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Type I interferons (IFNs) elicit antiviral, antiproliferative and immuno-
modulatory responses through binding to a shared receptor consisting of
the transmembrane proteins ifnarl and ifnar2. Differential signaling by
different interferons, in particular IFNas and IFNB, suggests different
modes of receptor engagement. Using reflectometric interference spec-
troscopy (RIfS), we studied kinetics and affinities of the interactions
between IFNs and the extracellular receptor domains of ifnarl (ifnarl-
EC) and ifnar2 (ifnar2-EC). For IFNa2, we determined a Ky value of
3nM and 5 pM for the interaction with ifnar2-EC and ifnarl-EC, respect-
ively. As compared to IFNa2, IFNB formed complexes with ifnar2-EC as
well as ifnarl-EC with substantially higher affinity. For neither IFNa2
nor IFNB was stabilization of the complex with ifnarl-EC in the presence
of soluble ifnar2-EC observed. We investigated ligand-induced complex
formation with ifnarl-EC and ifnar2-EC being tethered onto solid-
supported, fluid lipid bilayers by RIfS and total internal reflection fluor-
escence spectroscopy. We observed very stable binding of IFNa2 at high
receptor surface concentrations with an apparent kg value approximately
200 times lower than that for ifnar2-EC alone. The apparent kq value was
strongly dependent on the surface concentration of the receptor com-
ponents, suggesting kinetic stabilization. This was corroborated by the
fast exchange of labeled IFNa2 bound to the receptor by unlabeled
IFNa2. Taken together, our results indicate that IFN first binds to ifnar2
and subsequently recruits ifnarl in a transient fashion. In particular, this
second step is much more efficient for IFNB than for IFNa2, which could
explain differential activities observed for these IFNS.
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Introduction

Signaling induced by type I interferons (IFNs)
plays a key role in host innate response to viral
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infection by eliciting a pleiotrophic response
including antiviral, antiproliferative and
immunmodulatory activities. Because of these
activities, type I IFNs are attractive for clinical
applications in different fields." Although type I
interferons are already used successfully in the
treatment of several diseases, the complexity of
their action interferes with a pharmacologically
controlled administration. Thus, better under-
standing of the receptor recruitment by IFNs and
the following downstream events is required for
fully exploiting the therapeutical potentials of
IFNs.

All type I interferons (13 different IFNas, 1 IFN
and 1 IFNw) exert their activity through binding to
the same receptor components, ifnarl and ifnar2.”
Upon ligand binding, tyrosine kinases associated

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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with the cytoplasmic domains are activated by
auto-phosphorylation, followed by phosphoryl-
ation of several tyrosine residues on the receptor
and other effector molecules, which are mainly
members of the STAT family. It appears, however,
that the function of different type I IFNs is not
fully redundant, and differential signaling by
different IFNs has been observed.>® In particular
between IFNa subtypes and IFNB, substantial
differences have been observed on the level of
receptor phosphorylation® and STAT recruitment,’
as well as on the level of gene induction.'”" As so
far no further receptor component has been identi-
fied, these differences need to be explained
through the mode of interaction of IFNs with the
extracellular domains of ifnarl and ifnar2 (ifnarl-
EC and ifnar2-EC, respectively). Therefore, a com-
prehensive structural, biophysical and mechanistic
picture of how the receptor domains are recruited
in time and space is required for understanding
the specificity of signal propagation through the
membrane. In the absence of structural data, the
recognition of IFNs by the receptor components
has been intensively investigated by mutagenesis.'
The high-affinity interactions between ifnar2-EC
and different IFNs have been investigated in
detail,”” ™ and a model for the complex between
IFNa2 and ifnar2-EC based on double mutant
cycle analysis has been reported.''® However, the
differences in affinity, binding kinetics and orien-
tation, which have been so far observed for the
interaction of IFNa2 and IFNB with ifnar2-EC are
only minute,'*""” and therefore can hardly explain
the functional differences. The low-affinity inter-
action of IFNs with ifnarl has been much less well
characterized and the K, value was estimated to
be in the micromolar range. Compared to cells
expressing ifnar2 alone a 10-40-fold decrease in
the Kp, value has been reported. By using neutraliz-
ing antibodies, the binding site for IFNs on ifnarl
was mapped to the Ig-like domains 2 and 3 of
ifnarl.'® This observation was confirmed by several
studies with bovine ifnar1,'>* which binds human
IFNas with high affinity. These results indicated
that the ligand binding site of ifnarl does not
correspond to a classical cytokine binding module.
In vitro, a stable ternary complex of IFNB with
ifnarl-EC and ifnar2-EC was observed by size-
exclusion chromatography.®" As no stable complex
between IFNB and ifnarl-EC was detectable
under these conditions, this result indicated that
cooperative interaction leads to stabilization of the
ternary complex. For members of the class I
cytokine family, contacts between the two extra-
cellular receptor domains apparently contribute to
the stability of the ternary complex,” > and
pre-association of the receptor chains has been
proposed for several receptors.”*?® For the IFNy-
receptor as a member of the class II cytokine
receptor family, a similar mechanism was
suggested recently” However, the role of stem—
stem contacts between the extracellular receptor
domains has not been clearly resolved so far,

because lateral interactions between membrane-
anchored proteins are difficult to study: cellular
assays with the full-length receptors do not
provide the experimental control required for
analyzing inter-receptor interactions properly;
binding studies with the extracellular receptor
domains in solution do not provide the biophysical
constraints of protein—protein interaction within
biological membranes such as the reduced number
of degrees of freedom (reduced dimensionality)
and the reduced diffusion rates.*

Here, we have analyzed the interactions at the
extracellular domains of ifnar involved in the for-
mation of the active ternary complex for both
IFNa2 and IFNB. We furthermore present a novel
approach for studying ligand-induced receptor
assembling by combining full experimental control
of an in vitro reconstituted system with mimicking
two-dimensional  protein—protein  interactions
within the plane of the plasma membrane.
Through their C-terminal histidine tags, we
tethered ifnarl-EC and ifnar2-EC in an oriented
manner onto supported fluid lipid bilayers con-
taining lipids carrying high-affinity chelator head
groups. We evaluated the interaction of IFNs to
the receptor components reconstituted on fluid
lipid bilayers by reflectometric interference
spectroscopy (RIfS) and total internal reflection
fluorescence spectroscopy (TIRFS). Based on these
results, we discuss a biophysical model of the tern-
ary complex formation and for differential receptor
recruitment by IFNS.

Results

Expression and purification of ifnar1-EC

Ifnarl-EC with a C-terminal decahistidine-tag
was expressed in Sf9 cells infected with a baculo-
virus harboring the gene of mature ifnarl-EC
fused to the secretion sequence of the baculoviral
protein gp67. The protein was purified to homo-
geneity from the supernatant by IMAC and size-
exclusion chromatography (Figure 1A). In SDS-
PAGE, a molecular mass of approximately 57 kDa
was observed (Figure 1A), suggesting substantial
glycosylation of the protein. Removal of the
glycans with PNGaseF yielded a protein with an
apparent molecular mass of 48 kDa (Figure 1B) cor-
responding to the expected molecular mass of the
polypeptide chain. Under non-reducing conditions
the band of ifnarl was shifted to a lower molecular
mass compared to the reduced protein, indicating
internal disulfide bridge formation (Figure 1B).
Glycosylated ifnarl-EC proved to be a stable
protein, which was stored frozen at —80 °C. After
one cycle of freezing and thawing, only insignifi-
cant loss of monomeric protein was observed by
size-exclusion chromatography (Figure 1C). For all
the following binding experiments, the glycosyl-
ated protein was used, because it was more stable
than the deglycosylated protein.
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Figure 1. Purification and bio-
chemical characterization of ifnarl-

EC. A, SDS-PAGE of the purified
protein: elution fraction from
IMAC (lane 1) and fractions from
size-exclusion chromatography
(lane 2-8). B, SDS-PAGE of purified
ifnarl-EC  after deglycosylation
with PNGaseF under non-reducing
and reducing conditions in com-
parison to the non-deglycosylated
protein. C, Size-exclusion chroma-
togram (Superdex 200 HR10/30) of

; purified ifnarl-EC after freezing

6 8 10 12 14 16 18 20
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We first characterized the interaction of ligands
(IFNa2 and IFNB with each of the receptor com-
ponents (ifnarl-EC and ifnar2-EC) separately, in
order to precisely determine affinities, rate con-
stants and stoichiometries. These measurements
were carried out by immobilizing either ifnarl-EC
or ifnar2-EC via their C-terminal His-tag on the
planar surface of the PEG polymer brush in an
oriented fashion using high-affinity chelator head
groups. Under these conditions, lateral interactions
between the surface-attached proteins are mini-
mized due to the short, covalently bound PEG
chains. Protein binding was monitored label-free
by RIfS detection. All binding data obtained from
these measurements are summarized in Table 1.

Interaction of IFNs with ifnar2-EC

Binding of IFNa2 to immobilized ifnar2-tl has
been studied before on different surfaces.’ IFNa2
interacted specifically with ifnar2-EC immobilized
via its C-terminal His-tag (Figure 2A) and the
stoichiometry as determined from the relative
binding amplitudes was 1: 1. From concentration-
dependent binding curves, a k4 value of
0.010(%£0.002) s, a k, of 3(x1) X 10° M *s ! and a
Kp of 3(x1)nM were determined. These values
are in excellent agreement with the values obtained
for ifnar2-tl immobilized viz  monoclonal
antibodies.® The association phase was signifi-
cantly biased by mass transport limitation as
indicated by the systematic deviation from the
model (Figure 2C). Also the dissociation phase
deviated significantly from a single-exponential
decay indicating rebinding (Figure 2C) in agree-
ment with that reported.® The interaction of IFNB
with immobilized ifnar2-EC had been investigated

22 and thawing (E, exclusion volume;
B, bed volume).

only at increased ionic strength in order to over-
come its otherwise strong non-specific binding to
the surface.”® At the PEG polymer brush surface
used in this study, no significant non-specific bind-
ing of IFNB was detectable at physiological ionic
strength after fully blocking the chelator head
groups with MBP-H10 (Figure 2A). Under these
conditions, IFN bound substantially tighter to
ifnar2-EC compared to IFNa2 (Figure 2A), while
from the relative signals, a 1:1 stoichiometry
between ifnar2-EC and IFNB was confirmed. The
dissociation was very slow with an estimated k4
value of 0.0005s”'. From the I47A mutant of
ifnar2-EC, IFNB dissociated with a rate constant
of 0.005(%0.002) s™! (Figure 2B). From this value,
the kq of approximately 0.0005s™"' was confirmed
for the wild-type complex, assuming the same ten-
fold difference as observed at high ionic strength.'
Thus, the half-life of the complex with ifnar2-EC is
probably about 20-fold higher for IFNB compared
to IFNa2. The observed association was strongly
mass transport limited (Figure 2D), indicating that
the association rate constant, k,, is well above
5x10°M™" s7". The high k, value can be explained
by electrostatic rate enhancement, as IFN is posi-
tively charged and ifnar2-EC is strongly negatively
charged at physiological pH.

The strong dependence of the complex stability
on the ionic strength suggests that electrostatic
forces also stabilize the interaction of IFNB with
ifnar2-EC. This effect, however, could also be due
to rebinding on the surface, which is dependent
on the k,, value and thus also on the ionic strength.
We therefore investigated the contribution of
rebinding by injecting ifnar2-tl at high concen-
tration (10 uM) during the dissociation phase
(Figure 2E and F). In both cases, a significant faster



Table 1. Rate and equilibrium constants of the interaction with ifnarl-EC and ifnar2-EC determined for different IFNs and different mutants

Ifnar2-EC Ifnar1-EC Ifnar2-EC/Ifnar1-EC*
IFN ke M™1s™) ka(s™h Kp (nM) ke M7ts™h) ka (s7h) Kp (nM) ke M71s™h) ka (s™) Kp (nM)
IFNa2 wt 3£ 1)x10° 0.012 £ 0.002 31 - >0.5 5000 = 2000 3 *=1)x10° ~0.0001 ~0.03
IFNa2 S136C" B x=1)x10° 0.013 + 0.002 3+1 >0.5 ~5000 B x1)x10° ~0.0001 ~0.03
IFNa2 wte n.b. n.b. n.b. - >0.5 4000 * 2000 n.b. n.b. n.b.
IFNa2 witd 3 £1)x10° 0.20 £ 0.04 60 = 20 - - - - 0.0012 = 0.0002 -
IFNa2 R149A - ~2 500 = 100 - >0.5 5000 = 2000 - 0.010 = 0.003 -
IFNB >5x10° ~0.001 <0.1 B £2)x10° 0.017 = 0.004 50 £ 30 - <0.0005 -
IFNB© n.b. n.b. n.b. (4 +£2)x10° 0.019 + 0.004 50 * 30 n.b. n.b. n.b.
IFNB*® >5x10° 0.003 = 0.001 <0.6 - - - - - -
IFNB? >5x10° 0.005 * 0.002 <1 - - - - <0.0005 -

Mean values and standard deviations were determined from at least three independent experiments. n.b., no binding detectable.
? Co-immobilized on lipid bilayers at high surface concentration.

® Labeled with OG-488 or AF-488 at the additional cysteine residue.
¢ In stoichiometric complex with ifnar2-tl.

4 With the mutant ifnar2-EC 147A.

¢ At 500 mM NaCl.
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Figure 2. Interaction of IFNa2 and IFNB with ifnar2-EC on a PEG polymer brush. A, Binding curve for 50 nM IFNa2
(oo ) and 50 nM IFNB (—) to ifnar2-EC in comparison to 50 nM IFNB exposed to immobilized MBP-H10 (- - - -).
B, Dissociation of IFNa2 (-« -- ) and IFNB (—) from immobilized ifnar2-EC I47A. C, Fit and residuals for association
and dissociation of IFNa2 shown in A. D, Fit and residuals for association and dissociation of IFNB shown in A.
E and F, dissociation of IFNa2 (E) and IFNB (F) from immobilized ifnar2-EC in the absence (—) and in the presence

(reeeee ) of 10 pM ifnar2-tl.

dissociation was observed resulting in corrected
dissociation rate constants of 0.012(%0.003) s' for
IFNa2 and ~0.001 s™" for IFNB, respectively.

Interaction of IFNs with ifnar1-EC

Binding of IFNa2 to immobilized ifnar1-EC was
only detectable at concentrations above 300 nM
and rapid dissociation was observed (Figure 3A).
This interaction was entirely specific as confirmed
by control experiments without ifnarl-EC on the
surface (data not shown). From the equilibrium
responses, R.,, observed for IFNa2 at concen-
trations between 100 nM and 100 wM, titration
curves were obtained (Figure 3B). A Ky value of
5(*2) uM was determined by fitting a Langmuir
isotherm. Hence, the affinity of IFNa2 towards
ifnarl-EC is about three orders of magnitude

lower than for ifnar2-EC. The maximum binding
signal, Ru.., obtained from such titration corre-
sponded to a 1:1 interaction between ifnarl-EC
and IFNa2 assuming full activity of the immobi-
lized ifnar1-EC. The same experiment was carried
out with a stoichiometric complex of IFNa2 with
ifnar2-tl. This complex with a life-time of ~100s
can be assumed static during the time-scale of the
interaction with ifnarl-EC. Binding curves for the
0.1 pM and 10 pM IFNa2-ifnar2-tl complex are
shown in Figure 3E. The relative binding signals
obtained from a full titration (results not shown)
confirmed a 1:1 stoichiometric ratio between the
IFNa2—-ifnar2-tl complex and immobilized ifnarl-
EC. A Kp value of 4(%£2) uM was obtained, which
was not significantly different from the K deter-
mined for IFNa2 alone. This result suggests that
the ternary complex of ifnarl, ifnar2 and IFNa2 is
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Figure 3. Binding of IFNs to immobilized ifnarl-EC on a PEG polymer brush. A, Binding of IFN«2 in various con-

centrations (100nM, ----- ; TpM, ——— , 10 M, — —

- —; 100 pM, —) to immobilized ifnarl-EC. B, Equilibrium

response of IFNa2 binding to ifnarl-EC versus concentration and the fitted Langmuir isotherm. C, Binding of 50 nM
IFNB to immobilized ifnarl-EC. D, Monoexponential fit to the association and dissociation shown in C. E, Binding of
100 nM IFNB—ifnar2-tl, 100 nM IFNa2-ifnar2-tl and 10 uM IFNa2-ifnar2-tl to immobilized ifnarl-EC in comparison
(normalized to the amount of ifnarl-EC on the surface). F, Fit of single exponential models to the association and dis-
sociation phase for the interaction of 100 nM IFNB—ifnar2-tl with ifnar1-EC as shown in E, and the residuals of the fit.

not stabilized by additional interactions between
ifnar1-EC and ifnar2-EC.

The interaction of IFNB with immobilized ifnarl-
EC was much more stable compared to the binding
of the IFNa2 (Figure 3C). Association and dis-
sociation phases were well fitted by mono-
exponential models (Figure 3D). From the fitting, a
k., value of 3(x2)x 10°M's™! and a k4 value of
0.017(*0.004) s~ were obtained. The binding signals
corresponded to a 1: 1 stoichiometry between IFN
and ifnar1-EC. Similar to IFNa2, no significant differ-
ences in the binding rates were observed for ifnar2-
tl-bound IFNB compared to free IFN@ (Figure 3E
and F). Also a 1:1 stoichiometric ratio was con-
firmed. For free as well as ifnar2-tl-bound IFN a Kp
value of 50(*+30) nM was obtained. The interaction

of the IFNB—ifnar2-tl complex with ifnarl-EC was
also investigated in solution by a binding inhibition
assay (data not shown). The Ky, value obtained from
this experiment was 30(* 10) nM, i.e. in good agree-
ment with the K, value determined for the inter-
action at the surface. Thus, the affinity of ifnarl-EC
for IFN is two orders of magnitude higher than for
IFNo2. Intriguingly, the association rate constant of
IFNB binding to ifnar1-EC is at least an order of mag-
nitude lower compared to the binding to ifnar2-EC.

Complex formation on lipid bilayers
In order to analyze how the ternary complex is

stabilized by lateral interaction on the membrane
we investigated ternary complex formation on
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solid-supported membranes. We tethered ifnarl-
EC and ifnar2-EC to the surface of a solid-
supported fluid lipid bilayer doped with chelator
lipids using their C-terminal histidine-tags. When
ifnarl-EC or ifnar2-EC were individually immobi-
lized on solid-supported lipid bilayers, the binding
curves obtained for IFNa2 and IFNB binding to
ifnar2-EC  (Figure 4A and B) and ifnarl-EC
(Figure 4C and D), respectively, were very similar
to the corresponding measurements on the non-
fluid polymer brush support. The rate and equi-
librium constants obtained from these curves
matched the rate constants determined from the
measurements on non-fluid support. Neither for
IFNa2 nor for IFNB was significant non-specific
binding detectable on the solid-supported lipid
bilayers (Figure 4A, C and D).

Upon co-immobilization of ifnarl-EC and ifnar2-
EC the binding kinetics of IFNa2 drastically
changed (Figure 5A and B). No significant dis-
sociation was observed within 15 minutes, and a
second injection of IFNa2 did not give any signifi-
cant signal (data not shown). Also the association
kinetics was changed (Figure 5C—-E): a constant
binding rate until saturation was observed indicat-
ing highly diffusion-controlled binding. No dis-
sociation of IFNa2 was discernible only if a 1:1
molar ratio for ifnarl-EC and ifnar2-EC was strictly
maintained. With a molar excess of ifnarl-EC, we
observed partial fast dissociation of IFNa2, and

the amount of stably bound ligand corresponded
to the amount of tethered ifnar2-EC (data not
shown). With a molar excess of ifnar2-EC, we
observed partial dissociation with a rate constant
corresponding to the ifnar2—-IFNa2 interaction,
and the amount of stably bound ligand corre-
sponded to the amount of ifnarl-EC on the bilayer
(results not shown). These results confirmed that
with IFNa2 a complex with a stoichiometry of
1:1:1 (or multiples thereof) was formed. For-
mation of a stable stoichiometric ternary complex
was observed only on fluid supports (Figure 5B),
confirming that orientation and lateral reorganiz-
ation of the receptor domains were required to
obtain maximum binding affinity. In order to
characterize the lateral distribution of the immobi-
lized proteins, laser scanning confocal fluorescence
microscopy was carried out using ifnar2-EC-S35C
labeled with OG-488 as a probe. Homogeneous
lateral distribution of ifnar2-EC was observed on
both polymer brush and supported membrane.
The lateral diffusion of the receptor was investi-
gated by FRAP experiments (Figure 6). No FRAP
was observed for the polymer brush support (data
not shown), while full FRAP was observed for the
supported lipid bilayers (Figure 6A and B). For
ifnar2-EC tethered to the chelator lipid, a diffusion
constant of 1(*£0.5) um?/s was determined,
which is very similar to the diffusion constant
of GPl-anchored proteins in living cells.** No

12 1.0
_
1
S 0.8
= 08
g
S os 061
w
T o4 0.4 1
g 02 i STLE
© E .
. die A bkl 4
<
0 160 320 480 640 800 140 160
time [s] time [s] time [s]
0.30
0.25 - C
0.20 -
_
I
£, 0151
T
S, 0.10 1
)
0.05 -

0 60 120 180 240
time [s]

300

120 180 240 300 360 420 480 540 600
time [s]

0 60

Figure 4. Ligand binding to ifnar1-EC and ifnar2-EC tethered on solid-supported lipid bilayers as detected by RIfS.
A, Interaction of 50 nM IFNa2 (----- ) and 50 nM IFNB (—) with ifnar2-EC in comparison to 50 nM IFNB exposed to
a surface loaded with MBP-H10 (- - - -). B, Fit of the association and dissociation curves shown in A. C, Interaction of
10 pM IFNa2 (—) with immobilized ifnar]l-EC in comparison to 10 uM IFNa2 exposed to a surface loaded with
MBP-H10 (----- )- D, Interaction of 100 nM IFNB (—) with ifnarl-EC in comparison to 100 nM IFN exposed to a

surface loaded with MBP-H10 (- -- )-
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). C, Comparison of the association phases for
). Dand E,

Mono-exponential fit and residuals of the associations phases shown in C (with the same coding of the curves).

significant change in recovery time was observed
upon co-immobilization with ifnarl, while binding
of IFNa2 clearly reduced the recovery rate by a
factor of 2 (Figure 6C). These results also confirmed
that no substantial interaction between ifnarl-EC
and ifnar2-EC takes place in the absence of the
ligand.

Since for the wt proteins no dissociation from the
ternary complex was observed, we investigated
several mutants of ifnar2-EC and IFNa2 forming
relatively less stable binary complexes with each
other compared to their wild-type counterparts
(Figure 7A and B). IFNa2 dissociates from ifnar2-
EC I47A with a rate constant of 0.2s™! (20-fold
higher than wt ifnar2-EC). Upon co-immobilization
of ifnar-1EC, a k4 value of 0.0012(*0.0002) s~* was
observed (Figure 7C). For IFNa2 R149A (Kp,
500 nM, kg = 2s7 "), a dissociation rate constant of
0.01(%0.003) s7' in the presence of tethered ifnarl-
EC was observed (Figure 7D). From these experi-
ments it was estimated that in the presence of
ifnarl-EC the apparent affinity is approximately
200-fold higher compared to the affinity towards
ifnar2-EC alone.

All these measurements, however, were carried
out at very high receptor surface concentrations
(approximately 20-40 fmol/mm?, i.e. 20-40% of a
monolayer). The stability of the ternary complex
at lower receptor concentration was studied using

TIRFS because of the higher sensitivity of fluor-
escence detection compared to RIfS. Binding of
fluorescent IFNa2 (S136C labeled with AF-488) to
the receptor on lipid bilayers was measured at
different surface concentrations of the receptor
(Figure 8). At a high surface concentration of
ifnarl-EC and ifnar2-EC, fluorescence detection
principally showed similar dissociation phase as
did RIfS (Figure 8A). However, a decay of the sig-
nal while rinsing was observed. This was not due
to ligand dissociation, as stable binding was con-
firmed by simultaneous RIfS detection (data not
shown), but can be ascribed to photobleaching.
With a decreasing surface concentration of ifnarl-
EC and ifnar2-EC we observed a decreasing
stability of the ternary complex (Figure 8B). The
dissociation curves were fitted by a single-expo-
nential decay (Figure 8B and C), and increasing k4
values were obtained with decreasing surface con-
centrations. In Figure 8D, the dissociation rate
constants were plotted as a function of receptor
surface concentration, the corresponding values
are listed in Table 2. At the lowest receptor
surface concentration of approximately 0.3 fmol/
mm? (~200 molecules/pum?), the stability of the
ternary complex was only three times higher than
for ifnar2-EC alone. For surface concentrations of
2—4 fmol/mm? we determined k; values corre-
sponding to the affinities that have been
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Figure 6. FRAP experiment with ifnar2-EC S35C labeled with OG488 tethered to chelator lipids in a solid-supported
lipid bilayer. A, Fluorescence images of ifnar2-EC OG-488 tethered to a solid-supported lipid bilayer before and after
bleaching of a circular spot (the time after bleaching is indicated in the lower left corner of each image, the bar
represents 20 wm). B, Fluorescence intensity in the bleached spot as a function of time (—) compared to a non-bleached
reference spot (- - - ). C, Recovery curves of ifnar2-EC OG-488 in the presence of ifnar1-EC before (—) and after (- - )
addition of 100 nM IFNa2.
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Figure 8. The IFN«2 interaction with ifnar1-EC and ifnar2-EC tethered onto supported lipid bilayers as detected by
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beginning of dissociation (same color coding as for A) including the fit curve of a mono-exponential decay (black
lines). C, Residuals for fitting curves shown in B (same color coding as for A). D, Dissociation rate constant as a func-
tion of the surface concentration of the receptor. E, Association phases of binding curves shown in A normalized to
the saturation signal (same color coding as for A). F, Residuals of a first-order association model fitted to the curves

shown in E.

observed in binding assays with living cells.*® The
association phases of the binding curves
normalized to the saturation signal are shown in
Figure 8E. At receptor surface concentrations
below 8 fmol/mm?, the association curves over-
layed. These curves were fitted well by a pseudo-
first-order model (Figure 8F) and gave association
rate constants very similar to the interaction of
IFNa2 with ifnar2-EC alone (Table 2). At a higher
surface concentration, significant lower association
rate constants were obtained and systematic
deviations from the model, as well as from the
other binding curves were observed (Figure 8F).

This was probably due to mass transport
limitations at these high receptor surface concen-
trations, which have already been observed for the
interaction of IFN«a2 with ifnar2-EC alone.

The dependence of the complex stability on the
receptor surface concentration suggested that the
ternary complex is not static, but stabilized by fast
re-association, the kinetics of which depends on
the receptor surface concentration. This was
further corroborated by the observation that stable
ternary complexes were formed at low surface
concentrations of ifnar2-EC but high surface con-
centrations of ifnarl-EC (results not shown). In
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Table 2. Rate and equilibrium constants of IFNa2 bind-
ing at different stoichiometric surface concentrations of
ifnar1-EC and ifnar2-EC on supported lipid bilayers

Ifnar1-EC k. kq Kp
(fmol/mm?) (10°M's™) (1073s7Y) (nM)?
12+3 1+03 0.5*0.1 0.17 = 0.06
8§ 2 1+03 05*0.1 0.17 = 0.06
55+1 3*+1 0.6 £0.1 0.21 = 0.07
4+1 4=*1 0.8 0.2 0.28 £ 0.1
2+04 5=* 14 +02 0.46 = 0.16
1+02 35*1 21*£02 0.70 = 0.24
05*0.1 3+1 33*03 1.11 =04
0.3 £0.1 4+1 44+04 148 £0.5
0 4=+1 12+1 4+15

? Calculated using the average k, of 3(x1) X 10° M 's™".

order to analyze this kinetic stabilization, we
challenged the apparently stable ternary complex
formed with fluorescently labeled IFNa2 (S136C
with OG-488) by injecting unlabeled IFNo2 or
ifnar2-tl (Figure 9A). Already at a concentration
of 1 uM unlabeled IFNa2, an exchange rate of
0.002 s™! was observed. At the same time the total
amount of bound IFN did not change as simul-
taneously detected by RIfS (data not shown). In
contrast, no significant change in dissociation
kinetics was observed when ifnar2-tl was injected,
even at a concentration as high as 10 uM
(Figure 9A). Furthermore, even at much lower sur-
face concentrations of ifnar2-EC (~0.5 fmol/mm?),
fast exchange was observed in the presence of
1 uM unlabeled IFNa2 (Figure 9B). These experi-
ments confirm that the ligand does not dissociate
from the surface and re-associates (rebinding-
effect), because then ifnar2-tl should interfere as
efficiently as does IFN«a2, and the effect should be
much less pronounced at low surface concen-
trations. The fact that the ligand is exchanged
much faster than the apparent dissociation rate
furthermore corroborates the kinetic stabilization
of the ternary complex.

Binding assays with ifnarl and ifnar2
co-immobilized on lipid bilayers were also carried
out with IFNB. However, very stable binding was
observed already for the interaction with ifnar2-
EC alone, and thus no substantial difference in
stability could be observed in the presence of
ifnarl-EC. Upon challenging the ternary complex
formed with IFNB by injecting fluorescently
labeled IFNa2, no exchange could be observed
(data not shown), confirming the anticipated high
stability of the ternary complex. Since the already
formulated IFNB could not be labeled appropri-
ately, binding assays at low surface concentration
were also not feasible.

Discussion

In this study we dissected the individual contri-
butions of the different interactions between
ifnarl-EC, ifnar2-EC and IFNs involved in for-
mation of the ternary complex. For understanding
their role for ligand-induced receptor assembling,
we investigated the ternary complex formation by
tethering the extracellular receptor domains in an
oriented fashion on supported membranes. Based
on combined fluorescence and label-free detection
we studied receptor assembling on a mechanistic
level, which may help to explain how differences
in receptor engagement by IFNa2 and IFN@ result
in differential signaling.

Interaction between ifnar1 and ifnar2

Interaction between receptor components cross-
linked by binding to different sites of a ligand is
the basic paradigm for cytokine receptor activation.
Yet the mode of its induction is currently under
controversial debate, and probably different
modes apply for different systems.*** Increasingly,
pre-association of the receptor chains,”*** and
their activation by ligand-induced conformational
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Figure 9. Chase experiments with fluorescent-labeled IFNa2 bound to ifnar2-EC and ifnar1-EC co-immobilized on
supported lipid bilayers. A, Dissociation of OG-488-labeled IFNa2 (—) at high surface concentrations of both ifnar2-
EC and ifnarl-EC, in the presence of 1 pM (- - - -) and 10 pM (- — — —) ifnar2-tl, and in the presence of 1 uM unlabeled
IEN (-« - ). B, Dissociation of OG-488-labeled IFNa2 from the ternary complex at low surface concentration of ifnar2-
EC in the absence (—) and in the presence (----- ) of 1 uM unlabeled IFN«2.
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changes have been postulated. In the case of class I
cytokine receptors, namely growth hormone
receptor,””? interleukin-4 receptor® and inter-
leukin-6 receptor,® stem-stem contacts between
the membrane-proximal, extracellular receptor
domains have been shown to be important for the
formation of stable ternary complexes. Though the
affinities of such receptor-receptor interactions
have not been quantified yet, stabilization by
cooperative inter-receptor and ligand-receptor
contacts was clearly shown. Gel-filtration assays
carried out with recombinant ifnar1-EC, ifnar2-EC
and IFNB indicated a similar scenario for the type
I interferon receptor.”* For both IFNa2 and IFN,
we could clearly exclude such co-operative inter-
action, as we did not detect a significant difference
in the affinity of ifnarl-EC for free compared to
ifnar2-tl-complexed ligand. Furthermore, no direct
interaction between ifnarl-EC and ifnar2-EC was
detectable, neither by solid-phase detection nor by
FRAP. These results suggest a different mode of
interaction for this member of the class II cytokine
receptor superfamily compared to the members of
the class I family mentioned above. This is in
good agreement with the observation that the
binding site for IFNa is not located on the mem-
brane-proximal tandem Ig-like domains, but at the
hinge between the two extracellular tandem Ig-like
domains of ifnar1-EC."**°

Kinetic stabilization of the ternary complex
with IFN«a2

In order to understand the contributions of the
individual interactions towards the stability of the
ternary complex on the cell surface, we studied
complex formation with ifnarl-EC and ifnar2-EC
tethered onto solid-supported membranes. IFNa2
binding was extremely stable at high surface con-
centrations of ifnarl-EC and ifnar2-EC, decreasing
the apparent kq value compared to ifnar2-EC alone
by approximately 200-fold. The dependence of the
complex stability on the surface concentration of
the receptor and the possibility of exchanging the
bound ligand with much faster rates than the
apparent dissociation rate constant suggest kinetic
rather than static stabilization of the complex. The
kg value of >0.5s7"! for the interaction between
ifnar1l-EC and the IFNa2-ifnar2-tl complex implies
that the life-time of an individual ternary complex

ifnar1-EC

is of the order of a second. Since we could not
observe direct interactions between ifnar2-EC and
ifnarl-EC, we propose a two-step assembling
mechanism as shown in Figure 10 after binding of
IFNa2 to ifnar2 (k;), ifnarl transiently associates in
a second step to the complex. Owing to the short
life-time of the IFNa2-ifnarl interaction, the com-
plex dissociates (k_,) and re-associates (k,) in a fast
manner (on a sub-second scale). Thus, depending
on the receptor surface concentrations, only part
of the bound ligand is involved in the ternary com-
plex. This fraction is defined by the equilibrium
dissociation constant for the interaction of the
ifnar2-EC-IFN complex with ifnar1-EC on the sur-
face K, = k—3/k,. Since direct dissociation of IFNa2
from the ternary complex is very unlikely (at least
200-fold slower than from ifnar2-EC alone), the
apparent ky value reflects the fraction of ifnar2-
EC-IFNoa2 not in complex with ifnarl-EC. In cellu-
lar binding assays, a 10-40-fold decrease in Kp
caused by ifnarl has been observed for IFNa2.*
Assuming that the biophysical environment is in
principle mimicked appropriately, our results
have several important implications for the mech-
anism of receptor assembling. (i) The formation of
a stable pre-formed receptor-complex by inter-
actions mediated via the extracellular domains as
suggested for other receptors®*® is very unlikely.
(ii) The receptor components are in some way
co-localized on the surface of the plasma mem-
brane, as random distribution of several hundred
receptors on the plasma membrane would not be
sufficient for gaining 20-40 times increased
stability. This is in line with the observation that
ifnarl and ifnar2 are located in caveolae,® leading
to a higher effective concentration. (iii) Different
receptor concentrations not only lead to different
apparent binding affinities, but also different frac-
tions of IFN involved in the ternary complex. This
could explain the different actions and relative
activities of IFNs on different cell types.

Differential signaling

One striking observation of this study was the
much higher affinity of IFNB compared to IFNa2
not only towards ifnar2-EC, but even more
dramatically towards ifnarl-EC. This result is con-
sistent with the observation that ifnarl co-immuno-
precipitated with ifnar2 in presence of IFN, but

Figure 10. Scheme of a two-step
formation and kinetic stabilization
of the ternary complex upon IFN
binding.
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not IFNa2.>® The higher affinity of ifnarl-EC
towards ifnar2-EC and ifnarl-EC has two main
consequences: first of all it implies that IFN
binds to the cellular receptor with more than one
order of magnitude higher affinity than IFNa2.
For IFNa2 mutants, a clear correlation between
affinity towards ifnar2-EC and anti-viral activity
has been shown.' The antiviral activity of IFN is
only by a factor of 2 to 4 higher than for IFNa2,
and not by orders of magnitude. However, satur-
ation of activity has also been observed for human
growth hormone upon enhancing its binding
affinity substantially.® While the reason for this
saturation is not fully clear, it is plausible, that this
effect is different for different types of responses.
Second, the higher affinity of IFN@ towards ifnarl
implies more efficient ternary complex formation
at low receptor surface concentrations and longer
stability of individual ternary complexes compared
to IFNa2. Such differential efficiencies in the
engagement of ifnarl (and ifnar2) by IFNB com-
pared to IFNa2 could then explain several features
of differential signal activation by IFNs: (i) com-
pared to IFNa, IFNB shows additional gene acti-
vation at lower (i.e. physiological) concentrations,
while at higher concentration similar activities
were observed;" (ii) differential signaling is depen-
dent on the cell type,” which may be related to
(local) receptor concentrations. Further studies,
and in particular binding experiments with full
transmembrane proteins in living cells, will be
required to test this hypothesis fully. Strikingly,
the important role of the surface affinity K, (cf.
Figure 10) for the formation of the IL4 receptor
complex has been demonstrated in living cells.*

Materials and Methods

Materials

IFNB (formulated Rebif 22 pg and 44 pg) was a gift
from Serono GmbH, UnterschleiSheim, Germany.
Oregon green 488 (OG-488) maleimide and Alexa Fluor
488 (AF-488) maleimide were purchased from Molecular
Probes Europe BV, Leiden, Netherlands. Synthetic
stearoyl-oleoyl phosphatidylcholine (SOPC) was pur-
chased from Avanti Polar Lipids, Alabaster, USA. The
vector pACgp67B and the BaculoGold baculovirus kit
were purchased from BD Biosciences GmbH, Heidel-
berg, Germany. The vector pMAL-c2x and PNGaseF
were purchased from New England Biolabs, Frankfurt
am Main, Germany.

Protein expression, purification and labeling

IFNa2, IFNa2-R149A and tag-less ifnar2-EC (ifnar2-tl)
were expressed in Escherichia coli, refolded from
inclusion bodies and purified by anion-exchange and
size-exclusion chromatography as described.*’ The wt
ifnar2-EC carrying a C-terminal decahistidine-tag and
its mutant I47A were expressed and purified in the
same manner. The ifnar2-EC mutant S35C and the
IFNa2 mutant S136C were refolded and purified as
the wt. After size-exclusion chromatography, the pro-

teins were labeled by adding a threefold molar excess of
OG-488 maleimide or AF-488 maleimide at 4 °C for 18
hours. Finally, they were further purified by desalting
and anion-exchange chromatography. Binding experi-
ments confirmed that the interaction properties of both
proteins were not affected by mutagenesis and labeling.
OG-488 and AF-488 labeled proteins showed very simi-
lar properties in terms of fluorescence intensities and
bleaching rates. Ifnarl-EC with a C-terminal His-tag
was cloned into the vector pACgp67B and expressed in
Sf9 insect cells using the baculovirus system (Baculo-
Gold). The supernatant was harvested three to four
days after infection and ifnarl-EC was purified by
immobilized metal chelate affinity chromatography
(IMAC) and size-exclusion chromatography. The protein
was analytically deglycosylated using PNGaseF.
MBP-H10 was expressed using the pMal-c2x vector and
purified by IMAC and size-exclusion chromatography.
All purified proteins were more than 95% homogeneous
and monomeric as detected by non-reducing SDS-PAGE
and size-exclusion chromatography.

Solid phase detection techniques

Receptor immobilization, lipid bilayer assembling and
protein interactions were monitored by RIfS. This label-
free detection technique monitors binding on the surface
of a thin silica interference layer,"*** and therefore is
compatible with fluorescence detection. Furthermore,
background signals due to changes in the bulk refractive
index as observed by evanescent field detection are
much less critical in RIfS-detection.® Binding curves
were obtained from the shift of the interference spectrum
of the silica layer: a shift of 1 nm corresponds to approxi-
mately 1 ng/mm? protein on the surface. Measurements
were carried out in a flow chamber with an acquisition
rate of 1 Hz under continuous flow-through conditions
as described.**

Binding of fluorescence-labeled proteins was moni-
tored by TIRFS using a home-built setup. A 25 mW
argon ion laser was used for fluorescence excitation at
488 nm. Typically a low excitation power of 2-3 pW
focused onto an area of ~1-2 mm?* was used in order to
minimize photobleaching. Fluorescence was collected by
an optical fiber and detected by a photomultiplier tube
through a bandpass filter. The same transducer slides as
for RIfS detection were used as substrates, and all pro-
cesses on the surface were monitored simultaneously by
single-wavelength RIfS detection at 800 nm. The com-
bined TIRFS-RIfS set-up will be described in more detail
elsewhere. Continuous flow-through conditions were
maintained for all experiments. Data were acquired
with a time resolution between 1.5 s and 16 s, depending
on the kinetics of the process. Photobleaching was mini-
mized by closing the shutter of the excitation source
between the measurements.

Surface modification

For probing the interactions between individual
proteins involved in the formation of the ternary com-
plex, the silica surface of the transducer was modified
with a two-dimensional molecular polymer brush of
poly(ethylene glycol) (PEG) as described.* For oriented
immobilization, a chelator head group carrying nitrilo-
triacetic acid (NTA) moieties was covalently coupled to
the PEG polymer brush. This chelator head group binds
decahistidine-tagged proteins with high stability
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allowing complete blocking of excessive binding sites. Its
synthesis and characterization will be described
elsewhere.

Solid-supported lipid bilayers were obtained by
vesicle fusion on the bare silica surface of the transducer
as described.*® SOPC in chloroform was mixed with
1-5mol% of a chelator lipid based on the same chelator
head group mentioned above. After removing the
solvent in vacuo and resuspension into buffer, small
unilaminar vesicles (SUV) were prepared by probe
sonication. The transducer surface was incubated for
30 minutes in a freshly prepared mixture of two parts
30% (v/v) hydrogen peroxide and three parts concen-
trated sulfuric acid. After extensive washing with water,
the transducer was mounted immediately into the flow
cell. SUVs at a concentration of 250 pM were injected
and bilayer formation was followed by RIfS-detection.

Binding assays

All binding assays were carried out in 20 mM Hepes
(pH 7.5) and 150 mM NaCl. The chelator head groups
were loaded with Ni ions by injecting 15 mM nickel(II)-
chloride in running buffer. Depending on the targeted
surface concentrations, the histidine-tagged receptor pro-
teins were injected at concentrations between 2 nM and
1 uM for 100-400 s. Excessive binding sites were blocked
by injecting 1 pM decahistidine-tagged maltose-binding
protein (MBP-H10). Immobilized proteins were removed
with a pulse of 200 mM imidazole (pH 8.0). Ligand bind-
ing experiments and their evaluation were carried out as
described.® Protein solutions were diluted at least five-
fold into the running buffer to avoid background
signals. As a control for specificity, the highest protein
concentration was applied either without immobilized
protein or after immobilizing MBP-H10. Complex
stoichiometries were estimated from the relative satur-
ation signals taking the molecular masses of the proteins
into account. In the case of rate constants below 0.3s7',
association and dissociation rate constants were deter-
mined by fitting a single-exponential function and
assuming a 1:1 interaction stoichiometry. Low-affinity
interactions with kg > 0.3 s™! were investigated by deter-
mining the equilibrium response at various ligand con-
centrations. The equilibrium dissociation constant Kp
was determined from dose-response curves by fitting
the Langmuir equation. For studying the interaction of
complexes of IFNs and ifnar2-EC with immobilized
ifnarl-EC, ifnar2-tl was added in stoichiometric
amounts, and formation of the stoichiometric complex
was verified by analytical gel-filtration.*’ The Ky, value
of the interaction of ifnarl-EC with IFNB-ifnar2-EC
complex in solution was determined by a binding
inhibition assay with 20 nM IFNB —ifnar2-EC and ifnarl-
EC at concentrations between 10nM and 1 uM. The
initial slope wversus ifnarl-EC concentration in solution
was plotted and the Ky, value determined by fitting the
exact solution of the law of mass action as described.*

Fluorescence recovery after photo-bleaching (FRAP)

Fluorescence imaging and recovery experiments were
carried out with a laser scanning confocal microscope
(LSM 510; Zeiss, Jena) equipped with a 25 mW argon
ion laser. Bilayer assembling and receptor attachment
were carried out in a flow cell with automated sample
handling. The ifnar2-EC mutant S35C labeled with OG-
488 was immobilized as described above. A circular

spot with a diameter of 20-30 wm was bleached by scan-
ning for 9 s at 75% laser power. Immediately afterwards
images were acquired at 0.1-0.4% laser power by scan-
ning for 1.9 s with a time interval of 5-10s. Diffusion
constants were calculated from the 7/, determined from
the recovery curves as described*” using a y-factor of 1.
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