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ABSTRACT: Dimerization of transmembrane receptors is a
key regulatory factor in cellular communication, which has
remained challenging to study under well-deﬁned conditions in
vitro. We developed a novel strategy to explore membrane
protein interactions in a controlled lipid environment requiring
minute sample quantities. By rapid transfer of transmembrane
proteins from mammalian cells into polymer-supported
membranes, membrane proteins could be eﬃciently ﬂuorescence labeled and reconstituted with very low background. Thus, diﬀerential ligand-induced dimerization of the type I
interferon (IFN) receptor subunits IFNAR1 and IFNAR2 could be probed quantitatively at physiologically relevant
concentrations by single molecule imaging. These measurements clearly support a regulatory role of the aﬃnity of IFNs toward
IFNAR1 for controlling the level of receptor dimerization.

I

amounts due to low expression yields as well as by the loss
of protein function during isolation, puriﬁcation, labeling, and
the incorporation into liposomes.17,18 Time-consuming optimization of these procedures, requiring highly specialized
expertise, prevents these approaches from being applied
broadly.
Here, we have established rapid transfer of transmembrane
receptors from the plasma membrane of mammalian cells into
PSMs, which allows for dissecting ligand-induced receptor
dimerization in a well-deﬁned lipid environment by single
molecule imaging techniques in a quantitative manner. For
proof-of-concept experiments, we explored assembly of the
type I interferon (IFN) receptor complex. The receptor
subunits IFNAR1 and IFNAR2 simultaneously interact with
two independent binding sites of the ligand to form a ternary
signaling complex.19 Interestingly, diﬀerential cellular responses
elicited by IFNs have been attributed to their diﬀerential
binding aﬃnities toward the low-aﬃnity subunit IFNAR1.19−23
Thus, the distinct functional properties of IFNβ could be
mimicked by increasing the binding aﬃnity of IFNα2 toward
IFNAR1 by mutating the amino acids H57, E58, Q61.21,24
Based on a reconstitution of transmembrane IFNAR1 and
IFNAR2 into PSMs at physiological surface concentrations, we
aimed to explore the role of ligand binding aﬃnities for ternary
complex assembly.
IFNAR1 and IFNAR2 are representative receptor proteins,
which can be produced only in higher eukaryotic cells and
rapidly lose their function after puriﬁcation−in particular, after
ﬂuorescence labeling. We therefore established much more

nteractions between transmembrane proteins play an
important role for transport and communication across
biological membranes.1 In particular, transmembrane signaling
is regulated on diﬀerent levels by protein di- and oligomerization within the membrane. Dimerization of G-protein coupled
receptors has been shown to be constitutive in most cases and
appears to regulate signaling speciﬁcity.2,3 In case of receptor
tyrosine kinases and related receptors, interactions between
receptor subunits are triggered or modulated by ligand binding
and protein−lipid interaction in a rather complex manner,4−7
thus initiating signal propagation into the cytoplasm.
Biophysical studies with isolated receptor fragments suggest
that a subtle interplay of interactions of extracellular, transmembrane, and cytosolic segments contribute to receptor−
receptor interactions and a critical role of the lipid environment
has been proposed.8,9
Dissecting the interactions involved in the assembly and the
dynamics of entire transmembrane signaling complexes remains
highly challenging. Studies of receptors in the plasma
membrane of live cells are convoluted by the submicroscopic
heterogeneity, the continuous turnover and posttranslational
modiﬁcation of the receptor subunits, and the interaction with a
multitude of cytosolic proteins.10,11 In order to systematically
unravel the various contributions of protein−protein interactions, lipid environment, and posttranslational modiﬁcations,
versatile methods are required which enable quantitative
biophysical studies in membrane models with well-deﬁned
lipid composition.12 For this purpose, polymer-supported
membranes (PSMs) have been developed, as they are well
compatible with the application of advanced spectroscopic and
microscopic techniques13−16 and are readily assembled with
diﬀerent lipid compositions. However, functional reconstitution
of transmembrane proteins into PSMs is often hampered by
problems in producing and labeling them in preparative
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Scheme 1. Rapid Transfer of Transmembrane IFNAR from Mammalians Cells into PSMsa

a

Cells expressing the protein of interest are harvested and lysed, and membrane proteins are solubilized in detergent and labeled by addition of the
corresponding substrate. After an optional step of immobilized metal ion aﬃnity chromatography (IMAC), very small unilamellar proteoliposomes
are prepared by addition of lipids followed by rapid detergent extraction with methyl-β-cyclodextrin. These are captured to a PEG polymer brush
surface (depicted in blue) functionalized with palmitic acid moieties (red) and subsequently fused into a contiguous membrane (more details in the
text).

performing the same procedure with nontransfected cells,
yielding a negligible number of detected molecules (Supporting
Information Figure S3). Rapid diﬀusion in the PSM could be
observed for the majority of reconstituted receptor proteins
(Supporting Information Video 1), yet a signiﬁcant fraction of
immobile molecules could be discerned, which can be ascribed
mostly to proteins with inverted orientation, or denatured
proteins. For model membrane proteins with similar
architecture, we have previously demonstrated that ∼80% of
the reconstituted protein is mobile.26 In good agreement,
typically a fraction of ∼20% of the protein is already obtained in
an inside-out orientation during preparation of proteoliposomes.26 Indeed, we neither observed immobile molecules to
interact with labeled IFNα226 nor to take part in receptor
dimerization. For all further analyses, immobile molecules
therefore were identiﬁed and removed by applying a
spatiotemporal cluster ﬁlter,27 yielding a typical mobile fraction
of ∼60% (Video 1). Receptor densities between 0.1 and 1 μm−2
were readily reached by this reconstitution procedure, which
corresponds well to the physiological receptor concentrations
(100−1000 copies/cell).28 For nontransfected cells treated with
the same protocol, <0.02 molecules/μm2 were detected under
these conditions (Supporting Figure S3), conﬁrming high
labeling speciﬁcity. Mean square displacement (MSD) analysis
of IFNAR1 and IFNAR2 trajectories conﬁrmed free diﬀusion of
IFNAR1 and IFNAR2 reconstituted into PSMs with similar
diﬀusion constants 1.1 ± 0.2 μm2/s and 1.2 ± 0.3 μm2/s,
respectively. These diﬀusion constants are in good agreement
with measurements of puriﬁed proteins reconstituted into
PSMs.26,27
For probing receptor dimerization, TMR-labeled HaloTagIFNAR1 (TMRIFNAR1) and DY647-labeled SNAPf-IFNAR2
(DY647IFNAR2) were coreconstituted into PSMs. The role of
ligand binding aﬃnities for receptor dimerization was
investigated by applying wild-type (wt) IFNα2 as well as the
triple mutant H57Y, E58N, Q61S (YNS), which has a 60-fold
increased binding aﬃnity toward IFNAR1 and shows
substantially enhanced antiproliferative, but not antiviral activity
compared to wt IFNα2.24 Signiﬁcant colocomotion of
TMR
IFNAR1 and DY647IFNAR2 was only observed after addition
of IFNα2 YNS (Figure 1a and Supporting Information Video
2). For these receptor dimers, a linear increase of the MSD with
time was observed as well (Figure 1b), yielding a diﬀusion
constant of 0.9 ± 0.1 μm2/s. Thus, a signiﬁcant decrease in
mobility upon dimerization was observed, yet not suﬃciently
high for unambiguously quantifying ternary complex formation

rapid protein labeling and reconstitution into PSMs as outlined
in Scheme 1: IFNAR1 and IFNAR2 N-terminally fused to the
HaloTag and the SNAPf-tag, respectively, were expressed on
small scale by transient transfection of HEK293 cells in a 6-cm
Petri dish for each protein. In order to ensure unhindered
mobility of IFNAR1 and IFNAR2 in the PSM, constructs
lacking the cytosolic domains were used. Proteins were
prepared from ∼106 cells, out of which ∼30% were transfected
(Supporting Information Figure S1). Cells were harvested and
the membrane proteins were solubilized by detergent solution.
During this step, the target proteins were labeled by addition of
the corresponding substrates for the HaloTag and the SNAPftag conjugated to tetramethylrhodamine (TMR) and DY647,
respectively. After clearing of the lysate, proteins were either
batch-puriﬁed via their His-tag by immobilized metal ion
aﬃnity chromatography (IMAC) or directly reconstituted into
proteoliposomes without any further puriﬁcation (see below).
For preparation of proteoliposomes, 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) in detergent solution was added
followed by detergent depletion with methyl-β-cyclodextrin,25
which very rapidly yields very small, unilamellar proteoliposomes with low size dispersity.26 Subsequently, vesicles were
captured to surfaces coated with a molecular poly(ethylene
glycol) (PEG) polymer brush functionalized with palmitic acid
moieties.26 Vesicle fusion was induced with a PEG solution to
form a contiguous membrane, which was conﬁrmed by
ﬂuorescence recovery after photobleaching experiments using
a ﬂuorescent lipid probe. Even in case of PSM assembly in the
presence of the entire membrane proteome, ﬂuorescence
recovery >90% was observed for the lipid probe with a
diﬀusion constant of 4.2 μm2/s (Supporting Information Figure
S2) in good agreement with the diﬀusion in pure DOPC
membranes.
For initial experiments, HaloTag-IFNAR1 and SNAPfIFNAR2 were puriﬁed by IMAC yielding 10−50 ng of protein
from a single 6-cm Petri dish. Reconstitution into proteoliposomes was performed at a molar lipid-to-protein ratio of ∼5−
10 × 106. For the assembly of PSM on functionalized glass
support, proteoliposomes prepared from ∼0.5−2.5 ng protein
were applied. Transfer of ﬂuorescent labeled HaloTag-IFNAR1
and SNAPf-IFNAR2 into polymer-supported DOPC membranes was achieved within less than 3 h after cell harvest.
Protein reconstitution into the PSM was conﬁrmed by timelapse single molecule imaging experiments revealing individual
molecules rapidly diﬀusing in the membrane (Supporting
Information Video 1). Speciﬁcity of labeling was controlled by
2480
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bias by photobleaching, individual ﬂuorophores were localized
within the ﬁrst 5 frames of a time-lapse experiment, yielding
densities of <0.5 ﬂuorophores per μm2. Under these conditions,
the number of random colocalizations is approximately linearly
proportional to the surface concentration and was subtracted
from the total colocalizations. From the number of
colocalizations relative to the number of localizations observed
in each channel, the DOL was determined to be 30% for TMR
and 40% for DY647, respectively (Supporting Information
Figure S4 and Video 3). These DOLs have to be considered as
eﬀective numbers, which include the same experimental bias,
such as labeling procedure, photobleaching, and imaging
conditions, as the following measurements.
Based on this calibration, dimerization of TMRIFNAR1 and
DY647
IFNAR2 coreconstituted into PSMs was explored.
Signiﬁcant colocalization above the random background could
only be observed after addition of the ligand (Figure 2b). This
result clearly demonstrates that the transmembrane receptor
subunits are not signiﬁcantly predimerized in the absence of
ligand, which has been proposed for several cytokine receptors
including IFNAR.30−34 Both IFNα2 wt and YNS signiﬁcantly
increased colocalization of TMRIFNAR1 and DY647IFNAR2
above the background, yet substantially higher dimerization
levels were observed for the YNS mutant (Figure 2b). To
quantitatively assess the four equilibria involved in IFN-induced
receptor assembly (Figure 2c), receptor dimerization by IFNα2
wt and YNS was probed at diﬀerent ligand concentrations
between 30 pM and 10 μM (Figure 2d). With increasing IFN
concentrations, increasing dimerization of IFNAR1 and
IFNAR2 was observed, peaking at ∼10 nM IFNα2 YNS and
at 100 nM IFNα2 wt (Figure 2d and Supporting Information
Video 4). Yet, much higher maximum colocalization was
observed for IFNα2 YNS compared to wt IFNα2. Strikingly,
even higher concentrations resulted in a decrease of

Figure 1. Dimerization probed by single molecule tracking. HaloTagIFNAR1 and SNAPf-IFNAR2 were expressed in HEK cells, puriﬁed by
IMAC, and reconstituted into DOPC membranes. (a) Single molecule
cotrajectories for IFNAR1 (green) and IFNAR2 (purple). The scale
bar corresponds to 1 μm. (b) Mean square displacement (MSD)
analysis of the diﬀusion properties obtained for IFNAR1 (green),
IFNAR2 (purple), and for the ternary complex in the presence of 10
nM IFNα2 YNS (black).

from the diﬀusion properties. Moreover, reliable quantitative
identiﬁcation of dimers based on cotracking was obstructed by
rapid diﬀusion in combination with photobleaching. For these
reasons, receptor dimerization was quantiﬁed directly from
single molecule colocalization. In order to ensure a low random
colocalization, receptor densities below 1 μm−2 were applied.
Moreover, reliable determination of the degree of labeling
(DOL) is a critical requirement. To this end, IFNAR2 fused to
both the SNAPf-tag and the HaloTag was labeled and
reconstituted under the same conditions. Dual-color single
molecule imaging achieved average localization precisions of 25
and 30 nm for TMR and DY647, respectively. Reconstituted
proteins carrying both ﬂuorescent labels were identiﬁed by
colocalization within a distance of 200 nm (Figure 2a) to
ensure a detection eﬃciency >97%.29 In order to minimize the

Figure 2. Quantiﬁcation of ternary complex assembly by single molecule colocalization analysis. HaloTag-IFNAR1 and SNAPf-IFNAR2 were
expressed in HEK cells, puriﬁed by IMAC and reconstituted into DOPC membranes. (a) Localization and colocalization of individual HaloTagIFNAR1 and SNAPf-IFNAR2 beyond the diﬀraction limit. (b) Co-localization of HaloTag-IFNAR1 and SNAPf-IFNAR2 in the absence of IFN and
in the presence of IFNα2 or IFNα2-YNS at concentrations yielding optimum dimerization. The positive control refers to dual-labeled IFNAR2 fused
to both SNAPf and HaloTag. (c) Four equilibria involved in IFN-induced dimerization of IFNAR1 and IFNAR2. K1 and K4 are volume binding
constants (unit: mol/L), which can be independently determined by ligand binding assays; K2 and K3 are surface binding constants (unit: mol/cm2
or molecules/μm2). (d) Dimerization of IFNAR1 and IFNAR2 (corrected by the number of random colocalization events) as a function of IFN
concentration.
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monitoring ligand binding assays with IFNAR1 and IFNAR2
coreconstituted into PSM (Supporting Figure S7). By
comparing the ligand dissociation kinetics obtained by TIRFS
detection, increased dimerization of transmembrane IFNAR1
and IFNAR2 reconstituted into PSMs by IFNα2 YNS
compared to the wt was conﬁrmed (Supporting Information
Figure S7). These control experiments conﬁrmed robust ﬁtting
of the data.
The most interesting parameter obtained from single
molecule dimerization assays is the binding constant K2,
which describes the two-dimensional interaction of the IFNIFNAR2 complex with IFNAR1 on the membrane surface (cf.
Figure 2c). Here, we obtained K2 = 0.77 ± 0.13 fmol/cm2 (4.6
molecules/μm2) for IFNα2 wt and a ∼50-fold lower value for
the YNS mutant (Table 1). These results very well reﬂect the
∼60-fold increased binding aﬃnity toward IFNAR1 obtained
for this mutant in binary ligand binding assays.24 Interestingly,
the 2D binding aﬃnity obtained for transmembrane IFNAR is
∼3-fold higher compared to the binding aﬃnity obtained with
the ectodomains of IFNAR1 and IFNAR2 tethered onto solidsupported membranes.42 This increase in binding aﬃnity can
be attributed either to the more deﬁned orientation of the
transmembrane receptor subunits, or to additional complex
stabilization by the transmembrane helices. However, the very
diﬀerent eﬃciencies of receptor dimerization observed for wt
IFNα2 and IFNα2 YNS with receptors reconstituted into
PSMs at densities comparable to the physiological concentrations in the plasma membrane are not in line with the very
similar potencies of these IFNs in early signal activation.24
Since ternary complex formation is a prerequisite for signaling,
more eﬃcient receptor dimerization in the plasma membrane
compared to the artiﬁcial membrane can be assumed, possibly
mediated by additional interactions of the cytosolic domains, by
receptor clustering or by endocytosis.
In conclusion, rapid transfer of transmembrane proteins into
PSMs opens versatile means for probing diﬀusion and
interaction within a well-deﬁned lipid environment. Small
scale transient expression of the target proteins in mammalian
cells simpliﬁes protein production and yields suﬃcient amounts
for single molecule applications. By a very rapid transfer of
membrane proteins into PSMs, loss of protein function is
minimized. Importantly, protein puriﬁcation prior to reconstitution was not required, allowing coreconstitution of
endogenous proteins into the PSM. While tracking of individual
transmembrane receptors diﬀusing within PSMs has been
previously demonstrated,26,27,43 detection and quantiﬁcation of
their lateral interactions has, to our knowledge, not yet been
reported. Receptor dimerization is a characteristic feature of
transmembrane signaling and evidence for a critical role of lipid
composition and protein−lipid interactions is accumulating.6,7,44,45 We have here demonstrated that single molecule
colocalization and (co)tracking is powerful for assessing
heterodimerization of a transmembrane receptor in a
quantitative manner. These proof-of-concept experiments
were performed in a DOPC membrane in order to ensure
high ﬂuidity and exclude phase separation. However, PSMs are
compatible with a broad variety of lipid compositions15
including phase-separating membranes,46,47 which will allow
to systematically study the role of lipids and lipid microdomains. In the fully homogeneous PSM applied here, ligandmediated dimerization of transmembrane IFNAR at physiological receptor concentrations in the PSM could be identiﬁed
as well as substantial diﬀerences between wt IFNα2 and the

colocalization, yielding a bell-shaped concentration−dimerization relationship. These results are in very good agreement with
a 2-step dimerization model22,35 as depicted in Figure 2c:
IFNAR1 and IFNAR2 are independently diﬀusing in the
membrane and cross-linked by the ligand. At low ligand
concentration, binding is dominated by the high-aﬃnity
interaction with IFNAR2 (K1) and the dimerization eﬃciency
is limited by recruitment of IFNAR1 (K2), which is more
eﬃciently achieved by the YNS mutant with increased aﬃnity
toward IFNAR1. After saturating IFNAR2 binding sites,
increasing IFN concentrations compete for IFNAR1 binding
sites (K4), thus dissociating the ternary complex and decreasing
receptor dimerization. Since the bell-shaped curves provide
information on all four equilibrium dissociation constants, we
ﬁtted a corresponding model (provided in the Supporting
Information Methods) to the data obtained for both IFNs.
Only three (K1, K2, K4) of the four equilibrium dissociation
constants were kept variable during ﬁtting as K1K2 = K3K4
applies due to microscopic reversibility. The constants obtained
by this ﬁt are summarized in Table 1. K1 and K4, which describe
Table 1. Equilibrium Dissociation Constants of the IFNAR
Complex Reconstituted in PSMsa
ligand

K1 [nM]

K2 [μm−2]

K3 [μm−2]b

K4 [nM]

IFNα2 wt
IFNα2 YNS

8.9 ± 4.8
7.3 ± 8.5

4.6 ± 0.8
0.1 ± 0.1

0.03 ± 0.02
0.02 ± 0.04

1500 ± 700
30 ± 34

a

Transmembrane IFNAR1 and IFNAR2 expressed in HEK 293 cells
and puriﬁed by IMAC. bCalculated from K1, K2, and K4 according to
K1K2 = K3K4

the ligand aﬃnities toward the individual receptor subunits
IFNAR2 and IFNAR1, respectively, correspond well to the
previously published values obtained by several ligand binding
assays with IFNα2 wt and the YNS mutant using the
ectodomains of IFNAR1 and IFNAR2.24,36−40
The same methodology was applied for probing dimerization
of HaloTag-IFNAR1 and SNAPf-IFNAR2 reconstituted from
entire cell lysates without prior puriﬁcation. However, even
under these conditions, a 10−100-fold excess of DOPC over
the cellular lipids was applied, ensuring high dilution of
endogenous proteins and lipids. Under these conditions, very
similar bell-shaped dimerization curves were obtained for
IFNα2 wt and YNS (Supporting Information Figure S5). Curve
ﬁtting yielded binding constants K1−K4, which were, within the
experimental error, undistinguishable from the constants
obtained for the puriﬁed proteins (Supporting Information
Table S1). These experiments conﬁrmed the robustness of the
method as well as the ability to reconstitute functional proteins
directly from cell lysates.
In control experiments, we independently determined the
binary interaction constants K1 and K4 by ligand binding studies
with each receptor subunit. For this purpose, transmembrane
IFNAR1 and IFNAR2 were produced in insect cells, puriﬁed to
homogeneity by aﬃnity chromatography and then reconstituted into PSMs at a lipid-to-protein ratio of ∼103. Real-time
ligand binding assays with IFNα2 wt and YNS site-speciﬁcally
labeled with DY647 were carried out by total internal reﬂection
ﬂuorescence spectroscopy (TIRFS) in a ﬂow through system41
(Supporting Information Figure S6). These studies yielded
comparable equilibrium dissociation constants K1 and K4 as
obtained from the dimerization assay (Supporting Information
Table S2). Receptor dimerization was also conﬁrmed by
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YNS mutant, which functionally mimics IFNβ. These results
clearly establish the relevance of receptor binding aﬃnities for
the eﬃciency of ternary complex formation within the
membrane. Cytokine interaction with their low aﬃnity
“accessory” receptor subunits often ranges in a similar regime
as the IFNα2−IFNAR1 interaction (K4). Though this binding
aﬃnity appears suﬃcient to eﬃciently activate signaling, further
increase can modulate functional properties. Interestingly, the
transmembrane domains, which have been shown to play a
critical role for predimerization of several class I cytokine
receptors,30,31,33 do not substantially contribute toward ternary
complex formation. Thus, other parts of the cytosolic domains
and/or interactions between the associated Janus kinases may
further enhance receptor dimerization directly or indirectly.
The PSMs applied in this study do not allow reconstitution of
the full-length receptor including the associated 120 kDa JAKs.
By increasing the thickness of the polymer cushion, however,
the investigation of full-length receptor tyrosine kinases can be
envisaged.
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Experimental procedures are described in detail in the Supporting
Information.
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