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ABSTRACT: We developed in situ single cell pull-down
(SiCPull) of GFP-tagged protein complexes based on
micropatterned functionalized surface architectures. Cells
cultured on these supports are lysed by mild detergents and
protein complexes captured to the surface are probed in situ by
total internal reflection fluorescence microscopy. Using
SiCPull, we quantitatively mapped the lifetimes of various
signal transducer and activator of transcription complexes by
monitoring dissociation from the surface and defined their
stoichiometry on the single molecule level.
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Dynamic protein−protein interactions of cytosolic protein
complexes play a key role in regulating propagation of

cellular signaling.1,2 While new spectroscopic methods for
detecting protein interactions in living cells are currently
emerging,3,4 reliable characterization of binding affinities,
interaction kinetics, and the stoichiometry of complexes still
requires their isolation from cell lysates. The standard methods
for identification of interaction partners are coimmunoprecipi-
tation (co-IP) and pull-down assays in combination with
Western blotting or mass spectrometry.5−7 These methods are
based on copurifying interaction partners (prey) using affinity
chromatography of a bait protein. Thus, the composition of
complexes can be reliably identified, while the stoichiometry
and the dynamics of complexes cannot be quantified by these
methods. Moreover, transient protein complexes (KD > 1 μM)
are difficult to be reliably probed by these techniques as prey
proteins rapidly dissociate and are therefore lost during washing
steps. To overcome these limitations, single-molecule pull-
down (SiMPull)8−11 and single molecule co-IP (SiCoIP)12,13

have recently been pioneered. Using antibody-functionalized
surfaces, protein complexes were captured directly from cell
lysates for in situ analysis by single molecule imaging
techniques.8,12 Under these conditions, reliable determination
of the stoichiometry of transient protein complexes down to
subsecond lifetimes has been successfully demonstrated.13

Exploiting the concept that only few molecules are required
for SiMPull, we have here further advanced this approach by
engineering surface architectures suitable for pull-down assays
directly from individual mammalian cells grown on the surface
of a microscopy cover slide. For ensuring highly specific and
efficient surface capturing and for providing internal referenc-

ing, we have developed binary surface micropatterning methods
based on a poly(ethylene glycol) (PEG) polymer brush, which
was functionalized with a high-affinity anti-GFP nanobody14

(NB) (Figure 1a). Upon cell lysis, for example, by means of a
mild detergent, GFP-tagged bait proteins released from the
cytosol are specifically captured into micropatterns by the NB
and interacting prey proteins are concomitantly monitored by
total internal reflection fluorescence (TIRF) microscopy
(Figure 1b). As the protein concentration and thus the surface
capturing probability decays very rapidly with the distance from
the position of each cell (∼r−3), protein complexes can be
analyzed immediately after their release from the cytosol on the
single cell level.
For efficient cell growth on the strongly protein-repelling,

PEGylated substrate, RGD peptides were presented in
orthogonal micropatterns (Figure 1a), thus providing spatially
separated areas for cell attachment via focal adhesion and for
the pull-down of cellular proteins. Micropatterned surface
functionalization moreover provides distinct signal-to-back-
ground contrast as internal controls for reliably identifying
pulldown specificity.15 Initial attempts for capturing EGFP
expressed in HeLa cells, which were grown on coverslides
homogeneously functionalized with NB and RGD (Supporting
Information Figure S1) corroborated the necessity for internal
referencing by surface micropatterning. For binary micro-
patterning of NB and RGD, robust and versatile photo-
lithography and microcontact printing-based strategies were
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developed (Supporting Information Figure S2). Efficient NB
immobilization and specific capturing of EGFP to NB-
functionalized glass surfaces generated by these approaches
was confirmed using label-free surface-sensitive detection by
reflectance interference spectroscopy16 (Supporting Informa-
tion Figure S3). Fluorescence imaging of purified EGFP
captured to micropatterned surfaces revealed that a high

contrast was achieved by both patterning techniques (Support-
ing Information Figure S4).
Using these micropatterned surface architectures, we

developed single cell pull-down (SiCPull) for probing the
stoichiometry and stability of complexes formed by signal
transducer and activator of transcription (STAT) proteins,
which are latent transcription factors activated by phosphor-

Figure 1. Single cell pull-down (SiCPull) of cytosolic protein complexes. (a) Surface architecture for SiCPull assays comprising binary micropatterns
of RGD peptide and NB (see also Supporting Information Figure S2) for cell adhesion and bait capturing, respectively. (b) The concept of SiCPull:
cells are cultivated on the binary functionalized surface with the bait (e.g., STAT1-mEGFP) and prey (e.g., STAT2-TagRFP) proteins expressed in
the cytosol (left). The plasma membrane is disintegrated by mild detergent to release the cytosolic proteins for in situ pull-down (right).

Figure 2. Capturing of STAT1-mEGFP from a single HeLa cell visualized by TIRF microscopy before (left) and after (right) cell lysis. The
fluorescence intensity profiles of STAT1-mEGFP in the intact cell and captured on the surface after cell lysis are projected along the yellow lines.
The white dashed lines outline the cell shapes prior to lysis. Scale bars: 10 μm.
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ylation via cytokine receptor signaling.17 Numerous interactions
between STATs as well as further effector proteins have been
proposed,18 which have not yet been properly disentangled
with respect to affinity, kinetics, and stoichiometry. Here, we
focused on STAT1, STAT2, and STAT3, which are tyrosine-
phosphorylated upon activation of the type I interferon (IFN)
receptor to form homo- and heterodimeric transcription
factors.19,20 These STAT proteins have been reported to
form homodimers (STAT1/STAT1)21,22 and heterodimers
(STAT1/STAT2 and STAT1/STAT3)23 even in the absence
of phosphorylation and important regulatory functions of these
complexes have been proposed.24 While the unphosphorylated
STAT1/STAT1 homodimer has been in detail characterized in
vitro,22 the existence of unphosphorylated STAT complexes
involving STAT2 and STAT3 and their physiological relevance
remains debated. Moreover, higher oligomeric states of STAT
complexes with even more enigmatic regulatory functions have
been proposed.21,22,25 We here specifically aimed to explore the
properties of the postulated STAT1/STAT2 complex, which
supposedly plays an important role in the formation of IFN-
stimulated gene factor 3 (ISGF3),26,27 a hallmark transcription
factor activated by IFN signaling.
For pull-down of STAT complexes, we employed STAT1

fused to monomeric EGFP (STAT1-mEGFP) as a bait protein.
HeLa cells expressing STAT1-mEGFP were cultured overnight
on supports presenting the NB in a line-shaped micropattern.
The release of cytosolic proteins was initiated by addition of
0.1% Triton X-100, a mild, nonionic detergent, during surface-
sensitive imaging by TIRF microscopy (Figure 2 and
Supporting Information Video 1). Under these conditions,
collapse of the cell and release of the STAT1-mEGFP from the
cytosol was observed (Figure 2), while the cell debris including
the nucleus remained at the original position. Importantly,
STAT1-mEGFP released from the cytosol was efficiently
captured to the substrate surface by micropatterned NB
covering a region of several ten microns beyond the dimension
of the original cell. Thus, efficient capture of bait proteins from
single cells was achieved via micropatterned NB.

To probe the proposed interaction of STAT1 and STAT2,
HeLa cells transiently expressing STAT1-mEGFP and STAT2
fused to TagRFP (STAT2-TagRFP) were cultured on the
micropatterned surface and protein capturing to the surface was
monitored by dual color TIRF imaging. Upon cell lysis,
STAT1-mEGFP immobilization into micropatterns was
observed reaching a constant level after a few seconds (Figure
3a,c and Supporting Information Video 2). Strikingly, binding
of STAT2-TagRFP into micropatterns perfectly matching the
geometry of EGFP channel was observed, followed by a
continuous decay of the signal monitored at a frame rate of 1
Hz over 200 s (Figure 3a). These results suggested efficient
capturing of STAT1-mEGFP/STAT2-TagRFP complexes
followed by dissociation of STAT2-TagRFP. Control SiCPull
experiments with a mEGFP-TagRFP fusion protein confirmed
that the decay of the TagRFP signal was not caused by
photobleaching (Figure 3d, and Supporting Information Figure
S5). Moreover, no surface capturing was observed for cells
expressing only TagRFP or STAT2-TagRFP (Supporting
Information Figure S6), confirming the high specificity of the
pull-down assay. The dissociation of STAT2-TagRFP from the
surface was fitted by a monoexponential decay yielding a
complex lifetime τ = 24.4 ± 4.7 s for the STAT1-STAT2
complex. The same experiments were carried out with STAT1
and STAT3, respectively, as prey proteins (Supporting
Information Figure S7). Efficient pull-down of prey STAT1
was observed as expected for a STAT1/STAT1 homodimer,
dissociating substantially slower compared to STAT1/STAT2
complexes (Figure 3d and Supporting Information Figure S7).
The lifetime of 41 ± 7.6 min obtained for STAT1/STAT1
complexes was in a good agreement with in vitro data reported
previously.22 Interestingly, we observed a second, faster
component of this interaction, which was similar to the
STAT1/STAT2 interaction (Table 1) and could be related to a
STAT1 homotetramer.22 In contrast, weaker binding and rapid
dissociation of STAT1/STAT3 compared to STAT1/STAT2
complexes was observed, suggesting very low affinity of the
STAT1-STAT3 interaction (Figure 3d and Supporting
Information Figure S7). These experiments confirmed efficient

Figure 3. SiCPull assays for determining the dissociation rate constant of different STAT complexes. (a) Time-lapse SiCPull assay after lysis of a
HeLa cell coexpressing STAT1-mEGFP and STAT2-TagRFP. Scale bars: 10 μm. (b) The dissociation kinetics was obtained from the fluorescence
intensity in the rectangular ROI frame-by-frame corrected for the background signal in the elliptic ROI. Scale bars: 10 μm. (c) Background-corrected
fluorescence intensity in the TagRFP channel (red curve) compared to the EGFP channel (green curve). The time regime highlighted in gray
corresponds to the time needed for bait protein capturing, which was not considered for kinetic analysis. (d) Comparison of the relative decay in
fluorescence intensity upon SiCPull of STAT1-mEGFP coexpressed with different fluorescent-tagged STAT proteins: STAT1 (cyan), STAT2
(magenta), and STAT3 (blue). As a control for photobleaching, pulldown of a mEGFP-TagRFP fusion protein is shown (green). The dissociation
rate constants were determined by exponential fits (dotted lines).
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pull-down of functionally relevant transient protein complexes
from single cells was possible and dissociation rate constants
down to ∼0.5 s−1 could be quantified by SiCPull, as currently
limited by rate of protein release and surface capturing upon
cell lysis.
To analyze the stoichiometry of surface-captured complexes

by single molecule photobleaching,28 the density of the NB in
the micropatterns was reduced by ∼100-fold. Thus, individual
protein complexes could be discerned after cell lysis (Figure
4a). For more robust photobleaching analysis, HaloTag-specific

posttranslational labeling of the prey protein with tetrame-
thylrhodoamine (TMR) was employed due to higher photo-
stability and less photoblinking of this fluorophore. HeLa cells
expressing STAT2-mEGFP and STAT1-HaloTag were labeled
with TMR. After cell lysis, substantial colocalization of
individual EGFP and TMR signals within micropatterns was
observed by single molecule TIRF microscopy (Figure 4a,b).
Single molecule colocalization (16% of localized signals
colocalized within 100 nm distance), confirmed the formation
of STAT1/STAT2 complexes at the single molecule level. The
number of STAT1 molecules within individual complexes was
determined by analyzing the stepwise fluorescence decay during
photobleaching8,29 (Figure 4c,d and Supporting Information
Video 3). While also dissociation of complexes may contribute
to the decay, the same information on complex stoichiometry is
obtained provided that individual proteins (rather than, e.g.,
dimers) dissociate. Statistical analysis from >500 individual
traces revealed that 74.3% of the localized TMR signals were
photobleached within a single step, 24.0% in two steps and
1.7% in multiple steps (Figure 4d). For calibration of the
bleaching characteristics for monomeric and dimeric complexes,
we performed control experiments with cells expressing
mEGFP fused to a single HaloTag (mEGFP-HaloTag) as

Table 1. Lifetimes of STAT Complexes Obtained from
SiCPull Experiments

prey proteina kd (s
−1) τc

STAT1-HaloTag (4.0 ± 0. 7) × 10−4 (79.6 ± 14.7%)b 41 ± 7.6 min
0.045 ± 0.008 (20.4 ± 3.7%) 22.2 ± 4.1 s

STAT2-TagRFP 0.041 ± 0.008 24.4 ± 4.7 s
STAT3-TagRFP 0.48 ± 0.11 2.1 ± 0.5 s
aThe bait was STAT1-mEGFP in all cases. bObtained from a
biexponential fit, relative amplitudes in brackets. cResults are mean ±
SD. For complex of STAT2-STAT1, lifetime is obtained from nine
different ROIs of three cells, for STAT1-STAT1 and STAT3-STAT1,
six ROIs of two cells.

Figure 4. Determination of the stoichiometry of cytosolic complex by SiCPull. (a) Micropatterned STAT2-mEGFP (green channel) and TMR-
labeled STAT1-HaloTag (STAT1-TMRHaloTag, red channel) captured in situ from a single HeLa cell as observed immediately after cell lysis.
Micropatterned surfaces sparsely functionalized with NB were employed to ensure resolving individual complexes. The overlay of both channels
reveals a significant overlap on the single molecule level. Scale bars: 5 μm. (b) Single molecule localization profiles across the micropatterned surface
(green channel and red channel) as well as single molecule colocalization within a 100 nm threshold (overlay channel). (c) Typical single molecule
photobleaching traces for surface-bound STAT1-TMRHaloTag showing one (blue trace) and two step (red trace) decay. (d) Fraction of events with
different numbers of photobleaching steps for determining complex stoichiometries. For comparison, photobleaching step analysis of mEGFP fused
to one and two HaloTag proteins, respectively, are shown. More than 500 individual traces for each sample were analyzed. (e−i) Intensity
distribution histogram analyses for determining complex stoichiometries. (e) Magnified single molecule SiCPull image in (a) marked by the white
square, in which mEGFP (g) and TMRHaloTag (h) are detected in the corresponding channel, respectively. The colocalized signals within 100 nm
distance are picked up in (f). Scale bars: 2 μm. (i) Intensity histogram analysis obtained for STAT1-TMRHaloTag. A three-component Gaussian was
used for fitting the histogram (see also Supporting Information Figure S10). Color coding of cyan, magenta, and green marks the intensity fraction of
one-, two-, and three-TMR labeled STAT1-HaloTag in the detected complexes, respectively. “N” is the total number of localized signals pooled in
the histogram.
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well as cells expressing mEGFP fused to tandem HaloTag
(mEGFP-tdHaloTag) (Supporting Information Figure S8).
These calibrations suggest that the majority of STAT1/STAT2
complexes have a 1:1 stoichiometry, while a significant fraction
of complexes include two STAT1 molecules, probably due to
formation of STAT1/STAT2 heterotetramers. The stoichiom-
etry of STAT1/STAT2 complex was further corroborated by
computer-aided step counting analysis30 (Supporting Informa-
tion Figure S9) and by single molecule intensity distribution
analysis,31,32 which reliably reproduced the stoichiometries
obtained by photobleaching analysis (Figure 4e-i and
Supporting Information Figure S10).
In conclusion, we have here established SiCPull as a robust

on-chip technique for probing stability and stoichiometry of
transient protein complexes on the single cell level. In contrast
to previously described single molecule pull-down techniques,
which are based on isolation of cell lysates,8,10−13 cytosolic
proteins are captured and analyzed within several seconds after
release from the cell. Owing to the rapid association and the
high affinity of the NB-GFP complex, highly efficient surface
capturing is achieved allowing in situ characterization of protein
complexes by ensemble and by single molecule techniques. By
using SiCPull, we confirmed formation of homomeric and
heteromeric STAT complexes in the absence of receptor
stimulation and we could quantitatively map differences in their
complex stabilities. Single molecule SiCPull moreover revealed
formation of STAT1/STAT2 complexes containing more than
one STAT1 molecule. This observation suggests dimerization
of STAT1/STAT2 heterodimers, but we currently cannot
exclude interactions of STAT1/STAT2 heterodimers with
STAT1/STAT1 homodimers. The highly dynamic nature of
the STAT1/STAT2 heteromers could explain formation of
pSTAT1 homodimers during type I interferon signaling caused
by transient docking of STAT1 via STAT2.26,27

Versatile binary surface micropatterning allows spatially
controlling the organization of capturing groups as well as
cell adhesion, thus ensuring simple bottom-up implementation
of SiCPull assays. For proof-of-concept experiments, we chose
micropatterns providing internal control of capturing specific-
ity. However, more rigid control of cell distribution on the
coverslide surface can be achieved by micropatterns providing
RGD patches for cell adhesion (Supporting Information Figure
S11). By avoiding the preparation of cell lysates, SiCPull allows
analyzing complexes from individual cells within heterogeneous
populations or cells in different states of activation, which can
be microscopically characterized directly before analyzing
composition and dynamics of complexes. Combination of
micropatterned surface architectures with spatiotemporally
controlled lysis of individual cells by means of optical,33

mechanical,34 photothermal,35 or fluidic micromanipulation36

will enable to pull-down protein complexes one cell at a time.
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