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Differential Receptor Subunit Affinities of Type I
Interferons Govern Differential Signal Activation
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Type I interferons (IFNs) elicit antiviral, antiproliferative and immunmo-
dulatory responses by binding to a shared cell surface receptor comprising
the transmembrane proteins ifnar1 and ifnar2. Activation of differential
response patterns by IFNs has been observed, suggesting that members of
the family play different roles in innate immunity. The molecular basis for
differential signaling has not been identified yet. Here, we have investigated
the recognition of various IFNs including several human IFNα species,
human IFNω and human IFNβ as well as ovine IFNτ2 by the receptor
subunits in detail. Binding to the extracellular domains of ifnar1 (ifnar1-EC)
and ifnar2 (ifnar2-EC) was monitored in real time by reflectance interference
and total internal reflection fluorescence spectroscopy. For all IFNs
investigated, competitive 1:1 interaction not only with ifnar2-EC but also
with ifnar1-EC was shown. Furthermore, ternary complex formation was
studied with ifnar1-EC and ifnar2-EC tethered onto solid-supported
membranes. These analyses confirmed that the signaling complexes
recruited by IFNs have very similar architectures. However, differences in
rate and affinity constants over several orders of magnitude were observed
for both the interactions with ifnar1-EC and ifnar2-EC. These data were
correlated with the potencies of ISGF3 activation, antiviral and anti-
proliferative activity on 2fTGH cells. The ISGF3 formation and antiviral
activity correlated very well with the binding affinity towards ifnar2. In
contrast, the affinity towards ifnar1 played a key role for antiproliferative
activity. A striking correlation was observed for relative binding affinities
towards ifnar1 and ifnar2 with the differential antiproliferative potency.
This correlation was confirmed by systematically engineering IFNα2
mutants with very high differential antiproliferative potency.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Type I interferon (IFN) signaling plays a key role
in the innate immune response against viral and
bacterial infection as well as malignancies.1 Binding
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of IFNs to their shared cell surface receptor ifnar1
and ifnar2 subunits activates numerous signal
transduction cascades resulting in a pleiotrophic
cellular response.2 The cellular response upon
treatment with IFNs is typically discriminated into
antiviral, antiproliferative and immunmodulatory
activities. In comparison to other cytokine receptors
the high redundancy of ligands (∼15 IFNα sub-
types, one IFNβ, one IFNκ, one IFNω in humans)3

binding to the same receptor is unusual, suggesting
differential functional properties. Indeed, numerous
instances of apparently differential cellular response
upon treatment with different IFNs have been
reported.4–9 IFNs are already successfully used for
the treatment of rather different diseases,10 and
understanding the molecular basis of such differ-
d.
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ential signaling could tremendously contribute
towards systematical engineering of IFNs for med-
ical application. However, the assessment of differ-
ential signal activation is extremely difficult for
several reasons: different cell types have been used
in different studies and for different activity assays,
and differential responses appear to be dependent
on the cellular context. Furthermore different
strategies have been used for defining differential
responses. In many cases, antiviral protection and
the inhibition of cell proliferation were compared for
different IFNs on the level of dose-response curves.
While similar, relatively low IFN concentrations are
required for antiviral protection, more different, and
in some cases also much higher IFN concentrations
are required for eliciting antiproliferative res-
ponse.11 Only a few studies are available where
the cellular response was quantified on the mRNA
level.12–14 In these studies differential gene activa-
tion was observed at low, but not at high IFN doses,
confirming the key role of IFN concentration for
modulating the cellular response. All these data
taken together suggest that non-linear dose-
response and affinity-response behavior, which has
also been observed for other cytokine receptors,15

may play a role for differential signal activation.
The interaction of IFNα2 and IFNβ with the high-

affinity subunit ifnar2 has been investigated in vitro
using the extracellular domain (ifnar2-EC), and
extended structure-function studies have been car-
ried out.16–21 While only minor differences were
observed in the structure of the complexes of ifnar2-
EC with IFNα2 and IFNβ,22 a ten to 20-fold higher
affinity of IFNβ for ifnar2-EC was observed. While
the interaction of IFNs with the extracellular domain
of ifnar1 (ifnar1-EC) appears rather complex,23,24

competitive binding and largely overlapping bind-
ing epitopes were observed for IFNα2 and IFNβ.25

These binding studies suggested that IFNα2 and
IFNβ recruit a 1:1:1 complex with ifnar2 and ifnar1,
which probably have rather similar architectures.25

However, a 100-fold higher affinity towards ifnar1-
EC was obtained for IFNβ compared to IFNα2.26

Analysis of ligand binding to ifnar1-EC and ifnar2-
EC on solid-supported lipid bilayers revealed
dynamic equilibria between binary and ternary
complexes,26,27 which are determined by the rate
constants of the interaction with the receptor
subunits in plane of the membrane. These results
suggested that the ternary complex stability and the
efficiency of recruitment of ifnar1 into the ternary
complex may play a key role for differential
signaling and responsiveness. Indeed, the interac-
tion with ifnar1 was shown to be important for
absolute and relative antiproliferative activity.20,28,29

Here, we have scrutinized a set of different IFNs
with respect to receptor subunit binding and signal
activation, namely human IFNα1, IFNα2, IFNα8,
IFNα21, IFNβ, and IFNω, as well as ovine IFNτ2
(trophoblastin). Trophoblastins are only found in
ruminants, but also activate the human type I
interferon receptor,30 and have been reported to
exert particularly low antiproliferative acivities.31,32
Kinetic rate constants and equilibrium dissociation
constants were determined by solid phase binding
assays with the receptor subunits ifnar1-EC and
ifnar2-EC in vitro. Furthermore, assembly of the
ternary complex was studied on solid-supported
membranes. Correlation with cellular signal activa-
tion and responses confirmed the key role of absolute
affinity towards ifnar1 for antiproliferative activity.
More importantly, however, the relative affinity to
the receptor subunits was shown to play a key role
for the differential activity of type I IFNs. Based on
these insights,we successfully engineered type I IFNs
with highly differential activity of IFNα2 mutants.
Results

IFNs have very different affinities towards the
receptor subunits

The interaction of the different IFNs with ifnar2-
EC and ifnar1-EC was studied by real-time solid
phase detection in order to identify differences in
affinity and rate constants. The receptor subunits
were site-specifically immobilized through their C-
terminal decahistidine-tags onto silica surface of the
transducer using multivalent chelator heads.33 Non-
specific binding of IFNs was negligible at these
surfaces after blocking excess immobilization sites
with MBP-H10. Binding of IFNs was monitored in a
label-free manner by RIfS. Typical ligand binding
experiments are shown in Figure 1(a). Fast associa-
tion kinetics were observed for most IFN subtypes
(Figures 1(a) and 2(a)), while strong differences in
dissociation kinetics were found (Figures 1(a) and
(b) and 2(a) and (b)). For IFNτ2, much faster
dissociation was observed than for the human
IFNs. For the fast dissociating IFNα1 and IFNτ2,
the equilibrium dissociation constant were deter-
mined by determining equilibrium binding at
different ligand concentrations (Figure 1(c) and
(d)). From these titrations, a KD of ∼100 nM was
obtained for IFNα1, and a KD of 1200 nM for IFNτ2.
The interaction of fluorescence-labelled IFN with

immobilized ifnar2-EC was also monitored by total
internal reflection fluorescence spectroscopy
(TIRFS). For this purpose, IFNs were site-specifically
labelled at free cysteine residues (S136C/S137C
mutants) with Oregon Green 488 (OG488) malei-
mide (referred to as OG488IFN in the following). Very
similar binding rates were obtained for the labelled
IFNs compared to the unlabelled (data not shown).
In order to suppress rebinding, unlabelled IFN was
added during the dissociation phase (Figure 1(f)).
Thus, dissociation rate constants unbiased by
rebinding were determined for the IFN subtypes,
which are summarized in Figure 1(g). Also, the
interaction kinetics of fluorescence-labelled IFNτ2
could be resolved due to much better signal-to-noise
ratio compared to label-free detection.27 A kd of
0.7(±0.2) s−1 and a ka of (5±3)×105 M−1s−1 were
obtained from these binding assays, yielding a KD of



Figure 1. Binding of different IFNs to immobilized ifnar2-EC. (a) Binding curves for 100 nM of IFNα2 (black) and
100 nM IFNα1 (green). (b) Comparison of the dissociation curves for IFNβ (red), IFNω (blue), IFNα2 (black), IFNα1
(green) and IFNτ2 (orange). (c) Binding of IFNα1 at different concentrations to immobilized ifnar2. (d) Comparison of the
equilibrium responses for IFNα2 and IFNτ2 at different concentrations. The equilibrium constants were determined by
fitting the law of mass action. (e) Dissociation kinetics of IFNτ2 as monitored by TIRFS with site-specifically labelled
IFNτ2. (f) Rebinding-biased dissociation of fluorescence-labelled IFNα21 (black) was assessed by chasing with 1 μM
unlabelled IFNα21. (g) Comparison of the dissociation rate constants. (h) Comparison of the equilibrium dissociation
constants.
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1.4 μM, which is in good agreement with the KD
obtained from equilibrium titration with the unla-
belled IFNτ2. Thus, the association rate constant of
IFNτ2 is approximately one order of magnitude
lower than the association rate constants of the
human IFN investigated here. The average KD
values obtained for different IFNs are compared in
Figure 1(h), yielding differences over three orders of
magnitude between different IFNs.
The interaction of the IFNs with ifnar1-EC was

probed in a similar manner. Micromolar protein
concentrations were required in order to detect
binding for IFNα subtypes as well as IFNτ2, and
very transient binding was observed. Typical bind-
ing curves are shown in Figure 2(a). For IFNω and
IFNβ, substantially higher binding affinities were
observed, and the ligand binding kinetics could be
well resolved (Figure 2(b)). The binding affinities of
Figure 2. Binding of different IFNs to immobilized ifnar1-
IFNω (blue). (b) Comparison of the dissociation curves for IFN
Binding signal for IFNα1 injected at different concentration
IFNα1 (red) and IFNτ2 (black). (e) Comparison of the eq
dissociation rate constants.
the IFNα subtypes and IFNτ2 were determined
from the equilibrium binding signals (Figure 2(c)
and (d)), and are shown in comparison in Figure
2(e). These KD values were all in the μM range, but
IFNα1, IFNα8 and IFNα21 had significantly higher
affinity towards ifnar1-EC than IFNα2, while IFNτ2
had significantly lower affinity. For IFNβ and IFNω,
the KD was determined from the binding kinetics.
For both IFNω and IFNβ, similar association rate
constants of ∼2×105 M−1s−1 were obtained. The
rate constants for the IFNα subtypes and IFNτ2
were determined by TIRFS. For this purpose, the
IFNα subtypes were site-specifically fluorescence-
labelled by genetically incorporating an additional
cysteine (S136C for IFNα2 and S137C for the other
IFNα subtypes). The relative dissociation rate
constants were in good agreement with the relative
equilibrium dissociation constants (Figure 2(f)).
EC. (a) Binding curves for 10 μM IFNα2 (black) and 1 μM
β (red), IFNω (blue), IFNα2 (black) and IFNα1 (green). (c)
s. (d) Concentration-dependent equilibrium response for
uilibrium dissociation constants. (f) Comparison of the
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Thus, very similar association rate constants of
∼2×105 M−1s−1 were observed for all IFNs for the
interaction with ifnar1-EC.

All IFNs bind competitively to both ifnar2 and
ifnar1

While it is well established that all type I IFNs
bind competitively to the same cell surface receptor,
differential binding to the receptor subunits have
frequently been proposed to be responsible for
differential signal activation. In order to study
competition of different IFNs, we simultaneously
injected a fluorescence-labelled and a non-labelled
IFN and monitored binding by RIf and TIRFS.
Typical competition experiments with ifnar2-EC and
ifnar1-EC are shown in Figure 3. In the beginning,
ligand binding is kinetically controlled and therefore
similarly fast for most IFNs, and fast increase of the
fluorescence signal is observed in case of an excess of
labelled ligand. But if the kd of the labelled ligand is
higher than the kd of the unlabelled ligand, the
labelled ligand will be exchanged by the unlabelled
during the injection. Thus, competition of labelled
ligand and unlabelled ligand was directly revealed
by a decay of the fluorescence signal during the
injection period. For all combinations of IFN,
competition for the same binding site was observed
not only for the binding to ifnar2-EC (Figure 3(a)),
but also for the binding to ifnar1-EC (Figure 3(b)),
which has been speculated to differentially engage
IFNs.16,34 Furthermore, an ifnar1-EC sub-fragment
containing the three N-terminal Ig-like domains,
which was previously shown to be required and
sufficient for ligand recognition,25 was also suffi-
cient for binding for all subtypes.

Ternary complex formation on supported lipid
bilayers

Cross-linking of the receptor subunits by simul-
taneous interaction with the ligand is believed to
Figure 3. Competition binding of IFNs to the ifnar subu
ifnar2-H10 in the presence of unlabelled IFNα2 in different con
curves were normalized to the maximum fluorescence signal.
H10 in the absence of competitor (black) and with 100 nM (re
period.
induce signaling by type I IFNs. We have recently
presented an approach to mimic ternary complex
formation on the plasma membrane by tethering
ifnar1-EC and ifnar2-EC onto solid-supported lipid
bilayers.21 Here, we studied ternary complex
formation with the different IFNs by label-free
detection in order to identify potential differences
in complex stoichiometries. A typical binding
experiment with stoichiometric amounts of ifnar2-
EC and ifnar1-EC on solid-supported lipid bilayers
is shown in Figure 4(a). Upon injection of IFNα21
formation of a stable 1:1:1 complex was observed,
and dissociation of the ligand was hardly detect-
able. Based on this assay, the stoichiometry of the
ternary complex was confirmed to be 1:1:1 for all
IFNs. The ligand dissociation kinetics was depen-
dent on the surface concentration of the receptor
subunits, which was studied in detail by simulta-
neous TIRFS-RIf detection27 using fluorescence
labelled IFNs. Dissociation of IFNα21 at different
surface concentrations of ifnar1-EC and ifnar2-EC
in stoichiometric ratio is shown in Figure 4(b). With
increasing surface concentrations slower dissocia-
tion was observed. These dissociation curves were
fitted by a two-step dissociation model as described
previously.27 A similar effect was observed when
the concentration of only one of the receptor
subunits was increased as shown in Figure 4(c)
for IFNτ2. A comparison of the dissociation
kinetics for different IFNs at the same (stoichio-
metric) surface concentration of ifnar1-EC and
ifnar2-EC is shown in Figure 4(d). The observed
dissociation kinetics were in good agreement with
a two-step dissociation model parameterized with
the binding constants obtained from the interaction
studies with the individual receptor subunits.
Taken together, these results confirmed that the
stoichiometry and the architecture of the signaling
complex recruited by different IFNs are very
similar, suggesting that differential affinity towards
the receptor subunits may be the reason for
differential signal activation.
nits. (a) Binding of 100 nM OG488IFNα21 to immobilized
centrations (red, 50 nM; green, 100 nM; blue, 200 nM). The
(b) Binding of 200 nM OG488IFNα21 to immobilized ifnar1-
d) and 200 nM (green) IFNβ. The bar marks the injection



Figure 4. Interaction of IFNs with ifnar2-EC and ifnar1-EC tethered onto supported lipid bilayers. (a) Typical binding
assay detected by RIfS including tethering of ifnar2-EC (I) and ifnar1-EC (II), as well as injection of IFNα21 (III). (b)
Comparison of the dissociation of OG488IFNα21 from ifnar1-EC and ifnar2-EC tethered to the membrane in stoichiometric
ratio at different surface concentrations (blue, 40 fmol/mm2; red, 8 fmol/mm2; black, ifnar2 only). (c) Dissociation of
OG488IFNτ2 at constant surface concentration of ifnar2-EC and increasing surface concentrations of ifnar1-EC
(concentrations are indicated in the inset). (d) Comparison of the dissociation of different fluorescence-labelled IFNs at
low receptor surface concentrations (2 fmol/mm2) as detected by TIRFS (orange, IFNβ; red, IFNα2; blue, IFNα21; green,
IFNα1; black, IFNτ2).
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Cellular activities

For characterizing differential activities of the IFN
used here, we determined some cellular activities of
the IFN by standard assays using 2fTGH and
HL116, two clones derived from the HT1080 cell
line, for all assays. Fast responses such as the
formation of the transcription factor ISGF3 and
antiviral protection were determined after 6 h of
ligand incubation. Antiproliferative activity was
determined after ligand incubation for seven days.
Since the medium was not changed during the
assay, autocrine signaling may also be involved
under these condition, as previously shown for cell
differentiation assays.9 Typical dose-response
curves for ISGF3 formation induced by different
IFNs are shown in Figure 5(a), and in Figure 5(b) for
the antiproliferative activities. The EC50 values
obtained from these curves are compared in Figure
5(c) and (d). Very different EC50 values were
obtained in the ISGF3 formation assay, ranging
from ∼2 pM for IFNβ to ∼4 nM for IFNτ2. Also
among the IFNα subtypes, substantial differences
were observed, with IFNα8 being the most potent,
and IFNα1 being nearly 100-fold less potent than
IFNα8. ISGF3 formation has been reported to
correlate well with antiviral activity, which was
confirmed for the different IFNs by antiviral protec-
tion assays against infection by vesicular stomatitis
virus (VSV). The EC50 values required for antiviral
protection were ∼tenfold higher than for the ISGF3
activation (Figure 5(c) and (e)), but a very similar
pattern was observed (Figure 5(f)). A rather different
pattern was obtained for the antiproliferative
activities. Here, very similar antiproliferative activ-
ities were observed for the IFNα subtypes, while
IFNω and in particular IFNβ were substantially
more potent. In general, much higher IFN concen-
trations were required for inducing an antiprolifera-
tive response compared to ISGF3 formation and
antiviral protection. Thus, nearly micromolar con-
centrations of IFNτ2 were required for obtaining
antiproliferative activity.

Differential activities correlate with relative
binding affinities

Strikingly, the affinity pattern observed for the
interaction of different IFNs with ifnar2-EC (Figure
1(h)) resembles the activity patterns observed in the
ISGF3 formation assays (Figure 5(c)), while the
affinity pattern for the interaction with ifnar1-EC



Figure 5. Cellular activities of different type I IFNs. (a) Concentration-dependent ISGF3 activation by different IFNs as
measured by reporter luciferase activity in HL116 cells. Concentration-dependent antiproliferative activity by different
IFNs on 2fTGH cells. (c)–(e) Comparison of the EC50 values obtained for different IFNs for ISGF3 activation (c),
antiproliferative activity (d) and antiviral activity (e). (d) Correlation of the IC50 values for ISGF3 activation and antiviral
activity.
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(Figure 2(e)) resembles the antiproliferative activity
pattern (Figure 5(d)). For correlating ligand affinity
towards the receptor subunits with the cellular
activities, we converted the EC50 values into
potencies relative to the potency of IFNα2 (c.f.
Methods). A direct comparison of these patterns
normalized to the respective affinities and activities
of IFNα2 are shown in Figure 6(a) and (b),
respectively. The relative ISGF3 formation activity
indeed correlates very well with the binding affinity
towards ifnar2 (Figure 6(a)). Only for IFNβ, sub-
stantially higher affinity compared to activity was
observed. It is in principle possible that at these
extremely low concentrations the apparent activity
of IFNβ, which is known to stick to surfaces, is
decreased by loss of material during the assay.
However, the fact that affinity surpasses activity has
also been observed for other cytokine receptors.15

It has been suggested that the affinity towards
ifnar1 plays a key role for differential signaling by



Figure 6. Correlation between affinities and activities. (a) Normalized potency in the ISGF3 formation assays
compared to the normalized affinity towards ifnar2-EC. (b) Normalized antiproliferative potency compared to the
normalized affinity towards ifnar1-EC. (c) Antiproliferative potency relative to the ISGF3 potency compared to the
normalized affinity towards ifnar1-EC. (d) Antiproliferative potency relative to the ISGF3 formation potency compared to
the square root of the affinity towards ifnar1-EC relative to the affinity towards ifnar2-EC.
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IFNs, and the relatively high antiproliferative
activity of IFNβ is one of the most prominent
examples.29 Strikingly, relatively good correlation
between the relative antiproliferative activities and
the affinity towards ifnar1 was observed, yet with
some substantial deviations, which we attributed to
the different binding to the ifnar2. We therefore
calculated the antiproliferative potency relative to
the ISGF3 formation potency as a measure for
differential activity (termed differential antiproli-
ferative potency, in the following), which was
compared with the relative affinities towards
ifnar1-EC (Figure 6(c)). While in principle similar
patterns were obtained, large deviations were
observed, which systematically correlated with the
affinity towards ifnar2: for IFNβ and IFNω with
high affinities towards ifnar2, the relative affinity
towards ifnar1 was much higher than the differ-
ential antiproliferative potency; for IFNα1 and
IFNτ2 with low affinities towards ifnar2, the
differential antiproliferative potency was much
higher than the relative ifnar1 affinity. This observa-
tion indicated that the relative affinities towards
ifnar1 and ifnar2 are responsible for differential
antiproliferative potency. For this reason, we used
the ratio of the binding affinities towards ifnar1 and
ifnar2 for the correlation with the differential
antiproliferative potency. The best correlation was
observed for the square root of the relative affinities
(Figure 6(d)). This correlation is in line with the
strong differential antiproliferative potency of
IFNα1, which shows only a moderate increase in
the affinity towards ifnar1, but a substantial
decrease in affinity towards ifnar2.

Engineering IFNα2 variants with differential
activities

Based on the correlation between the relative
affinities towards the receptor subunits and the
differential antiproliferative potency we aimed to
engineer IFNα2 mutants with differential activities.
In order to mimic the activity pattern observed for
IFNα1, we decreased the affinity towards ifnar2 by
the mutation R144A,19 and increased the affinity
towards ifnar1 by the mutation E58A.35 The relative
affinities towards ifnar1 and ifnar2 for the indivi-
dual and combined mutations determined by ligand
binding assays (cf. Table 1) are compared with the
relative pISGF3 and the differential pAP in Figure 7(a)
and (b), respectively. Similar correlations as for the
different wild-type IFNs were obtained for the
IFNα2 mutants. Thus, the relative pISGF3 pattern
very closely followed the pattern of the relative
affinity towards ifnar2 (Figure 7(a)). The differential
pAP pattern followed the affinity towards ifnar1 with



Table 1. Interaction constants and activities determined for different IFNs and IFNα2 mutants

IFN

Ifnar2-EC Ifnar1-EC Activities (EC50)

ka (M
−1s−1) kd (s−1) Kd (nM) ka (M

−1s−1) kd (s−1) Kd (μM) ISGF3 (pM) Antiproliferative (nM) Antiviral (pM)

IFNα1 2×106 0.12 100 ∼2×105 0.5 2.5 47 2 400
IFNα2 3×106 0.015 5 ∼2×105 1 5.0 8 1.1 40
IFNα8 6×106 0.02 3 ∼2×105 0.5 2.2 5 1.1 20
IFNα21 3×106 0.08 25 ∼2×105 0.5 2.5 20 1.5 50
IFNβ 1×107 0.001 ∼0.1 ∼2×105 0.025 0.05 1.5 0.065 –
IFNω 6×106 0.008 1 ∼2×105 0.08 0.40 3 0.2 –
IFNτ2 5×105 0.8 1200 ∼2×105 2 10.0 3800 60 4000
E58A 3×106 0.015 5 ∼2×105 0.1 0.5 2 0.14 –
R144A 5×105 0.05 150 ∼2×105 1 5.0 575 10.0 –
E58A, R144A 5×105 0.05 150 ∼2×105 0.1 0.5 390 3.2 –
Error (%) 20 10 20 40 30 20 30 30
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substantial deviations for the mutants R144A and
E58A (Figure 7(b)). Strikingly, the differential pAP

increased not only upon increasing the affinity
towards ifnar1 (E58A-mutation), but even substan-
tially more upon decreasing the affinity towards
ifnar2 (R144A-mutation). For the combined muta-
tion IFNα2-ER, the highest differential antiprolifera-
tive potency was observed, even higher than for
IFNα1. While the ISGF3 activity of this mutant is 50-
fold lower than that of wild-type IFNα2, only
threefold lower antiproliferative activity was
observed (cf. Table 1 and Figure 7(d)). The correla-
tion of the differential antiproliferative potency with
Figure 7. Correlation between affinities and activities. (a)
ifnar1-EC. (b) Relative ISGF3 activity and relative differe
antiproliferative potency and square root of the relative affiniti
dose-response curves for ISGF3 activation (circles) and antipro
the mutant IFNα2-ER (black).
the square root of the relative affinities was also well
confirmed for all these mutants. These results
corroborate, that the surprisingly high antiprolifera-
tive response of IFNα1 is probably due to its more
symmetric affinities towards ifnar1 and ifnar2.
Discussion

Induction of differential response patterns by
different type I IFNs has been frequently described,
but the molecular and biophysical basis of how
differential signaling through the same cell surface
Relative affinities towards ifnar2-EC (blue) and towards
ntial antiproliferative potency. (c) Relative differential
es towards ifnar1-EC and ifnar2-EC. (d) Comparison of the
liferative activity (diamonds) of IFNα2 wild-type (red) and
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receptor is achieved has remained enigmatic. Many
speculations such as different structures of the
ligand-receptor complexes, different orientations of
the complexes, different complex stoichiometries
and complex compositions, or even additional
components have been suggested to be responsible
for this phenomenon. Here, we have studied the
interactions of a representative selection of the type I
IFN family with the extracellular domains of the
receptor subunits ifnar1-EC and ifnar2-EC. For all
these IFNs, exclusively 1:1 complexes were formed
with the individual subunits, and complex stoichio-
metries of 1:1:1 were observed for the ternary
complexes formed on supported lipid bilayers.
Furthermore, no indication of homodimeric ligand-
receptor complexes were detectable. The most
notable differences between the IFNs were the
different affinities and kinetics of the interaction
with the receptor subunits. Compared to the already
well characterized IFNα2, we observed faster dis-
sociation from ifnar2-EC for IFNα8, IFNα21 (in
particular for IFNα1) while the association kinetics
of these IFNs were similar to the very fast associa-
tion kinetics of IFNα2. For IFNω and IFNβ,
significantly higher affinities towards ifnar2-EC
were obtained, which could only be estimated
because of the fast, diffusion-controlled association
kinetics. In contrast, IFNτ2 dissociates from ifnar2
Figure 8. Electrostatic properties of different IFNs at their
to a homologue residue in the center of the binding site as deter
and IFNτ R150 in (a), and IFNα2 Y89, IFNβ Y92 and IFNτ Q9
SwissPdbViewer.44
even faster than IFNα1, but also associates substan-
tially slower than all other IFNs, resulting in a∼300-
fold lower affinity than IFNα2. Thus, different
affinities towards ifnar2-EC were based on large
variations of association kinetics as well as dissocia-
tion kinetics. It was shown before that the associa-
tion of IFNα2 is enhanced by electrostatic steering,
which is based on positively charged amino acid
residues in the binding site (Figure 8(a)) and its
vicinity being attracted by the strongly negative
electrostatic potential of ifnar2-EC.36 The even faster
association of IFNβ and IFNω can be explained by
their even stronger positively charged surfaces
(Figure 8(a)). In contrast, the binding site of IFNτ2
is rather negatively charged, which explains the
much slower association kinetics compared to the
human IFNs.
The IFNs also exhibited very different affinities

towards ifnar1, which was in all cases at least one
order of magnitude lower than towards ifnar2. Yet,
some distinct differences in the affinity pattern were
observed, which may be critical for differential
signaling. All IFNα subtypes showed similarly low
affinities towards ifnar1, but the affinities of IFNα1,
IFNα8 and IFNα21 were still twofold higher than
the affinity of IFNα2. Both IFNω and IFNβ exhibited
substantially higher affinities than IFNα2, and
IFNτ2 slightly lower. In contrast to the interaction
binding sites for ifnar2 (a) and ifnar1 (b). The arrows point
mined for IFNα219,35 and IFNβ20 (IFNα2 R149, IFNβ R152
0 in (b)). Calculations and images were obtained with the
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with ifnar2-EC, the association rate constants were
very similarly low for all IFNs, independent of the
rather different electrostatic potentials of the bind-
ing sites (Figure 8(b)). Thus, the association of IFNs
to ifnar1 seems not to be influenced by electrostatic
steering.
Comparing relative affinities towards the recep-

tor subunits with the relative and differential
cellular activities, we discovered two striking
correlations: (i) relative ISGF3 activity and antiviral
activity were in good agreement with the relative
ligand binding affinities towards ifnar2 and (ii) the
differential antiproliferative potency correlated
with the affinity towards ifnar1 relative to the
affinity to ifnar2. Based on these correlations, we
successfully engineered an IFNα2 mutant with
extraordinary high differential antiproliferative
potency. Thus, we could clearly demonstrate that
the affinities to the receptor subunits govern
differential signal activation, opening novel ther-
apeutic prospects in engineering IFNs with specific
activity patterns. While our results cannot exclude
that also the interaction kinetics is important for
differential receptor activation, the equilibrium
constants proved sufficient for our correlations.
With our current understanding of the receptor
assembling mechanism, we can analyze the con-
sequences of the differential affinities. We have
recently demonstrated that two pathways have to
be considered for ternary complex formation and
dissociation (Figure 9(a)).37 The formation of binary
and ternary complexes depends not only on the
equilibrium constants in solution (K1 and K4), but
also on the lateral, two-dimensional equilibrium
constants on the membrane (K2 and K3). Based on
the data determined for the individual interactions
with the receptor subunits and for ternary complex
formation, we have used this model for simulating
ligand binding and ternary complex formation for
different IFNs (Figure 9(b) and (c)) and for the
IFNα2 mutants described above (Figure 9(d) and
(e)) assuming two different effective cellular recep-
tor surface concentrations. The receptor surface
concentrations were chosen according to experi-
mental ligand binding affinities for the cell surface
receptor. A characteristic feature of ligand binding
to two independent receptor subunits is the
possibility that a ligand molecule binds to each of
the receptor subunits thereby obstructing the
formation of a ternary complex. For this reason,
ligand binding does not saturate at ratio of 1
relative to the receptor concentration, and bell-
shaped curves are observed for the ternary com-
plex. Furthermore, these simulations reveal some
important principles of how receptor surface
concentration affects ligand binding and ternary
complex formation: (i) the affinity of the ligand for
the cell surface receptor decreases with the receptor
surface concentration; (ii) the contribution of ifnar1
binding to the total affinity decreases with the
receptor surface concentration; (iii) the relative
amount of ligand on the surface involved in the
ternary complex decreases with decreasing receptor
surface concentrations. This effect strongly depends
on the affinity to ifnar1, indicating that the
concentration, not the amount limits ternary com-
plex formation. These results are in line with recent
studies showing that the activity pattern of IFNβ
could be mimicked by engineering an IFNα2
mutant with similar affinity towards ifnar1.29 For
the IL4-receptor it was shown that indeed the
receptor concentration on the plasma membrane is
a limiting factor for ternary complex formation.38

Thus, the surface concentration of the receptor
subunits plays a complex role for both ligand
binding and ternary complex formation. Strikingly,
the cell surface concentrations of ifnar1 and ifnar2
were shown to be differentially down-regulated by
stimulation with different IFNs, depending on their
affinity towards ifnar1.29 Receptor down-regulation
is probably responsible for cell desensitization,
which explains the high IFN concentrations required
for maintaining a long-term response such as
antiproliferative activity. This is in line with the
fact that cell lines with higher ifnar1 expression
levels (such as DAUDI) are much more sensitive to
IFNs in terms of antiproliferative activity. We
suggest that differential desensitization by IFNs
with different affinities to the receptor subunits may
contribute to differential signaling: for activation of
short-term responses such as ISGF3 formation and
antiviral activity, ligand binding to the surface is the
limiting parameter. For long-term responses such as
antiproliferative response, however, differential
down-regulation of the receptor expression on the
cell surface may differentially affect the responsive-
ness of the cells. Strikingly, IFNs with rather
symmetric affinities to the receptor subunits exhib-
ited least differences between short and long-term
activity, suggesting that cellular responsiveness is
least affected by these ligands.
Methods

Protein biochemistry

IFNβ (formulated Rebif 22 μg and 44 μg) was obtained
from Serono GmbH, Unterschleißheim/Germany. IFNα2
and ifnar2-EC with a C-terminal decahistidine-tag were
expressed in Escherichia coli, refolded from inclusion
bodies and purified by anion exchange and size-exclusion
chromatography as described.36 Ifnar1-EC with a C-
terminal decahistidine-tag was expressed in Sf9 insect
cells and purified from the supernatant by immobilized
metal ion affinity and size-exclusion chromatography as
described.26 IFNα1, IFNα8 and IFNα21 were amplified by
PCR from human genomic DNA and cloned into the same
expression plasmid pT7T3-18U containing a nine amino
acid residue cistron in front of the start codon in order to
increase expression efficiency.36,39 The proteins were
expressed, refolded and purified as described for
IFNα2.36 IFNτ2 was expressed in yeast and purified to
homogeneity as described.40,41 Site-specific mutations
were generated by ligase chain reaction. For site-specific
fluorescence labelling, an additional cysteine was incor-
porated by mutagenesis into the proteins at a position,



Figure 9. Ligand-induced ternary complex formation. (a) The pathways involved in ternary complex formation and
dissociation. The concentrations of binary (B1, B2) and ternary (T) complexes depend on the ligand concentration, the
surface concentration of the receptor subunits, and the equilibrium constants K1–K4. At high ligand concentration, each of
the receptor subunits will bind a separate ligand molecule (right).45 (b)–(e) Simulated concentration-dependent
equilibrium ligand binding (dotted lines) and ternary complex formation (continuous lines) curves for wild-type IFNs ((b)
and (c)) and mutants ((d) and (e)) used in this study. Stoichiometric amounts of ifnar1 and ifnar2 were assumed at surface
concentrations of 10−16 mol/mm2 ((b) and (d)) and 10−17 mol/mm2 ((c) and (e)). The amount of receptor-bound ligand
(plotted as ordinate) was normalized to the concentration of the receptor subunits.
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which was previously shown to be not important for
ligand binding (mutants IFNα2 S136C, IFNα8 S137C and
IFNα21 S137C). The proteins were expressed and purified
as the wild-type. After size-exclusion chromatography, the
proteins were reacted overnight at 4 °C with a three to
fivefold amount of Oregon Green 488 maleimide (Mole-
cular Probes, Eugene). Excess dye and multiple-labelled
IFN were removed by another step of anion exchange
chromatography followed by reverse phase chromatogra-
phy with a Sephasil C8 column (Amersham Biosciences).
IFNω was expressed in Sf9 insect cells using baculovirus
infection. The vector pACgp67B harboring the gene of
mature IFNω cloned via the BamHI and EcoRI restriction
sites was co-transfected with linearized baculoviral DNA
(BD Biosciences) and the baculovirus was produced
according to the manufacturers instructions. For protein
expression, fresh Sf9 cell cultures (200 ml) were infected
and the supernatant was harvested three to four days after
infection. The supernatant was adjusted to 20 mM Tris
(pH 8.0), and was thoroughly dialyzed against 20 mM Tris
(pH 8.0). After centrifugation, the supernatant was
applied to a 1 ml cation exchange column (HiTrap SP
HP, Amersham Biosciences). After washing with 20 mM
Tris (pH 8.0), the proteins were eluted with a gradient
from 0–500 mM NaCl in 20 mM Tris (pH 8.0) (TBS). The
fractions containing IFNω were further purified by size-
exclusion chromatography in TBS (Superdex 75–16/60,
Amersham Biosciences). For site-specific fluorescence
labelling, the mutant IFNω S137C was generated by site-
directed mutagenesis. After expression and purification as
the wild-type protein, the mutant was reduced with DTT
prior to reaction with Oregon Green 488 maleimide. The
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labelled protein was separated from the free dye by cation
exchange chromatography.

Binding assays by solid phase detection

Label-free binding assays by reflectometric interfer-
ence spectroscopy (RIfS) were carried out as des-
cribed26,42 using a home-built set-up.43 Simultaneous
total internal reflection fluorescence spectroscopy
(TIRFS) and reflectance interference (RIf) detection was
carried out as described recently.27 All measurements
were carried out in 20 mM Hepes (pH 7.5), 150 mM
NaCl (HBS). For monitoring the interaction with
different type I IFN, ifnar1-EC or ifnar2-EC were
immobilized via their C-terminal decahistidine-tags
onto PEG-modified surfaces using multivalent chelators
for stable immobilization as described.26,33 Excess
coordination sites were blocked by injecting 1 μM
decahistidine-tagged maltose binding protein (MBP-
H10) to avoid non-specific binding.33 Rate constants
were determined by fitting mono-exponential functions
as described. Equilibrium dissociation constants were
determined from concentration-dependent equilibrium
response by fitting a Langmuir isotherm. For competi-
tion experiments, fluorescence-labelled and unlabelled
IFNs were mixed in different ratios and injected. Ternary
complex formation was measured with ifnar2-EC and
ifnar1-EC tethered onto solid-supported lipid bilayers as
described.26,27

Cellular activity assays

All activity assays were carried out with 2fTGH-cells
and its derivative HL116, which are stably transfected
with an ISGF3-responsive luciferase reporter gene.
2fTGH-cells were cultured in DMEM with 10% (v/v)
FCS/ Hygromycin. HL116-cells were cultured in DMEM
with 10% FCS/HAT. IFN activity with respect to ISGF3
activation in HL116 cells was determined as described.16

Briefly, cells were incubated with serial dilutions of IFN
for 6 h, and luciferase-activity was determined by adding
luciferin after lysis of the cells using a luminescence
imager. EC50 values were determined by fitting a
sigmoidal curve to the dose-response curves. The anti-
proliferative activity was measured by using 2fTGH-cells
and detected by serial dilution of different IFN as des-
cribed before.29 Briefly, cells were incubated with serial
dilutions of IFN for seven days. The amounts of viable
cells were determined by staining with crystal violet and
determining the absorption in an ELISA plate reader at
620 nm. EC50 values were determined by fitting a
sigmoidal curve to the dose-response curves. As a control,
antiproliferative activity assays were also carried out in
the same way with HeLa and HL116 cells. The antiviral
activity of different IFNs was quantified by using VSV.
The inhibition of the cytopathic effect of VSV on 2fTHG-
cells was assessed with serial dilution of different IFNs,
and the concentration needed for 50% protection of the
cells was determined.19 For the comparison of cellular
activities with binding affinities, the ISGF3, antiviral and
antiproliferative potencies (pISGF3, pAV and pAP, respec-
tively) were calculated as the reciprocal EC50 values and
normalized to the respective potency IFNα2 (relative
potencies prel

ISGF3, prel
AV and prel

AP):

pISGF3 ¼ 1
ECISGF3

50
and pISGF3

rel ¼ pISGF3

pISGF3ðIFNa2Þ
The differential antiproliferative potency (pdiff
AP ) was

determined as the relative antiproliferative potency prel
AP

divided by the relative ISGF3 potency prel
ISGF3:

pAP
diff ¼

pAP
rel

pISGF3
rel

The relative binding affinities to the receptor subunits
ifnar1 and ifnar2 (Krel

ifnar1 and Krel
ifnar2, respectively) were

calculated as the reciprocal equilibrium dissociation
constants KD and normalized to the respective reciprocal
KD of IFNα2:

Kifnar1
rel ¼ ðKifnar1

D Þ�1

Kifnar1
D ðIFNa2Þ� ��1 and

Kifnar2
rel ¼ ðKifnar2

D Þ�1

Kifnar2
D ðIFNa2Þ� ��1

The affinity towards ifnar1 relative to the affinity towards
ifnar2 (Krel

R1/R2) was determined as:

KR1=R2
rel ¼ ðKifnar1

D =Kifnar2
D Þ�1=2

Kifnar1
D ðIFNa2Þ=Kifnar2

D ðIFNa2Þ� ��1=2

Simulation

Amount of receptor cross-linking and total ligand
binding was numerically simulated using the following
set of arithmetic equations:

K1 ¼ ½R2�½L�
½B2� ; K2 ¼ ½B2�½R1�

½T� ; K4 ¼ ½R1�½L�
½B1� ;

½R2�0 ¼ ½R2� þ ½B2� þ ½T�

½R1�0 ¼ ½R1� þ ½B1� þ ½T�
½L�bound ¼ ½T� þ ½B2� þ ½B1�

where [L] is the ligand concentration in solution (in M−1);
[R2] [R1] are the surface concentrations of the unoccupied
receptor subunits ifnar2 and ifnar1, respectively; [B2], [B1]
and [T] are the concentrations of the binary complexes
with the ligand and ternary complex, respectively as
presented in Figure 9(a) (measured in mol/mm2); [R2]0
and [R1]0 are the total surface concentrations of receptor
subunits on the membrane; [L]bound is the total amount of
membrane-bound ligand (measured in mol/mm2), which
is present in the forms of binary and ternary complexes.
For the simulations, stoichiometric surface concentrations
of ifnar1 and ifnar2 were assumed, i.e. [R2]0=[R1]0. The
equilibrium constants K1 and K4 were taken from Table 1,
and the two-dimensional equilibrium constant K2 was
estimated from K4 as described.27,38 For comparison of
different receptor surface concentrations, [L]bound and [T]
were normalized to the surface concentration of the
receptor subunits and plotted as a function of the ligand
volume concentration ([L]).
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