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T
he spatiotemporal organization of
biomolecules into functional supra-
molecular entities is mediated by a

complex network of noncovalent interac-
tions. A broad spectrum of techniques has
been developed to probe protein�protein
interactions in vitro and in living cells.1

Popular techniques such as pull-down as-
says, the yeast-two-hybrid system,2,3 bimo-
lecular fluorescence complementation,4,5

and other protein complementation tech-
niques,6,7 as well as protein arrays,8�10 have
contributed tremendously toward unravel-
ing the protein interaction network of the
cell. Complementary in vitro techniques
such as real-time solid phase detection11

and microscale thermophoresis12 provide
powerful means for validating protein�
protein interactions in a quantitative man-
ner. These techniqueswork very robustly for
protein complexes with equilibrium disso-
ciation constants (KD) of up to a few micro-
molar. Reliable quantification of much
weaker interactions, however, remains chal-
lenging, because high protein concentra-
tions (in the range of the KD) are required,

which often are very difficult to produce
and which increase the background signals
of traditional detection techniques. More-
over, low affinity interactions are accom-
panied by short complex lifetimes (<1 s),
which are very challenging to resolve by
kinetic detection techniques. Typically,
isothermal titration calorimetry13,14 or ana-
lytical ultracentrifugation15 are used for de-
termining the equilibrium constants of
such low-affinity interactions, methods
that require large amounts of highly pur-
ified proteins. Even for isothermal titration
calorimetry, transient protein homodimer-
ization remains particularly challenging,
since separation of the interaction partners
is not possible.
Low-affinity, highly transient protein in-

teractions are particularly relevant in the
context of membranes, where high local
concentrations promote efficient complex
formation. Here, we have exploited this con-
cept for quantitative protein�protein inter-
action analysis in a two-dimensional for-
mat. For this purpose, polymer-supported
membranes (PSM) were employed as a
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ABSTRACT We present an ultrasensitive technique for quantitative protein�
protein interaction analysis in a two-dimensional format based on phase-

separated, micropatterned membranes. Interactions between proteins captured

to lipid probes via an affinity tag trigger partitioning into the liquid-ordered phase,

which is readily quantified by fluorescence imaging. Based on a calibration with

well-defined low-affinity protein�protein interactions, equilibrium dissociation

constants >1 mM were quantified. Direct capturing of proteins from mammalian cell lysates enabled us to detect homo- and heterodimerization of signal

transducer and activator of transcription proteins. Using the epidermal growth factor receptor (EGFR) as a model system, quantification of low-affinity

interactions between different receptor domains contributing to EGFR dimerization was achieved. By exploitation of specific features of the membrane-

based assay, the regulation of EGFR dimerization by lipids was demonstrated.

KEYWORDS: protein�protein interaction . polymer-supported membrane . lipid phase separation . fluorescence microscopy .
signaling complexes . protein-lipid interaction
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spatially and temporally addressable, highly versatile
analytical platform.16�19 Interactions betweenproteins
tethered to PSM were quantified via partitioning be-
tween liquid disordered (ld) and liquid-ordered (lo) lipid
phases. For protein capturing, the PSMwas dopedwith
tris(nitrilo triacetic acid) (tris-NTA) conjugated to dioc-
tadecylamine (tris-NTA�DODA, Figure 1a), which
binds His-tagged proteins with high affinity and de-
fined stoichiometry.20 Tris-NTA�DODA complexed
with three Ni(II) ions is approximately equally distrib-
uted between lo and ld phase when bound to a
hexahistidine (H6)-tagged protein, yet efficiently parti-
tions into the lo phase upon cross-linking by means of
elongated oligohistidine-tags (e.g., H10).21 We
exploited this two-dimensional trapping (2DTrap) of
protein complexes into lo domains as a quantitative
readout for dimerization of membrane-tethered pro-
teins, which can be readily visualized within micro-
meter dimensions. For reliable and automated
quantification of lipid phase partitioning, we employed
membranes supported by a poly(ethylene glycol) poly-
mer brush with a binary micropattern comprising
palmitic and oleic acid tethers.22 Thus, polymer-
supported membranes (PSM) with micropatterned
lo phases were obtained, which allow robust quantifi-
cation of phase partitioning (Figure 1b). Efficient cap-
turing of fluorescence-labeled, hexahistidine-tagged
target proteins to these phase-separated, micropat-
terned PSMs doped with tris-NTA�DODA allows us to
achieve local protein concentrations that are sufficient
for measurements of low binding affinities and to
directly quantify the equilibrium constant from the
distribution between lo and ld phases.

RESULTS AND DISCUSSION

As a proof-of-concept experiment for detecting and
quantifying protein interactions by 2DTrap, antibody-
mediated dimerization of a model protein was inves-
tigated. To this end, Cy5-labeled maltose binding
protein (MBP) fused to a hexahistidine tag (Cy5MBP-
H6) was captured to a micropatterned membrane
prepared from a lipid mixture comprising 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC, 42mol%), sphin-
gomyelin (SM, 28 mol %), and cholesterol (28 mol %),
which was doped with 1 mol % tris-NTA�DODA and
0.1�0.2 mol % fluorescent ld marker. With this com-
position from uncharged and zwitterionic lipids, pre-
ferential orientation of tethered proteins due to elec-
trostatic interactions can be excluded. To furthermore
ensure quasi-three-dimensional interaction of mem-
brane-tethered proteins, we employed peptide linkers
of nine or more amino acid residues between the
protein and the His-tag. Molecular dynamics simula-
tions confirmed that this linker length is sufficient for
proteins to randomly explore the entire spectrum of
dihedral angles with respect to themembrane plane as
required for the encounter of interaction partners in all
possible relative orientations (Supporting Figure S2).
Dimerization was induced by addition of a monoclonal
anti-MBP immunoglobulin G (Figure 1b,c and Support-
ing Figure S1). Owing to its bivalency, this monoclonal
antibody (mAb) can simultaneously bind two MBP
molecules as schematically depicted in Figure 1b.
Upon incubation of the anti-MBP mAb, partitioning
of tris-NTA�DODA-anchored Cy5MBP-H6 between
the lo and the ld phases increased from ∼1:1 to

Figure 1. Concept and validation of the two-dimensional protein interaction trap (2DTrap). (a, b) Principle of the assay:
monomeric proteins tethered to PSMs via tris-NTA�DODA (a) are homogeneously distributed in phase-separated lipid
membranes and partition into the lo-phase upon dimerization (b). (c, d) Proof of concept experiment with Cy5MBP-H6
captured tomicropatternedphase-separated PSMdopedwith tris-NTA�DODA. (c) Fluorescence images of an ld phasemarker
(green channel) and Cy5MBP-H6 before (center image) and after addition of 20 nM of a monoclonal anti-MBP antibody (right
image). Scale bars 20 μm. (d) Comparison of the fluorescence intensity profiles of the ld phasemarker (top) and the Cy5MBP-H6
(bottom) before and after addition of an anti-MBP antibody (mAB).
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∼4:1 (Figure 1c,d and Supporting Video 1). Unchanged
partitioning of an ld marker during MBP dimerization
confirmed that the change in contrast was caused
by change in partitioning of the tris-NTA�DODA-
anchored Cy5MBP-H6 rather than by alterations in the
lipid phase properties. Since a monoclonal antibody
was applied, which binds only to a single epitope of
MBP, strict protein dimerization was ensured, thus
confirming that dimerization of tris-NTA�DODA-
anchored proteins can be detected by increased lo
phase partitioning. Very similar partitioning as for
mAb-dimerized mMBP-H6 was observed for different
proteins with longer His-tags (H10�H14, Supporting
Figure S3), which we have previously shown to effi-
ciently cross-link tris-NTA�DODA.21 Because the mini-
mum andmaximum partitioning values varied for PSM
assembled on different micropatterned substrates,
mAb-induced MBP dimerization was performed in
each case for a reliable calibration.
While convenient intensity-based readout was

achieved by using micropatterned, phase-separated
PSM, we also exploited the different diffusion properties
of tris-NTA�DODA in lo and ld phases for quantification
of phase partitioning. For quantification of proteinmobil-
ity, we employed single molecule tracking. Cy5MBP-H6
was tethered onto phase-separated, micopatterned PSM
at a concentration of ∼2 molecules/μm2 and imaged by
time-lapse single molecule total internal reflection fluo-
rescence microscopy before (Figure 2a) and after addi-
tion of the anti-MBP mAb (Figure 2b). A bimodal
distribution of diffusion constants was obtained from
single trajectory analysis, corresponding to their localiza-
tion in either lo (D ≈ 0.1 μm2/s) or ld (D ≈ 1 μm2/s)
domains (Figure 2c). Indeed, sorting trajectories into slow
and fast diffusing species highly correlated with the
phase-separated lo/ld pattern. Thus, lipid phase parti-
tioning could be directly quantified from the distribu-
tion of diffusion constants. Upon application of the
anti-MBP mAb, partitioning into the lo phase, as judged
from the diffusion properties, was increased from 1:1 to
5:1 (Figure 2d). Importantly, the same lo/ld partitioning
behavior of monomeric and dimeric Cy5MBP-H6 was ob-
tainedby this diffusion-based analysis comparedwith the
spatial evaluation based on the micropattern geometry.
In order to explore the capability to probe low

affinity protein interactions by 2DTrap, we employed
the enhanced green fluorescent protein (EGFP), which
dimerizes head-to-tail with an estimated KD of
∼0.1 mM.23 The A206K mutation within the mono-
meric EGFP (mEGFP) increases the KD to ∼70 mM.23

Strikingly, strong partitioning of purified EGFP fused
to an N-terminal H6-tag (H6-EGFP) into the lo phase
was observed upon tethering to phase-separated
PSM (Figure 3a). Much lower partitioning into the
lo-phase was observed for H6-mEGFP, while the
monomeric H6-tagged HaloTag protein24 labeled with
TMR (TMRHaloTag-H6) did not show any increase in

contrast (Figure 3a). Since the monomer�dimer equi-
librium on the membrane is expected to depend on
the protein surface concentration, we probed lo/ld parti-
tioning at different loading of H6-EGFP, H6-mEGFP,
and TMRHaloTag-H6, respectively. The absolute surface
concentrations obtained were quantified by label-free
detection (Supporting Figure S4) in order to yield a quan-
titative, surface concentration-dependent concentration�
dimerization relationship (Figure3a),which couldbefitted
by a comprehensive model of this process based on the
law of mass action (Figure 3a and Supporting Results).
In order to further enhance the sensitivity, robustness,
and versatility of direct protein capturing, we pre-
loaded the membrane with a commercial, H6-tagged
anti-GFP nanobody,25 a cameloid-derivedmonovalent sin-
gle-chain antibody fragment. This nanobody quasi-irrever-
sibly binds mEGFP much faster (ka = 5 � 106 M�1 s�1)
compared with the tris-NTA/oligohistidine interaction
(5 � 105 M�1 s�1), thus allowing even more rapid pro-
tein capturing and thus more defined and reproduci-
ble loading of the membrane (Supporting Figure S5).
Indeed, very similar partitioning of mEGFP and EGFP
was observed for capture via the nanbody compared
with His-tag-specific capturing (Supporting Figure S6),
confirming the robustness of the assay.

Figure 2. Phase partitioning quantified by single molecule
tracking. (a, b) Trajectories of individual Cy5MBP-H6 before
(a) and after (b) dimerization by an anti-MBP mAB, color-
coded according to their diffusion kinetics (yellow, slow;
red, fast). Scale bars 10 μm. (c) Distribution of diffusion
constants ofmonomeric anddimerized Cy5MBP-H6 tethered
to micropatterned phase-separated membranes. Diffusion
constant of 2500 trajectories with a minimum length of
160 ms (>5 frames) before and after AB were evaluated.
Note that the shifts in the maxima are caused by the
reducedmobility upon dimerization. (d) Partitioning before
and after application of the anti-MBPmAB as obtained from
three independent experiments by counting fast and slow
moving particles (error bars indicate the standard errors of
the mean). After counting the slow and fast particles, lo/ld
partitioning ratios of 0.8 ( 0.1 before and 5.5 ( 0.25 after
addition of mAB were observed.
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For calibrating the 2DTrap assay with respect to
binding affinities, we employed a well-characterized
model system based on ligand-induced heterodimer-
ization of the type I interferon (IFN) receptor subunits
IFNAR1 and IFNAR2.26 The ectodomains of these pro-
teins fused to a C-terminal H6-tag were tethered onto
micropatterned, phase-separated PSM. Since IFNR2
binds IFNAR2 with high affinity (KD = 5 nM), dimeriza-
tion on the membrane is determined by its low affinity
toward IFNAR1 (KD = 5 μM for wild-type IFNR2).26 For
calibration, we employedwild-type IFNR2 andmutants
with different binding affinities toward IFNAR1,27,28

which were site-specifically labeled with DY647.29

Upon addition of labeled wild-type IFNR2, maximum
lo/ld partitioning was observed (Supporting Figure S7
and Figure 3b). In contrast, reduced lo/ld partitioning
was observed for IFNR2 mutants with reduced IFNAR1
binding affinities. These were, in parallel, quantified by
simultaneous total internal reflection fluorescence
spectroscopy and reflectance interference detection,30

covering a spectrum of equilibrium dissociation con-
stants from 1 μM to 1 mM (Supporting Figure S8 and
Supporting Table S1). Plotting lo/ld phase partitioning
vs KD yielded a calibration curve, which could be fitted
by a comprehensive binding and partitioning model.
This model comprises four equilibrium constants de-
scribing the monomer�dimer equilibrium in ld (K1)
and lo (K2) phases, respectively, as well as partitioning
of monomer (K3) and dimer (K4) into both phases
(details provided as Supporting Results). By fitting this
model to the calibration data, we determined a con-
version factor from 2D into 3D KD values (Support-
ing Table S1). At the chosen surface concentration of
0.5 ng/mm2 corresponding to 10 fmol/mm2, an acces-
sible range of binding affinities between 1 μM and
1 mM was obtained (Figure 3c). Applying this calibra-
tion curve to the contrast observed for H6-EGFP
(Figure 3a), a KD value of 110 ( 10 μM was obtained,
which is in very good agreement with previously pub-
lished data.23 For mCherry as a potential fluorescent tag

for probing protein heterodimerization, a similar KD as
for EGFPwas obtained (∼100μM,Supporting Figure S9).
Because this intrinsic dimerization affinity ofmCherry is
too high for unbiased interaction assays, we used the
HaloTag for spectrally distinct fluorescence labeling
because this protein is strictly monomeric and can
be in situ conjugated with different fluorescent dyes
(Figure 3a and Supporting Figure S9).
Because 2DTrap assays require only minute pro-

tein quantities, we tested protein capturing to mem-
branes directly from cleared cell lysates (Supporting
Figure S10). Upon incubating lysates from E. coli

expressing H6-EGFP and H6-mEGFP, respectively, the
lo/ld phase partitioning observed for purified H6-EGFP
and H6-mEGFPwere very well reproduced (Supporting
Figure S11), confirming robust dimerization analysis
from cell lysates. As a model system for homo- and
heterodimerization of protein directly captured from
mammalian cell lysates, we explored the interaction
between the signal transducer and activator of tran-
scription (STAT) proteins STAT1 and STAT2. These
proteins are important effector proteins in signaling
transduction by cytokine receptors, which form various
homo- and heterodimeric transcription factors upon
tyrosine phosphorylation.31 STAT1 was demonstrated
to constitutively (i.e., independently of phosphorylation)
homodimerize with a KD of 50 nM.32 In contrast, STAT2
was suggested to interact with STAT133 but not to
homodimerize, though these interactions have not been
verified in detail. Here,we tested these interactions by the
2D phase partitioning assay using direct capturing of H6-
tagged proteins transiently expressed in HEK 293 cells.
Cleared cell lysates from cells expressing STAT1 fused to
mEGFP and a His-tag (STAT1�mEGFP-H6) were exposed
to phase-separated membranes, and high partitioning
into lo-phases could be observed (Figure 4a) as expected
for homodimerization. In contrast, no partitioning beyond
thebackgroundwasobserved for tetramethylrhodamine-
labeled STAT2 fused to the HaloTag and a His-tag
(STAT2�HaloTagTMR-H6), confirming that STAT2 does

Figure 3. Calibration of the 2DTrap assay. (a) Relative partitioning of H6-EGFP (light green), H6-mEGFP (dark green), and
TMRHaloTag-H6 (cyan) tethered to phase-separatedmembranes at different surface concentrations. The curves were fitted by
a comprehensive model describing dimerization and partitioning based on the law of mass action (Supporting Results).
Minimum and maximum contrast was fixed based on the calibration with MBP (dotted lines). Representative raw images of
H6-EGFP and H6-mEGFP at corresponding concentrations are shown in the inset. Scale bars 20 μm. (b, c) Calibration of the
assays based on ligand-induced dimerization of type I interferon receptor. (b) Partitioning of labeled IFNR2WT and different
mutants upon binding to IFNAR1-H6 and IFNAR2-H6 captured to micropatterned phase-separated membranes. Intensity
profiles obtained from images shown in Supporting Figure S7 are shown. (c) lo/ld ratio as a function of 3D KD (same color
coding as in panel b) and calibration curve obtained by fitting the model.
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not homodimerize. Upon cocapture of STAT1�mEGFP-
H6 and STAT2�HaloTagTMR-H6 in a 1:1 ratio to the
membrane, however, significant partitioning of both
STAT1 and STAT2 into the lo phase was observed
(Figure 4d�f). These results corroborate that STAT1 con-
stitutively homodimerizes and heterodimerizes with
STAT2, in good agreement to previous reports.32�34

Since 2DTrap is particularly powerful for studying
low affinity interactions in the context of membranes,
we applied it for quantifying critical interactions in-
volved in the dimerization of the epidermal growth
factor receptor (EGFR), a key regulator in cell prolifera-
tion and differentiation. Aberrant activation of EGFR is
directly implicated in the pathogenesis and progres-
sion of different cancers.35 Interactions between the
kinase domains of the EGFR have been suggested to
play an important role in receptor dimerization and
activation.36,37 The juxtamembrane segment A (JM-A)
located between the kinase domain and the trans-
membrane segment has been shown to substantially
promote dimerization of the kinase domains and is
believed to act as an allosteric regulator of EGFR
activity.36�38 To quantify these interactions, the EGFR
kinase domains with and without the JM-A domain
fused to N-terminal H6 and mEGFP were transiently
expressed in HEK293 cells and thereon captured onto
phase-separated PSM directly from cleared cell lysates
(Figure 5a,b). Dimerization was observed for both
kinase variants but with marked differences in the
binding affinities (Figure 5c,d): while relatively high
affinity (KD ≈ 1 μM) dimerization was observed in the
presence of the JM-A domain, a KD of 750 μM was
obtained for the EGFR kinase domain without JM-A
(Figure 5d), in agreement with previous data.37 Thus,
we could for the first time directly detect and quantify
very weak dimerization of the EGFR kinase domain.
Protein conformations and interactions at mem-

branes are frequently regulated by protein�lipid inter-
actions,39which are extremely difficult to assess directly.

A prominent example is the ligand-induced dimeriza-
tion of the EGFR ectodomains. The monosialodihexo-
sylganglioside (GM3) has been previously suggested to
stabilize the monomeric form of the full length EGFR
and thus to attenuate kinase domain activation, with-
out perturbing the ligand binding properties of the
receptor.40,41 Using this interaction as a model system,
we tested the compatibility of the membrane-based
2DTrap assay for systematically studying regulation of
protein interactions by lipids. For this purpose, EGFR
ectodomain fused to a C-terminal H6-tag was pro-
duced in insect cells and was site-specifically labeled
with DY647 via an N-terminal ybbR-tag (DY647EGFR-H6).
In the absence of ligand, dimerization of membrane-
tethered DY647EGFR-H6 could be detected only at very
high surface concentrations (KD ≈ 10 mM, Figure 6a

Figure 4. Homo- and heterodimerization of STAT1 and STAT2 detected by 2DTrap with cell lysates. (a�c) Partitioning of
STAT1�mEGFP-H6 (a) or STAT2�HaloTagTMR-H6 (b) captured to micropatterned phase-separated PSM and comparison of
the intensity profiles (c). (d�f) Partitioning of STAT1�mEGFP-H6 (d) and STAT2�HaloTagTMR-H6 (e) cocaptured to
micropatterned phase-separated PSM and comparison of the intensity profiles (f). (g) Binding affinities estimated for STAT1
and STAT2 homo- and heterodimerization.

Figure 5. Quantification of EGFRkinase domaindimerization
by 2DTrap assays with cell lysates. (a, b) Confocal images of
H6-tagged EGFR kinase domain with (a) and without (b) the
JM-Asegment tethered tomicropatternedmembranes. Scale
bars 10 μm. (c) Intensity profile of the patterns shown in
panels a and b. (d) Binding affinities obtained from three
independent experiments for the EGFR kinase domain with
(1 ( 1 μM) and without (750 ( 100 μM) JM-A segment.
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and Supporting Figure S12). After addition of EGF,
efficient partitioning into the lo phase was observed
(Figure 6b and Supporting Video 2) confirming ligand-
induced dimerization of the extracellular domains. A KD
≈ 5 μM was obtained for EGFR-H6 homodimerization
(Figure 6c,d), in good agreement with solution phase
measurements by ITC.42 Interestingly, for membranes
doped with GM3, which was homogeneously distrib-
uted in both lipid phases (Supporting Figure S13), EGF-
induced dimerization was very strongly reduced (KD =
105 ( 20 μM, Figure 6c,d and Supporting Table S2),
while efficient dimerization by a monoclonal antibody
could still be observed (Supporting Figure S14). In case
of GM1, EGF-induced dimerization was not affected
(Figure 6d and Supporting Figure S14), confirming that
GM3 indeed specifically interferes with EGF-mediated
interaction between the EGFR ectodomains.40 While
the inhibition of EGFR by GM3 with respect to allo-
steric kinase domain inhibition has been described
recently,41 these experiments for the first time directly
show the critical role of GM3 in ligand-dependent EGFR
dimerization.

CONCLUSIONS

We have here developed 2DTrap as a simple, robust,
and versatilemethod for quantifying low-affinity protein

interactions requiring minute amounts and con-
centrations of target proteins. This was achieved by
implementing a novel concept for detecting protein
interactions within a two-dimensional fluid, which
exploits altered lipid phase-partitioning upon complex
formation. With the simple implementation of the
assay used here, binding affinities up to 1 mM were
assessed with proteins directly captured from cell
lysates. However, by increase of the surface concentra-
tion of tethered proteins, for example, by higher dop-
ing with tris-NTA, and improved membrane capturing
(e.g., via the anti-GFP nanobody) even lower affinities
are accessible. Thus, also a simple and robust control of
surface concentrations could be achieved, which are
important for reliable quantification of binding affi-
nities. For quantification of high affinity interactions,
which requires substantially reduced surface concen-
trations, we developed a single molecule tracking-
based readout taking advantage of the differential
diffusion properties in lo and ld domains.
The 2DTrap assay turned out to be robust as binding

affinities of protein complexes with different size, struc-
ture, and relative orientation of the interaction partners
could be reliably reproduced (Supporting Table S3).
This was achieved by the orientationally highly flexible
attachment to the membrane via a peptide linker,
which ensures quasi-three-dimensional behavior of
the membrane-tethered proteins. Here, femtomole
protein quantities were required due to macroscopic
sample handling, yet only 10000 protein molecules
are actually sufficient for quantification because the
readout is obtained from an area of 50 � 50 μm2. By
exploitation of more efficient protein capturing, for
example, via the anti-GFP nanobody, in combination
withmicrofluidic cell handling, quantitative interaction
analysis at the single cell level therefore can be en-
visaged. With this high potential for miniaturization
andparallelization, 2DTrapwill be particularly powerful
for screening the subtle contributions of protein do-
mains for assembly of macromolecular complexes in a
quantitative manner. Furthermore, the 2DTrap assay
opens exciting possibilities to systematically explore
the regulatory role of lipid�protein interactions at the
membrane, such as the attenuation of EGFR dimeriza-
tionbyGM3demonstratedhere. By inclusionof charged
lipids, unraveling the role of protein orientation caused
by electrostatic interactions with the membrane can
be envisaged. Taken together, 2DTrap appears to be a
versatile approach to quantify low affinity protein�
protein and protein�lipid interactions.

METHODS
Materials. Materials and methods describing the production

and labeling of proteins in bacterial, insect, and mammalian
cells, as well as surface-sensitive detection and molecular
dynamics simulations, are provided as Supporting Methods.

Surface Patterning. Surface chemistry was carried out on
standard glass cover slides for fluorescencemicroscopy. Surface
coating with a thin PEG polymer brush and further micropat-
terned functionalization with fatty acid groups was carried out
as described in detail previously.22,43 Briefly, cleaned substrate

Figure 6. 2DTrap quantification of EGFR-ectodomain di-
merization and its regulation by lipids. (a, b) Confocal image
of DY647EGFR-H6 tethered to micropatterned membranes
before (a) and after (b) addition of 1 μM EGF. (c, d) Intensity
profiles (c) and equilibrium dissociation constants, KD (d),
obtained from the assay. The equilibrium dissociation con-
stants for the EGFR-H6 homodimerization after EGF addi-
tion (6.2( 0.6μM) and in the presenceof GM1 (4.9( 0.7μM)
or GM3 (105 ( 20 μM) were obtained from three indepen-
dent experiments.
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surfaces were reacted with pure (3-glycidyloxypropyl)tri-
methoxysilane followed by coupling of molten diamino-PEG
for 4 h at 75 �C. Surface amine groups were caged by incubation
with 6-nitroveratryl chloroformate and uncaged by irradiation
through a photomask for 2 min using a 75 W xenon lamp
equipped with a 280�400 nm dichroic mirror. After reacting
deprotected amine groups with palmitic acid, the surface was
again irradiated as before but without a photomask, and the
remaining surface amines were reacted with oleic acid. In order
to ensure optimum lipid phase patterning, a photomask was
used yielding a micropattern with a surface area ratio between
palmitic and oleic acid of ∼1:3, corresponding to the ratio
observed for spontaneous lo/ld phase separation of the lipid
mixture in nonpatterned PSM.

Vesicle Preparation and Assembly of Micropatterned PSM. DOPC,
SM, and cholesterol were mixed in chloroform at a molar ratio
of DOPC/SM/cholesterol = 30:35:35, and 0.1�0.2 mol % of
the fluorescent lipid bovine heart phosphatidylcholine or
DiD was added. After removal of the solvent and hydration of
the lipid film in HBS (20 mM Hepes, 150 mM NaCl, pH 7.5), the
solution was intensively sonicated three times for 5 min cooled
only by a water bath in order to obtain small unilamellar vesicles
(SUV). Tris-NTA�DODA was incorporated by mixing vesicles
with DOPC doped with 5 mol % tris-NTA�DODA with a ternary
mixture of DOPC/SM/cholesterol = 30:35:35 in a ratio of 1:5. For
assembly of a PSM, vesicles were incubated on micropatterned
substrates for 10 min. Unbound vesicles were washed off, and
fusion was induced by incubation with a 10% (w/v) PEG
solution for 10�20 min.22,43 Heating to 60 �C and slow cooling
to room temperature was applied to improve separation of lipid
phases into micropatterns. Excessive material was washed off
the bilayer by intensive pipetting of HBS. In order to bind His-
tagged proteins, the surface was sequentially rinsed with
250 mM imidazole and 50 mM EDTA and then incubated with
50 mM NiCl2 in HBS for 10 min. Subsequently, the surface was
extensively rinsed with HBS buffer in order to remove excess
Ni(II) ions and then incubated with His-tagged proteins (100 nM
if not stated otherwise) for 5 min. Unbound protein was
subsequently removed by carefully rinsing with HBS.

Confocal Imaging. Confocal imaging and photobleaching
background measurement were carried out with a con-
focal laser-scanning microscope (Olympus FluoView 1000)
equipped with a multiline argon laser (458/488/515 nm) and
laser diodes of 405, 559 and 635 nm as well as spectral
detectors. BODIPY-FL 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine (DHPE), EGFP, mEGFP, AF488MBP-H6, and
AF488EGFR-H6 were excited with 5�25 μW at 488 nm, and
fluorescence emission between 500 and 600 nmwas detected.
DiD and DY647MBP-H6 were excited with 5�25 μW at 635 nm,
and fluorescence was detected between 650 and 750 nm.
mCherry was excited with 5�25 μW at 559 nm, and fluores-
cence was detected between 565 and 620 nm. The laser
output power was measured at the objective. Micropatterned,
phase-separated PSMs were prepared in an open incubation
chamber and loaded with His-tagged proteins as described
above. The partitioning of membrane-bound proteins was
quantified by the fluorescence intensity ratio of the lo (Ilo)
and the ld (Ild) phases, which were corrected for background
intensity (Ibg).

44,45

lo=ld ¼ Ilo � Ibg
Ild � Ibg

(1)

Average fluorescence intensities from nine micropatter-
ened regions (individual squares per experiment) within lo
and ld phases, respectively, were quantified using ImageJ. The
background intensities (Ibg) were measured after photobleach-
ing these regions. For determination of the KD, the lo/ld ratio
based on the calibration was normalized to the minimum and
maximum lo/ld partitioning of the micropatterned membrane.
For quantifying these values, partitioning of DY647MBP-H6 in the
absence (minimum boundary) and in the presence of 20 nM
monoclonal anti-MBP mAb (maximum boundary) was experi-
mentally determined for each micropatterned support.

For calibration, H6-tagged IFN receptor subunits IFNAR1
and IFNAR2 were tethered to the membrane in a 1:1 ratio.

By using fluorescence-labeled IFNR2 mutants with different
affinities toward IFNAR 1, we obtained a calibration curve by
measuring the lo/ld ratio. The KD values of the IFN mutants,
which were quantified by ligand dissociation kinetics using
TIRFS-RIf detection (see Supplementary Methods),30 were
plotted against the lo/ld ratio and fitted by eq S8 (Supple-
mentary Results) to obtain the calibration curve. The calibration
curve was used to calculate equilibrium constants from lo/ld
ratios obtained for different proteins of interest.

Single Molecule Imaging and Image Analysis. Single molecule
tracking experiments were carried out by total internal reflec-
tion fluorescence microscopy with an inverted microscope
(Olympus IX71) equipped with a single-line total internal reflec-
tion (TIR) illumination condenser (Olympus) and a back-
illuminated electron multiplied CCD camera (iXon DU897D,
512� 512 pixel from Andor Technology). A 150�magnification
objective with a numerical aperture of 1.45 (UAPO 150�/1.45
TIRFM, Olympus) was employed for TIR illumination of the
sample. Total internal reflection fluorescence imaging was
carried out with the 647 nm line of an argon�krypton laser
for excitation operated at an output power of ∼1 mW at the
objective. Fluorescence was detected using a 690/70 band-pass
filter (Chroma). Images were acquired with a time resolution of
16 ms/frame. All experiments were carried out using buffer
complemented with oxygen scavenger and a redox-active
photoprotectant [0.5 mg/mL glucose oxidase (Sigma), 0.04
mg/mL catalase (Roche AppliedScience), 5% w/v glucose, 1
μM ascorbic acid, and 1 μM methyl viologene] to minimize
photobleaching.46 The multitarget tracking (MTT)47 algorithm
was used to localize and track individual fluorescent molecules.
Before the particle positions were handed over to the
tracking algorithm, immobile particles were removed by
density-based spatial clustering of applications with noise
filtering,48 which identified clusters by exploiting a spatiotem-
poral correlation of immobile signals. The diffusion histograms
were obtained by fitting the first five steps of the mean square
displacement of each trajectory with a free diffusion model.49

The diffusion coefficient histogram was analyzed by a binom-
inal distribution. Trajectories were separated by their diffusion
coefficient. Slow diffusion coefficients were regarded as the
single molecules in lo domains, whereas fast diffusion coeffi-
cients were single molecules in ld domains. After filtering by
their diffusion coefficients, single molecules in the lo and the ld
phase were counted and normalized to the given surface area
(nlo and nld, respectively). The ratio lo/ld was obtained by dividing
the number of singlemolecules in the lo phase and ld phase. The
ratio was obtained from three squares in three independent
experiments:

lo=ld ¼ nlo
nld

(2)
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