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ABSTRACT: Unraveling the spatiotemporal organization of
signaling complexes within the context of plasma membrane
nanodomains has remained a highly challenging task. Here, we
have applied super-resolution image correlation based on
tracking and localization microscopy (TALM) for probing
transient conﬁnement as well as ligand binding and intracellular eﬀector recruitment of the type I interferon (IFN)
receptor in the plasma membrane of live cells. Ligand and receptor were labeled with monofunctional quantum dots, thus
allowing long-term tracking with very high spatial and temporal resolution without an artiﬁcial receptor cross-linking at the cell
surface. Dual-color TALM was employed for visualizing protein−protein interactions involved in IFN signaling at both sides of
the plasma membrane with high spatial and temporal resolution. By pair correlation analyses based on time-lapse TALM images
(pcTALM), complex assembly within dynamic submicroscopic zones was identiﬁed. Strikingly, recruitment of the IFN eﬀector
protein signal transducer and activator of transcription 2 (STAT2) into these dynamic signaling zones could be observed. The
results suggest that conﬁned diﬀusion zones in the plasma membrane are employed as transient platforms for the assembly of
signaling complexes.

R

autophosphorylation of associated Janus kinases and subsequent phosphorylation of cytoplasmic eﬀector proteins, namely,
signal transducers and activators of transcription 1 (STAT1)
and 2 (STAT2). Interestingly, structural and kinetic studies
have established a correlation between the ternary complex
dynamics and the bioactivity of diﬀerent IFNs.21,23,24 Here, we
aimed to correlate the spatiotemporal dynamics of the IFN
signaling complex in the context of membrane nanodomains
with the recruitment of STAT2 as the key eﬀector protein of
IFN signaling (Figure 1a). To this end, we employed
spatiotemporal super-resolution imaging by tracking and
localization microscopy (TALM) of the diﬀusive emitters in
living cells.25 In contrast to traditional single molecule
localization techniques such as PALM and STORM,26−28
TALM is based on a small ensemble of molecules constantly
redistributing due to their diﬀusion (Figure 1b), which is well
compatible with the low expression level of IFNAR in the
plasma membrane (∼100−1000 copies/cell).20 Imaging and
localizing this ensemble over multiple frames yields superresolution images, which include information on the spatial and
temporal organization including the local diﬀusion properties
(Figure 1b). Thus, the spatiotemporal dynamics of signaling
complexes can be monitored over extended time periods
without requiring long-term tracking of individual molecules.
However, as the fast photobleaching of organic dyes limits the
observation time of individual molecules to a few frames, we

eceptor tyrosine kinases and related receptors in the
plasma membrane are activated by interaction with a
ligand, which induces the formation of a multiprotein signaling
complex involving both membrane-bound and soluble proteins.
The spatiotemporal organization of such signaling complexes is
fundamentally determined and regulated by the submicroscopic
compartmentalization of the plasma membrane.1−8 This
includes diﬀusional barriers templated by the cortical actin
skeleton9 as well as lipid nanodomains.6,10 These plasma
membrane microcompartments cannot be resolved by
diﬀraction-limited ﬂuorescence microscopy, they ﬂuctuate in
space and time and are moreover modulated by means of
protein−protein and protein−lipid interactions. For these
reasons, the functional implications of submicroscopic plasma
membrane organization have remained speculative. However, a
critical role of nonrandom spatial organization and conﬁnement
in the plasma membrane for more eﬃcient formation,
maintenance, and signal propagation of multiprotein signaling
complexes has been proposed.11−17 For the epidermal growth
factor receptor ErbB1, a “domain conﬁned” state with
submicrometer scale was shown to play a key role during
receptor dimerization.12 While single molecule tracking has
proven powerful for identifying transient conﬁnement zones
(TCZ),18,19 robust methods for quantifying protein interactions
in membrane nanodomains are lacking.
Here, we employed the type I interferon (IFN) receptor as a
model system for establishing novel tools to unravel the role of
membrane nanodomains for eﬀector recruitment. The IFN
receptor comprises two subunits, IFNAR1 and IFNAR2, which
are cross-linked by simultaneous interaction with a single IFN
molecule. 20−22 The ternary signaling complex initiates
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Figure 1. Schematic illustration of the experimental concepts. (a) Left: Interactions of IFNAR2 with the extracellular ligand IFNα2, which binds
IFNAR1 to form a ternary signaling complex. The cytoplasmic eﬀector protein STAT2 is supposedly recruited to the plasma membrane (PM) by a
constitutive interaction with IFNAR2. IFNAR2 was labeled by monobiotinylated QD605 via bivalent streptavidin in a 1:1 stoichiometry. IFNα2 was
labeled with monofunctional tris-NTA-QD655 via a decahistidine-tag. STAT2 fused to a HaloTag was labeled with ATTO655 dye. Right: transient
conﬁnement of receptor diﬀusion by TCZ (illustrated as a blue circle). (b) Principle of TALM to identify TCZ. First row: trajectory of an individual
diﬀusive emitter randomly entering TCZ (marked in blue). Second row: localized positions of the molecule in each frame plotted as Gaussian
blurred spots in a cumulative manner. Color coding from blue to red in the images indicates intensity increasing. Last row: time-lapse TALM images,
in which only frames inside an observation time window (here 10 s, for instance) were reconstructed. Diﬀusion and TALM rendering were
performed by simulations as described in the Experimental Section. Scale bar: 0.2 μm.

BirA was produced and puriﬁed using the plasmid pET21a-BirA
(obtained from Alice Ting, MIT, Cambridge, MA) as
described.39
Cell Culture and Transfections. Cell culture and
preparation of the HeLa cell line stably expressing IFNAR2
fused to an N-terminal biotin acceptor peptide tag (APIFNAR2) have been described previously.33 Cell clones with
homogeneous and moderate expression of labeled IFNAR2
were selected and further propagated in the presence of 0.8 μg/
mL G418 (Calbiochem 345810). IFNAR2 was fused to an Nterminal SNAPf (SNAPf-IFNAR2) within the pDisplay vector
and, for generating stable cell lines, was subcloned into a variant
of the vector pSEMs harboring a puromycin instead of a
neomycin resistance gene (details provided in the Supporting
Methods in the Supporting Information).41 HeLa cells were
transfected by the calcium phosphate method and selected for
stable expressing clones by culturing in the presence of 0.4 μg/
mL puromycin (Calbiochem, D00123816).
Live Cell Labeling for Single Molecule Fluorescence
Imaging. Cell labeling was carried out on coverslips precoated
with poly-L-lysine-graf t-poly(ethylene glycol) for minimizing
nonspeciﬁc binding of dyes and QDs on the surface and
functionalized with an RGD peptide for eﬃcient cell
adhesion.42 Monofunctional biotinylated QD33 (BTQD605)
and trisNTA modiﬁed QD32 (TrisNTAQD655) were prepared as

here employed quantum dots (QD), which are bright and
photostable ﬂuorophores compatible with cell biological
applications.29−31 For unbiased TALM imaging, we employed
monofunctional QD recently developed in our group for
labeling of IFNα232 and IFNAR2.33 In order to extract the
spatiotemporal information from TALM images, we employed
time-lapse image rendering in combination with pair correlation
analyses, which were recently introduced for photoactivation
localization microscopy (PALM) imaging.34−37 These techniques enabled to detect and quantify interactions of extracellular
ligand-receptor and receptor-cytoplasmic eﬀector protein in
transient signaling zones at physiological receptor expression
levels.

■

EXPERIMENTAL SECTION
Protein Production. IFNα2 with an N-terminal decahistidine-tag (H10-IFNα2) was expressed and puriﬁed as
previously described for wildtype IFNα2.38 Monovalent
streptavidin and bivalent streptavidin were prepared by
fractionation of streptavidin tetramers obtained by refolding a
mixture of dead and alive streptavidin monomers as
described.39 Expression plasmids for dead and alive streptavidin
obtained from Alice Ting, MIT, Cambridge, MA, which were
modiﬁed to include a TEV cleavage site to remove the His-tag
in order to avoid nonspeciﬁc binding to QDs.40 Recombinant
8594

dx.doi.org/10.1021/ac501127r | Anal. Chem. 2014, 86, 8593−8602

Analytical Chemistry

Article

⎛ r⎞
g (r )confine = B exp⎜ − ⎟
⎝ λ⎠

reported previously. Site-speciﬁc biotinylation of AP-tagged
IFNAR2 was carried out according the published protocol.43
Biotinylation of SNAPf tagged IFNAR2 was carried out by
incubation of BG-Biotin according to manufacturer’s instruction (New England Biolabs). Subsequently, cells were washed
with PBS buﬀer containing 1% bovine serum albumin
(essentially fatty acid free, Sigma-Aldrich) three times and
further incubated with bivalent streptavidin and BTQD605 as
described previously.33 Labeling of STAT2-HaloTag was done
by incubation with 100 nM of membrane permeable
ATTO655-HaloTag ligand conjugate (ATTO655-HTL) in
MEM medium for 1 h at 37 °C.44 Cells were then washed
three times with MEM to remove excess dye and left for
recovering for 1 h at 37 °C. Single molecule ﬂuorescence
imaging of the labeled cells was carried out in an inverted total
internal reﬂection ﬂuorescence (TIRF) microscope (Olympus
IX71) equipped with a DualView microimager (Optical
Insight) as detailed recently.32,33 All live cell imaging experiments were carried out at room temperature with cells kept
under MEM medium. For latrunculin B treatment, 10 μM
latrunculin B (Sigma-Aldrich, L5288) was added for 15 min at
room temperature before imaging. More details are provided in
the Supporting Methods in the Supporting Information.
Super-Resolution Image Reconstruction. To generate
super-resolution images, a 2D Gaussian mask was used for
localization of a single emitter45 captured in each frame of an
image stack.46,47 The localization precision in two dimensions
was determined as described by Thompson et al.46 For
rendering TALM images, the position of each molecule
localized within the image stack was cumulatively plotted as a
Gaussian blurred spot with the standard deviation of its point
spread function (PSF) equal to the average localization
precision (Video 1 in the Supporting Information).25 Typically,
300−3000 frames (∼10−96 s integrated imaging time) were
used for TALM image rendering. For exploring the dynamics of
super-resolved structures, a subset of TALM images within a
ﬁxed time span (observation window) was reconstructed. The
observation window was sliding along the whole TALM image
stack in time-lapse manner to generate time-lapse TALM
(Video 2 in the Supporting Information). A typical observation
window was 30−1000 frames (∼1−32 s integrated imaging
time).
Image Correlation and Pair Correlation Analyses.
TALM image correlation was conducted by applying the
conventional image correlation spectroscopy (ICS) algorithm48−50 to Gaussian-blurred images. For pair correlation
TALM (pcTALM), the Cartesian coordinates in ICS function
were converted into polar coordinates and binned by the radius
r.35 g(r) is obtained by averaging the g(r)⃗ values that
correspond to the assigned bins in radius. The pair correlation
function g(r)free for TALM images of a freely diﬀusing particle
was calculated according to
⎛ r2 ⎞
g (r )free = A exp⎜ − 2 ⎟
⎝ 4σ ⎠

(2)

where B is the amplitude of conﬁned diﬀusion and λ is the
average domain radius. In the case of transiently conﬁned
diﬀusion, both free diﬀusion and conﬁned diﬀusion coexist and
the pair correlation function was ﬁtted according to
g (r ) = g (r )free + g (r )confine
⎛ r2 ⎞
⎛ r⎞
= A exp⎜ − 2 ⎟ + B exp⎜ − ⎟
⎝ λ⎠
⎝ 4σ ⎠

(3)

A conﬁnement probability (cp) for describing the chances of
the diﬀusive particles to be conﬁned in the analyzed area is
calculated as

cp =

B
A+B

(4)

Thus, λ as the radius and cp as the probability of conﬁnement
are obtained by pcTALM, respectively.
Simulation and Validation of Pair Correlation TALM.
To validate the identiﬁcation of TCZ by pair correlation
analysis of TALM (pcTALM), TALM images were generated
for 10 000 particles randomly seeded within a 10 × 10 μm2 area
and Gaussian-blurred with σ = 20 nm. In the next step,
pcTALM was applied to TALM images simulated from
Brownian diﬀusing particles (100 particles/100 μm2) with a
diﬀusion constant of 0.05 μm2/s, which is the typical value for
transmembrane IFNAR at room temperature.33 Conﬁned
diﬀusion was simulated by introducing randomly distributed
TCZs (5/μm2) with 100 nm radius and a hopping probability
of 0.5. Inside the TCZs, a diﬀusion constant of 0.005 μm2/s
was assumed as the typical value experimentally obtained for
conﬁned diﬀusion (cf. Figure S1 in the Supporting
Information). More details are provided in the Supporting
Information.

■

RESULTS
TALM Imaging of QD labeled IFNAR2. HeLa cells stably
expressing IFNAR2 fused to the biotin acceptor peptide (APIFNAR2) were labeled with monobiotinylated QD605 via
bivalent streptavidin as schematically depicted in Figure 1a. By
using total internal reﬂection ﬂuorescence microscopy
(TIRFM), the basal plasma membrane was imaged at a frame
rate of 30 Hz. The density of QD labeled IFNAR2
(QDIFNAR2) at the cell membrane was 0.6−1.1 molecules/
μm2, which was well suitable for accurate single molecule
localization and TALM analysis. Assuming a labeling degree of
∼30% as reported previously,33 the IFNAR2 expression level
thus was only slightly above the physiological expression level
(0.1−1 molecules/μm2). Individual QD could be observed for
more than 10 min without signiﬁcant photobleaching. Single
molecule tracking was carried out to characterize the diﬀusion
properties of QDIFNAR2. Step-length histograms from single
molecule trajectories (Figure S1 in the Supporting Information) were ﬁtted by a bimodal distribution, yielding diﬀusion
constants of 0.052 ± 0.009 μm2/s (53%) and 0.004 ± 0.001
μm2/s (47%). Such diﬀusion properties are typical for
transmembrane receptors in the plasma membrane and are
caused by inhomogeneous conﬁnement.
To generate super-resolution images, the localized position
of each emitter was plotted as a Gaussian blurred spot with the
standard deviation equal to the averaged localization precision

(1)

where σ is the standard deviation of the PSF of the Gaussian
blurred TALM images, which is equal to the averaged
localization precision and A is the amplitude.
In the case that particle diﬀusion is conﬁned in domains,
which are randomly shaped, g(r) was approximated as an
exponential function34 characterized by λ as below:
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more conﬁned diﬀusion, which could be caused by membrane
nanodomains or other submicroscopic structures.
TALM Correlation Analyses. The feature that TALM
images are generated from diﬀusive particles makes it a very
useful tool to identify conﬁned diﬀusion without the need to
track individual molecules. As being exempliﬁed in Figure 1b,
the freely diﬀusing particle would mark a series of dispersed
points in TALM images along its trajectory. In contrast, the
conﬁned diﬀusing particles do not spread randomly and their
localizations compact in certain areas with the shapes reﬂecting
the geometry of the TCZ. Pair correlation analysis inherently
reports the probability of ﬁnding the particle signal at a distance
from a given signal of another particle. Here, it was applied to
TALM images to quantitatively discriminate the diﬀerences
induced by free or conﬁned diﬀusion. The process of pair
correlation for extracting spatial receptor conﬁnement from
time-lapse TALM images is depicted in Figure 3: localized
particles were rendered into a TALM image using a Gaussian
ﬁlter with σ = 20 nm (Figure 3a,b). To reconstruct the ﬁnal
TALM image, 100 frames with a 256 ms time-lapse were used
(see detailed explanation below). The spatial correlation of the
TALM image was analyzed by applying a conventional image
correlation spectroscopy (ICS) operation (Figure 3c), which
has been described previously in detail for diﬀraction-limited
images.48−50 Subsequently, the Cartesian coordinates of the
obtained ICS were converted into polar coordinates for pair
correlation analysis (pcTALM) by using the pair correlation
function (Figure 3d, Experimental Section, eq 3). Applied to
TALM images, the exponential decay part characterized by λ in
the pair correlation function can be used as a measure for TCZ
dimension. A conﬁnement probability (cp) for describing the
probability of the diﬀusive particles to be conﬁned was
introduced (Experimental Section, eq 4). Deconvolution of
the resulting curve in Figure 3d by the pair correlation function
(eq 3) yielded an average TCZ domain size of 130 nm in radius
and a conﬁnement probability (cp) of 0.74. Strikingly, upon
treating cells with latrunculin B for inhibiting actin polymerization, TALM images did not show signiﬁcant clustering
anymore (Figure 3e). Nearly entire disruption of transient
IFNAR2 conﬁnement was conﬁrmed by pcTALM analysis
(Figure 3f) yielding a cp of 0.08. This result highlights the
fundamental role of membrane skeleton in the formation of
TCZs of a transmembrane receptor.
Validation of pcTALM. In order to establish the
signiﬁcance of these results, pcTALM analysis was validated
by computer simulations. For this purpose, TALM images were
generated by producing a set of randomly diﬀusing particles
(noninteractive and nonphotobleachable) in a 10 × 10 μm2
area with an average particle density of 1 particle/μm2. Within
this area, size-adjustable circular zones with predeﬁned
permeability (0−1) were randomly seeded thus mimicking
TCZ. Experimentally measured diﬀusion constants D were
assigned to particles for free diﬀusion (D = 0.05 μm2/s) outside
TCZ and conﬁned diﬀusion (D = 0.005 μm2/s) within TCZ.
TALM images were rendered for these simulations as
performed for the experimental data (Figure 4). Systematic
analysis based on simulated data revealed that for typical
diﬀusion constants of proteins in the plasma membrane (0.05−
0.1 μm2/s), a time-lapse of 256 ms was suitable for excluding a
signiﬁcant bias toward conﬁnement due to temporal correlation
of freely diﬀusing particles (Figure S2a in the Supporting
Information). Under these conditions, pcTALM reliably
identiﬁed particles in TCZ, which are temporally correlated

(Video 1 in the Supporting Information). A typical TALM
image generated from 3000 consecutive frames is shown in
Figure 2. With the relatively high number of frames used for

Figure 2. TALM super-resolution image rendering for QD605-labeled
IFNAR2 diﬀusing in the plasma membrane of a HeLa cell. (a, b) 3000
consecutive images acquired within 96 s were overlaid for a diﬀractionlimited image (a) or rendered into a cumulative TALM image (b) after
localizing individual molecules within each frame. A cell showing
uncommonly distinct features was chosen in order to demonstrate the
capabilities of TALM image rendering. Scale bar: 1 μm. (c, d) A zoomup into the ﬁlopodia structure indicated by a dotted rectangle. Scale
bar: 500 nm. (e) Localization precision histogram for QD labeled
IFNAR2. (f) Intensity proﬁles across the ﬁlopodia as indicated by the
lines shown in (c) green and (d) red, respectively.

image rendering, the ensemble of QD-labeled IFNAR2
essentially explored the entire plasma membrane, thus
representing the plasma membrane topology. Compared to
the diﬀraction-limited image (Figure 2a,c), TALM images
reproduce the features of the plasma membrane with much
higher resolution (Figure 2b,d). An average localization
precision of 20 nm was achieved for the entire population
(Figure 2e), allowing one to resolve submicroscopic features
such as tubular character of individual ﬁlopodia (Figure 2f).
Since the same protein ensemble was monitored over time,
individual molecules localized in consecutive frames are
spatiotemporally correlated. The deviation from Brownian
motion observed for molecules in TCZ can be extracted by
time-lapse TALM evaluation (cf. Figure 1b and Video 2 in the
Supporting Information) when using a sliding window for
image reconstruction and for identifying free and conﬁned
diﬀusion. Time-lapse TALM with diﬀerent observation
windows are possible depending on the purpose of analysis
and the spatiotemporal properties of TCZ. As a general
observation, high intensities in TALM images represent areas of
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Figure 3. Image correlation spectroscopy and pair correlation analysis for TALM images of a cell before and after latrunculin B treatment. (a)
Localization data set containing localized positions. (b) Localizations are Gaussian-blurred and rendered into super-resolution image. The TALM
image of QDIFNAR2 was reconstructed from 100 frames in 25.6 s. The inset is a magniﬁed image of the region outlined by the blue square for pair
correlation analysis. (c) Image correlation analysis of the inset image in part b. (d) Pair correlation analysis based on part c. The two components in
pair correlation function are shown in blue for g(r)free and green for g(r)confine, respectively. σ is the average localization precision in the TALM image,
λ is the average radius of TCZ. Conﬁnement probability cp = 0.74 and conﬁnement radius λ = 130 nm were obtained. (e, f) Latrunculin B treatment
disrupted TCZs of IFNAR2 on the HeLa cell surface. (e) Image of the same cell after latrunculin B treatment. (f) Pair correlation result for the inset
in part e. cp = 0.08 and λ = 250 nm were detected in the same region after latrunculin B treatment.

Table 1. Parameters Obtained by pcTALM Analysis for
Simulations Shown in Figure 4
σa/nm
randomly seeded
free diﬀusion
conﬁned diﬀusion

23 ± 0.1 (20)
23 ± 0.1 (20)
29 ± 4 (20)

d

λb/nm

cpc

82
130
102 ± 13 (100)

0.05 ± 0.0002 (0)
0.06 ± 0.0003 (0)
0.58 ± 0.08 (0.5)

σ is the average localization precision for Gaussian blurring TALM
image. bλ is the averaged radius of conﬁnement domain. ccp is the
conﬁning probability for describing the chances of a particle to be
conﬁned. dParameters are obtained by nonlinear least-squares ﬁtting of
the curves using pair correlation function (eq 3). Errors represent
standard deviations obtained from the ﬁtting. Values in parentheses are
the input values for simulation.
a

the particle residence time in TCZ. Simulated TCZs with λ
between 50 and 300 nm were faithfully reproduced by
pcTALM analysis (Figure S2b−e in the Supporting Information), corresponding to average particle residence times below
1 s for small TCZs. These results conﬁrmed the ability of
pcTALM to robustly identify TCZ without requiring tracking
of individual molecules.
Moreover, pcTALM was applied to experimentally acquired
images of ﬁlopodia as distinct submicroscopic features
conﬁning receptor diﬀusion, yielding cp = 0.72 and λ = 280
nm (0.56 μm in diameter), in good agreement with the typical
ﬁlopodia diameter of 0.4−0.6 μm (Figure S3 in the Supporting
Information). Plotting λ and cp versus the number of frames
accumulated into the TALM image conﬁrmed that robust
output parameters were obtained once the accumulation
number reached 100 or more frames using a time interval of
256 ms (Figure S3 in the Supporting Information). This was in
good agreement with systematic studies using simulated TALM
images. On the basis of these results, pcTALM evaluations
using 100 frames within a total observation time of 25.6 s were

Figure 4. Typical simulation results for diﬀerent diﬀusion characteristics. (a) Simulation with randomly seeded particles. From left to
right: the rendered TALM image, ICS analysis on the TALM image,
pcTALM analysis. (b) Simulation of Brownian diﬀusing particle. (c)
Simulation of particle diﬀusion in the presence of TCZs with an
average size of λ = 100 nm and a conﬁnement probability cp = 0.5. All
the parameters are summarized in Table 1. Scale bar: 0.2 μm in all
images.

over longer time intervals. Quantitative evaluation faithfully
yielded the conﬁnement dimension λ and the conﬁnement
probability cp, which were used for the simulation (Table 1).
Furthermore, we explored by simulations the robustness of
pcTALM analysis with respect to TCZ size and, concomitantly,
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0.51 ± 0.04 for IFNα2 (mean ± s.d., N = 12), and λ = 340 ±
45 nm/cp = 0.51 ± 0.01 for IFNAR2 (N = 12, which are the
analysis of 12 images each reconstructed from consecutive 25.6
s observation windows in the same area). Interestingly, the
highlighted parts from receptor and ligand signiﬁcantly overlap,
indicating interaction of IFNAR2 and IFNα2 in those regions.
Cross-correlation of TALM images from IFNAR2 and IFNα2
constantly yielded cp = 1. Since IFNα2 is bound to both
labeled and unlabeled IFNAR2, these results suggest that crosscorrelation of TALM images selectively identiﬁes interactions
in TCZs. In order to ﬁnd out whether the labeled IFNAR2/
IFNα2 complexes are coconﬁned simultaneously, frame-byframe ﬁltering of pairs colocalized within a threshold of 100 nm
was carried out and rendered into a spatiotemporally crosscorrelated TALM image for pcTALM analysis (Figure 5c). The
clearly overlapping regions conﬁrm the localization of
IFNAR2/IFNα2 complexes in TCZs. Pair cross correlation
yielded cp = 1 and λ = 320 nm for the entire image. Remarkable
spatiotemporal organization of complexes within larger TCZs
was observed (Figure 5d−f), which suggest diﬀerent scales of
coconﬁnement coexisting on the plasma membrane. By
carefully examining the super-resolved structures provided by
the TALM image, it was found that these coconﬁnements
actually shared common substructural elements. Zoom-in of the
sub-ROIs reveals that the larger conﬁnement as shown in
Figure 5e is composed by smaller conﬁnement domains
(marked by arrows) which were characterized by pcTALM
yielding λ = 140 ± 17 nm and cp = 0.98 ± 0.01 (N = 5 from
periphery parts as exempliﬁed in Figure 5d,f).
It is worth to note that in some cases, receptor localization in
a TCZ up 5 min was observed. This long-term conﬁnement
was very likely to be caused by the formation of ternary
IFNAR2-IFNα2-IFNAR1 signaling complexes since IFNAR1 is
endogenously expressed in HeLa cells. A similar result was
found previously by single molecule trajectory analysis of the
IFN-receptor complex.33 However, single particle tracking of
QD labeled receptor over long time as minutes is heavily
obstructed by QD blinking, resulting into misconnected or
interrupted trajectories. By contrast, pcTALM analyses robustly
identiﬁed protein−protein interactions in TCZ in the range of
minutes without requiring tracking of individual molecules.
STAT Recruitment Detected by Cross-Correlation
TALM. Upon formation of the activated ternary IFN-receptor
complex, cytosolic STAT proteins are recruited and phosphorylated. As a hallmark of IFN signaling, a heterodimer comprising
phosphorylated STAT1 and STAT2 is formed, which translocate into the nucleus to initiate gene transcription. However,
the mechanism of STAT recruitment to IFNAR remains
obscure. Pull-down experiments have suggested constitutive
binding of STAT2 to IFNAR2,51,52 yet the relevance of this
interaction in living cells is unclear. We here applied pcTALM
to unravel the correlation of receptor dynamics and the
interaction with STAT2 at the plasma membrane. For this
purpose, HeLa cells stably expressing IFNAR2 fused to the
SNAPf-tag and transiently transfected with STAT2 fused to the
HaloTag were used for labeling with QD605 and ATTO655,
respectively. SNAPf-IFNAR2 was biotinylated via a benzylguanine-biotin conjugate and labeled by monobiotinylated QD605
via bivalent streptavidin (QD605IFNAR2). Since intracellular
labeling with quantum dots is not readily achieved, HaloTagSTAT2 was labeled by addition of ATTO655 conjugated to the
HaloTag ligand (AT655STAT2).44,53 Application of a red rather

employed for further analyses of receptor diﬀusion on the
plasma membrane if not otherwise speciﬁed.
Identiﬁcation of Interactions by Dual-Color TALM. For
visualizing and quantifying the formation and spatiotemporal
dynamics of signaling complexes, we established crosscorrelation TALM techniques. For proof-of-concept experiments, QD605-labeled AP-IFNAR2 in HeLa cells was
incubated with the ligand IFNα2 labeled by monofunctional
trisNTA-QD655 via an N-terminal His-tag.33 As endogenous
IFNAR1 is expressed in these cells, also ternary complex
formation can be expected to occur (Figure 5a). Dual-color

Figure 5. Interaction of cell surface IFNAR2 with soluble IFNα2
visualized by TALM on living cell. (a) Scheme of the equilibrium
between the binary/ternary complex of IFN and receptor assembly.
(b) Merged TALM image of QD655IFNα2 (red) and QD605IFNAR2
(green). Image shown here was rendered from 2000 frames obtained
within 1 min for a 14 × 14 μm2 region. (c) Frame-by-frame
colocalization (32 ms/100 nm) TALM image obtained for the data set
shown in panel b. Apparent diﬀerences between the overlapping
region of parts b and c are caused by intensity normalization. Parts d−f
are the zoom-in of 3 × 3 μm2 ROIs indicated in panel c. White arrows
point out the common substructural elements. Scale bar: 1 μm in all
images.

TIRFM using a spectral image splitter was employed to
simultaneously monitor individual IFNAR2 and IFNα2
molecules diﬀusing in the plasma membrane. Individual
IFNAR2 and IFNα2 diﬀusing in the plasma membrane could
be observed with some signiﬁcant overlaps between both
channels (Video 3 in the Supporting Information). Accumulated dual-color TALM images provide a map of IFNAR2 and
IFNα2 indicating their spatial conﬁnements (Figure 5b).
Dimensions of the conﬁnement zones in each channel were
obtained by autocorrelation pcTALM as described above. For
the large areas of more than 100 μm2 as shown in Figure 5b,
conﬁnement was characterized to be λ = 350 ± 62 nm/cp =
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Figure 6. Eﬀector recruitment in TCZ revealed by time-lapse TALM. (a−c) TALM images of QD605IFNAR2 (a), AT655STAT2 (b), and (c)
spatiotemporal cross-correlation TALM image obtained by frame-by-frame single molecule colocalization within 100 nm distance. Images were
reconstructed from 800 frames obtained in 52.8 s. Scale bar: 2 μm. (d) Number of colocalized STAT2 with IFNAR2 or IFNAR1 normalized to 1000
receptor per μm2 detected within 52 s. The error bar is the standard error from ﬁve diﬀerent ROIs larger than 25 μm2. (e) Time-lapse TALM images
of IFNAR2 (green) and STAT2 (red) within the ROIs highlighted in panels a and b. Each image was rendered from 800 frames in an observation
window of 52.8 s. Scale bar: 500 nm. The dashed circles highlight regions of spatiotemporally correlated overlapping of IFNAR2 and STAT2 in
TCZ.

than a green ﬂuorescent dye was important in order to ensure
selective excitation without exciting the QD.
Because of the huge diﬀerence in the brightness and
photostability of QD605 and ATTO 655, dual color imaging
by TIRFM microscopy was conducted by rapid alternating
excitation to avoid crosstalk between two channels, thus
reducing the time resolution to 66 ms. The typical recording
time span was 2 min. Bleaching of individual ATTO655
molecules within ∼1 s was observed, and thus, faithful single
molecule tracking of AT655STAT2 over minutes was impossible.
However, super-resolution imaging of AT655STAT2 over a long
time was still possible as the continuous binding of AT655STAT2
from its cytosolic pool provided enough events to reconstruct
TALM images (Figure 6). The average localization precision of
QD605
IFNAR2 was ∼20 nm, while it was ∼30 nm for
AT655
STAT2 due to the lower photon counts per molecule
obtained for the organic ﬂuorophore. TALM images of
QD
IFNAR2 (Figure 6a) exhibited the typical heterogeneity
due to the conﬁned diﬀusion of IFNAR2 in the plasma
membrane as shown before. TALM images of AT655STAT2
indicated less heterogeneity compared to that of IFNAR2
(Figure 6b). This is at least partly explained by background
signals due to cytosolic proteins randomly approaching the
plasma membrane, as conﬁrmed by control experiment with
mEGFP expressed in the cytosol (Figure S4 in the Supporting
Information). However, submicroscopic clusters could be
clearly discerned in TALM images of STAT2, which could
not be observed in the mEGFP control. These patches can be
interpreted as STAT2 molecules speciﬁcally interacting with
IFNAR2 in the plasma membrane. Indeed, individual STAT2
molecules could be tracked for 6 or more frames (0.4 s),
yielding diﬀusion constants of 0.061 ± 0.007 μm2/s (60%) and
0.007 ± 0.001 μm2/s (40%). These values are similar to the

diﬀusion constants obtained for IFNAR2 (Figure S5 in the
Supporting Information). Such speciﬁc STAT2 binding to the
membrane-anchored receptor is expected to be spatiotemporally correlated, while random background localizations are
spatiotemporally uncorrelated. Therefore, we here applied pair
correlation analysis using TALM images generated with a time
interval of 66 ms for identifying speciﬁc STAT2 interaction
with signaling complexes in the plasma membrane. Signiﬁcant
spatiotemporal correlation for STAT2 was observed (Figure S5
in the Supporting Information), which was not detectable for
cytosolic mEGFP. The ﬁt of the pair correlation curve yielded λ
= 141 ± 12 nm and cp = 0.76 ± 0.06 (Figure S5 in the
Supporting Information). In this case, the dimensions of
clusters not only depend on the diﬀusion properties but also on
the lifetime of the interaction responsible for STAT2
translocation to the membrane. Moreover, bleaching of
ATTO655 may be limiting. These features explain the much
more uniform distribution of cluster sizes observed in the
TALM images of STAT2 compared to IFNAR2.
Strikingly, these submicroscopic clusters of STAT2 overlap
with TCZ of IFNAR2. By the above-established dual color
TALM and correlation analysis protocol, spatiotemporally
correlated TALM images based on a frame-by-frame colocalization (100 nm distance) were generated (Figure 6c). The
number of colocalized STAT2 and IFNAR2 molecules was
found to be 11.3 ± 0.9 per 1000 receptors per μm2 (Figure 6d).
In a control experiment, colocalization of STAT2 and IFNAR1
in the presence of IFNAR2 was explored (Figure S6 in the
Supporting Information). TALM images of IFNAR1 closely
resembled the corresponding images of IFNAR2 and also
similar STAT2 translocation to the membrane was observed
(Figure S6 in the Supporting Information). However, more
than a 10-fold reduced colocalization was observed (Figure 6d),
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well suitable for reliable detection of protein−protein
interactions, which requires a high degree of labeling of the
interaction partners in order to obtain a reasonable probability
to detect both interaction partners within a complex. Labeling
of proteins in the plasma membrane with highly photostable
probes such as quantum dots is particularly powerful as the
entire ensemble can be imaged over extended periods of time.
While long-term tracking of QD is highly challenging due to
frequent dark states, they are ideally suitable for TALM
analyses, which do not need consecutive detection of individual
molecules with high ﬁdelity. For long-term TALM imaging of
dye-labeled cytosolic eﬀectors, fast bleaching of organic
ﬂuorophores is partially compensated by continuous exchange
from the cytosolic pool providing enough events to reconstruct
a TALM image. However, undersampling is still encountered
due to a limited protein labeling degree and to photobleaching,
which remains as a challenge for absolute quantiﬁcation of
coconﬁnement. QD blinking is another reason for undersampling, biasing the evaluation of protein trapping times inside
TCZ, which in principle is possible by pair correlation
analysis.34,57 While reliable determination of particle numbers
in TCZ, which eﬀectively correspond to the particle dwell time,
was conﬁrmed by simulations, more careful statistical analysis
of QD blinking rates are required for reliable determination of
this parameter. However, extensive simulations revealed that
transient conﬁnement down to ∼1 s dwell time can be reliably
picked up by pcTALM.
We have here established this methodology for analyzing
transient conﬁnement and eﬀector interactions of the IFN
receptor. Importantly, receptor cell surface concentrations close
to the physiological expression levels were employed for these
studies, thus avoiding overexpression artifacts. In combination
with monofunctional QD labeling of the receptor subunit
IFNAR2 with a high degree of labeling, minimum bias and
maximum probability of detecting protein−protein interactions
under biologically relevant conditions was achieved. By using
TALM imaging and pair correlation analysis, recruitment of
cytosolic eﬀector protein STAT2 to the plasma membrane was
visualized and quantitatively evaluated. In this case of eﬀector
recruitment from the cytosol, pcTALM allowed to discriminate
speciﬁc receptor interactions from nonspeciﬁc background
localizations. Interestingly, TALM-based analyses revealed that
the diﬀusional heterogeneity of IFNAR2 in the plasma
membrane correlates with the interaction pattern of receptor
assembly and eﬀector protein recruitment. Protein−protein
interactions of IFN and STAT2 with IFNAR2 in these TCZ
were identiﬁed by cross-correlation pcTALM, suggesting a
scaﬀold function of the plasma membrane to assemble multiple
proteins from both sides into submicroscopic signaling zones.
These observations support models that plasma membrane
compartmentalization promotes “signaling burst” eﬀects in
order to increase the signal-to-noise ratio.7 The spatial
properties of theses dynamic signaling zones were robustly
quantiﬁed by pcTALM not only for QD-labeled ligand−
receptor complexes, but even in the case of an eﬀector protein,
which was labeled with organic, rapidly bleached ﬂuorescence
dye. In both cases, signaling hot spots with an average diameter
of 300 nm were observed, i.e., much larger than the ∼70 nm
determined for actin corrals in the plasma membrane of HeLa
cells.9 In addition, the spatiotemporal organization of receptor−
ligand complexes on the plasma membrane was found to be
more complicated as smaller domains were further clustered
into larger zones. The exact reasons for this phenomenon need

conﬁrming speciﬁc coconﬁnement of STAT2 with IFNAR2,
probably due to the constitutive interaction of STAT2 with
IFNAR2 but not IFNAR1.52 Time-lapse dual-color TALM
clearly revealed dynamic overlapping of conﬁnement zones of
IFNAR2 and STAT2 (Figure 6e and Video 4 in the Supporting
Information). These coconﬁnements were observed for a time
span of 10−50 s, independent of IFN stimulation.
Cross-correlation analysis of TCZ of IFNAR2 and STAT2
was carried out in the same way as described for IFNAR2 and
IFNα2. By pair cross-correlation analysis of TALM images
reconstructed from 800 frames of the spatiotemporally
correlated STAT2 and IFNAR2 as shown in Figure 6c,
coconﬁnement was identiﬁed with cp = 0.96 ± 0.06 and
average conﬁnement size λ = 140 ± 10 nm (mean ± s.d.. N = 5,
which is the analysis of ﬁve diﬀerent 5 × 5 μm2 ROIs).
Contrary to the interaction of IFNAR2 and IFNα2, the size of
TCZ obtained for STAT2/IFNAR2 complexes appeared
uniformly distributed. Strikingly, this value matches well with
the smaller scale of conﬁnement for IFNAR2/IFNα2
interaction. Thus, proteins involved in IFN signaling at the
extracellular or intracellular sides of the plasma membrane have
a common spatial organization.

■

DISCUSSION
Transient conﬁnement of individual signaling complexes has
been proposed to play an important role for amplifying signals
above the background.7,8,54 However, identiﬁcation and
quantiﬁcation of complex assembly in TCZ requires techniques
for probing the diﬀusion properties as well as interactions with
a spatial resolution beyond the diﬀraction limit of light. Superresolution imaging based on photoactivation localization
microscopy (PALM)26,27 has been employed for quantifying
spatial clustering and coclustering in the plasma membrane.55,56
For quantiﬁcation of protein clustering and coclustering, paircorrelation PALM (pcPALM) was recently developed, which
has been applied for analyzing heterogeneity in ﬁxed cells.34−37
This method identiﬁes spatial heterogeneity, i.e., protein
distribution, rather than temporal heterogeneity, i.e., diﬀusional
conﬁnement zones. Recently, pair-correlation has been
successfully applied to super-resolution microscopy for
analyzing changes in spatial receptor organization within living
cells.57 Though protein diﬀusion dynamics can be detected by
single particle tracking PALM,58,59 cell surface receptors are
often expressed at relatively low levels of a few 100 to 1000
copies/cell, which is not suﬃcient for reliable PALM-based
analyses. At such conditions, the entire ensemble of diﬀusive
receptors can be monitored and localized over time,19,60 and
(co)tracking61,62 as well as temporal and spatial (cross)correlation of individual molecules can be applied.63,64
Traditional methods for analyzing transient conﬁnement are
based on statistical analysis of single molecule trajectories,19
which is a demanding and error-prone process.
Here, we have applied the concept of pair correlation for
identifying and quantifying receptor localization and coconﬁnement with eﬀector proteins in TCZ by using TALM images. As
TALM images are generated from an ensemble of labeled
proteins, which change positions by diﬀusion, they include
spatial information in a temporally correlated manner. Therefore, pcTALM analysis quantitatively discriminates diﬀerent
types of diﬀusion properties in the ensemble without requiring
analyzing the diﬀusion properties of each individual molecule.
Thus, pcTALM can robustly identify transient conﬁnement
even at relatively high molecule densities. Such conditions are
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to be further studied, but the clues may rely on the actin corrals
as the IFNAR1 and IFNAR2 were found close to the cortical
actin cytoskeleton.44 This hypothesis has been supported by the
results of latrunculin B treatment in this work, which clearly
revealed that the cortical actin skeleton is responsible for
transient IFNAR conﬁnement. Notably, even the smallest
conﬁnement zones identiﬁed by pcTALM (∼300 nm in
diameter) are larger than the membrane skeleton-based corrals
(∼70 nm) reported for HeLa cells,9,10 suggesting a diﬀerent
mode of compartmentalization than the pure cortical actin
meshwork. Indeed, membrane cytoskeleton has been proposed
to form hierarchical structures.65 Those multitiered structures
could have additional impacts to receptor diﬀusion and
interaction in the plasma membrane. Detailed further studies
are required to explore the cellular basis and the functional
consequences of such hierarchical microcompartmentation.
These results demonstrate the potential of TALM analyses
for characterizing the formation of signaling complexes in TCZ
at physiologically relevant receptor expression levels. It is
important to note that the evaluation parameters for pcTALM
analysis, such as time interval between frames and frame
numbers of the observation window, depend on the diﬀusion
properties of the observed species. Therefore, fundamental
characterization of the diﬀusion properties by step-length
analysis is required for deﬁning suitable time intervals for
TALM image rendering. The pcTALM methodology as
presented here was optimized for receptor diﬀusion constants
of 0.05−0.1 μm2/s and an average localization precision of 20
nm, which are typically observed for transmembrane proteins in
the plasma membrane imaged at the video rate. At this time
resolution, diﬀusion within the substantially smaller cortical
actin meshwork cannot be resolved. However, by imaging with
higher temporal and spatial resolution, which has been recently
achieved with QD-labeled proteins,66 TALM analyses with
accordingly adapted parameters should be able to identify such
compartments.
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