transport, suggesting that the
resulting Kp represents the inherent stability of the
IFNoa2a/IFNARI/IFNAR2 ternary complex. The
binding results obtained with IFNAR1/IFNAR2-
FChk were compared against biacore chips coupled
with monomeric IFNAR1-FChk and IFNAR2-FCkh
in a similar manner to the studies first performed
by Lamken et al. on supported lipid bilayers.?? For
these experiments, a constant level of IFNAR2-FCkh
was captured (40 RU) on the chip with three differ-
ent amounts of IFNAR1-FChk corresponding to
IFNAR1/IFNAR2 molar ratios of 4.4:1, 1.6:1, and
1:0.5, respectively (Table I). For each surface, a sen-
sorgram corresponding to a single injection of 10 nM
IFNa2a was fit with the HLM [Fig. 5(B)]. As previ-
ously observed with IFNAR1/IFNAR2-FChk, one set
of binding constants corresponded to the IFNa2a/
IFNAR2 interaction. However, the Kp values for the
second interaction ranged from 1.7 to 40 nM. The
on-rate for the second interaction was ~1 X 10° M™?
s~ 1, which is similar to the on-rate observed for the
IFNa2a/IFNAR1-FChk interaction (Table I). The off-
rate of the second binding site was intermediate
between the IFNa2/IFNAR1V/IFNAR2-FChk and
IFNa2/IFNAR2-FCkh interactions (~0.002-0.005
s 1). The levels of IFNAR1-FChk and IFNAR2-FCkh
coupled did not differ significantly from IFNAR1/
IFNAR2-FChk (~100 RU). This suggests that the
heterogeneous positioning of IFNARI1-FChk and
IFNAR2-FCkh prevents efficient assembly of the
IFNoa2a/IFNARI/IFNAR2 complex. However, the
IFNa2a off-rate on the mixed surfaces is slower
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than for IFNAR2 alone, which may be caused by
IFNa2a being shuttled between IFNAR1-FChk and
IFNAR2-FCkh that are separated in space by dis-
tances greater than IFNAR1 and IFNAR2 attached
to a single FChk domain.

Discussion

In this study, structure-based engineering was used
to produce a disulfide-linked FChk domain to allow
the characterization of cytokine binding to individ-
ual receptor chains and to signaling competent
receptor heterodimers. As an example system, mono-
meric IFNAR1-FChk and IFNAR2-FCkh receptors,
as well as IFNARVIFNAR2-FChk heterodimers
were produced for binding studies. Because of the
large body of biochemical and biological data, and
the distinct MWs of the extracellular receptor chains
(IFNAR1 ~50,000 and IFNAR2 ~25,000), the
IFNAR receptor system was ideal to characterize
the utility of FChk. SPR analysis of IFNa2a binding
to IFNARV/IFNAR2-FChk yielded a Kp of 26 pM,
which is very similar to the affinity of IFN«2a bind-
ing to cells (Kp ~ 26 pM) and to IFNARs attached to
supported lipid membranes.!®?2 This suggests that
the IFNAR1/IFNAR2-FChk heterodimers can mimic
some features of the membrane-bound receptor
chains.

The high-affinity IFN«2a/IFNARI/IFNAR2-
FChk interaction could not be reproduced by cou-
pling monomeric IFNAR2-FCkh and IFNAR1-FChk
to the SPR chip. This likely reflects the heterogene-
ity of the dextran/anti-FC antibody surface used to
attach the proteins to the chip surface. Often, heter-
ogeneity describes amine coupling-induced heteroge-
neity in the protein coupled to the matrix, which
when extreme, can prevent accurate data collection
and binding constants. However, in this case, we
are describing positional heterogeneity of the
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FC-coupled IFNAR-FCs in the dextran matrix. Spe-
cifically, all IFNAR1-FChk and IFNAR2-FCkh are
coupled homogeneously on the chip surface through
the FChk domain. However, within the anti-FC/dex-
tran matrix, IFNAR1-FChk and IFNAR2-FCkh are
randomly oriented in the three-dimensional space,
which prevents IFNAR1 and IFNAR2 from simulta-
neously binding to IFNa2a. This technical issue is
overcome by the IFNARI1/IFNAR2-FChk hetero-
dimer, which allows efficient ternary complex forma-
tion. Interestingly, these heterogeneous surfaces
generate off-rates equivalent to what was observed
at low IFNAR1/IFNAR2 levels on supported lipid
membranes.?? These data reinforce the importance
of characterizing individual cytokine-receptor inter-
actions, as well as cytokine engagement by receptor
heterodimers that more accurately reflect binding at
the cell surface.

In addition to a robust reagent for characteriz-
ing protein—protein interactions, IFNAR1/IFNAR2-
FChk potently antagonized IFNa2a biological activ-
ity with an ICso value matching the Ky determined
by SPR. Thus, the FChk domain may be a valuable
scaffold for producing potent cytokine antagonists,
which could have medical relevance. For example,
type I IFNs have been implicated in the initiation,
progression, and pathology of systemic lupus ery-
thematosus (SLE).2%2° Blocking type I IFN biologi-
cal activity is currently being tested as a therapy for
SLE and might also be important in other autoim-
mune diseases such as diabetes.? 33

Biochemical and SAXS studies confirm that
FChk forms a disulfide-linked FC heterodimer that
mimics the FC homodimer crystal structure. Thus,
FChk forms a stable scaffold to position receptors
~20 A apart, or further with increased linker
lengths, for solution and solid-phase binding studies.
Overall, our studies demonstrate that IFNAR-FChk
fusion proteins are easily purified and suitable for
capture on biacore chips for binding studies. These
features of the system provide an opportunity for
high-throughput analysis of quantitative cytokine—
receptor kinetics using a standardized analysis plat-
form. Currently, greater than 50 molecules, desig-
nated as IFNs and interleukins, are amenable to
study using this strategy.>*3® Preliminary studies
have confirmed that FChk provides an excellent
scaffold for characterizing ErbB growth factor recep-
tor interactions® (K. Putcha and M.R. Walter, perso-
nal communication) and other systems are currently
being evaluated.

Materials and Methods

IFNo2 expression and purification

A plasmid containing IFN«a2a (pPAL7-IFNo2a) was
obtained from Philip Bryan, which encodes a subtili-
sin prodomain IFNa2a fusion protein. Protein
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expression was performed by the autoinduction
method.?® Briefly, cells containing pPAL7-IFNo2a
were grown at 37°C overnight with shaking (300
rpm) in ZYP 0.8G media containing 100 pg mL !
carbenicillin. The overnight culture was diluted 1:20
into ZYP-5052 media and grown for 4 h at 37°C, fol-
lowed by a 20-h incubation at 15°C with shaking
(300 rpm). The cells were collected by centrifugation,
followed by sonication in a buffer containing 100
mM Tris-acetate, pH 8.0 and 1.0 mM EDTA. The
lysate was clarified by centrifugation (48,000g) and
loaded onto eXact media (BIO-RAD). The protein
was eluted with 10 mM sodium azide in 100 mM
sodium acetate, pH 7.4 and subsequently purified by
ion exchange and SEC. IFNa2a purified by this
method retained two additional amino acids (Thr-
Ser) at its N-terminus.

FChk and receptor-FChk fusion cloning,
expression, and purification

DNA encoding the murine IgG2a FC region, resi-
dues 251-472 (PDB ID 1IGT), was cloned into the
insect expression vector pMT (Invitrogen) by PCR.
Amino acid changes E376C and T389Y were
encoded into one FC sequence to generate a modi-
fied FC knob (FCk) plasmid, pMTA-FCFk. In a sec-
ond wild-type FC, a Y438T mutation was inserted
and amino acids “GGCGT” were encoded at the C-
terminus, following residue F472 to yield plasmid
PMTA-FCh. The extracellular regions of IFNAR1
(residues 28-436, uniprot ID P17181) and IFNAR2
(residues 31-243, uniprot ID P48551) were inserted
in frame into pMTA-FCh and pMTA-FCFk, respec-
tively, using Sacll and BamHI restriction sites,
resulting in plasmids pMTA-IFNARI-FCh and
PMTA-IFNAR2-FCKk.

Expression plasmids were transfected
Drosophila S2 cells using the manufacturer’s pro-
tocols (Invitrogen). Stable cell lines were selected
with hygromycin and protein expression was
induced by addition of 0.5 mM CuySO4 at a cell
density of 5 X 10° cells per milliliter in serum-free
media (Lonza) containing 20 mM L-glutamine.
Expressed media were harvested after 7 days,
clarified by centrifugation, and filtered through a
0.2-um PES filter. Receptor-FChk fusion proteins
were purified using a 1 mL Protein A affinity col-
umn (Thermo scientific) equilibrated in 20 mM
Tris-HCI, pH 8.0 and 150 mM NaCl. Bound protein
was washed with 50 column volumes of equilibra-
tion buffer and eluted in 2M arginine, pH 3.8. The
pH of the column fractions was adjusted by addi-
tion of 1M Tris-HCI, pH 8.0, followed by dialysis
against 20 mM Tris-HCl, pH 8.0 and 150 mM
NaCl. Pooled fractions were concentrated and
injected on a Superdex 200 (GE Healthcare) size
exclusion column in running buffer of 20 mM
HEPES, pH 7.9 and 150 mM NaCl.

into
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SPR data collection and analysis

SPR data collection and analysis were performed
using a Biacore T-200 (GE healthcare). Monomeric
and heterodimeric IFNAR-FChks were coupled to
CMS5 biacore chips using an anti-FC Ab coupling kit
according to the manufacturer’s instructions (GE
healthcare). IFNa2a was injected over the surfaces
at 100 pL min~! in a running buffer of 10 mM
HEPES, 150 mM NaCl, 0.015% P20 (GE Health-
care), and 150 pg mL ' bovine serum albumin
(Sigma). IFNa2a contact times for each experiment
were 75 s. The dissociation times were 75, 240, and
400 s for IFNAR1-FChk, IFNAR2-FCkh, and
IFNAR1/IFNAR2-FChk, respectively. Fresh IFNAR-
FChk surfaces were prepared for each cycle by a 3-
min injection of 10 mM glycine, pH 1.7, followed by
an injection of new IFNAR-FC fusion protein. Sen-
sorgrams were fit to appropriate 1:1 and HLMs
using the predefined templates in the Biacore T-200
evaluation software version 1.0.

SAXS analysis

X-ray scattering data on FChk (8.8 mg mL ') were
collected on the SIBYLS beamline at the Advanced
Light Source, Berkley. Scattering curves were proc-
essed with the program PRIMUS within the ATSAS
package.’” Bead models were derived from the scat-
tering curve with the program DAMIN.3® A total of
10 models were calculated and a final averaged bead
model was calculated with DAMAVER.

Luciferase activity assay

HT1080 cells, containing a luciferase reporter down-
stream of the IFN inducible 6-16 promoter (HL116
cells), were used to monitor IFNAR1/IFNAR2-FChk
neutralization of IFNa2a. HL116 cells (4 X 10* cells)
were plated in white opaque 96-well plates and incu-
bated overnight at 37°C. A constant concentration of
IFNa2a (8 pM or 5 nM) was incubated with serially
diluted IFNAR1/IFNAR2-FChk heterodimers in media
(DMEM-glutamax) for 30 min at 37°C before addition
to HL116 cells. The plates were incubated for 5 h at
37°C. Following the 5-h incubation, the plates were
moved to room temperature for 10 min, followed by
the addition of 50 pL of luciferase assay reagent
(Steady-Glo, Promega) to each well. Luminescence
was measured on a Biotek Synergy 2 plate reader
and analyzed with PRISM software using a four-
parameter fit with variable slope (Graphpad Inc).
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